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Abstract: COVID-19-associated vascular disease complications are primarily associated with endothe-
lial dysfunction; however, the consequences of disease on vascular structure and function, particularly
in the long term (>7 weeks post-infection), remain unexplored. Individual pre- and post-infection
changes in arterial stiffness as well as central and systemic hemodynamic parameters were measured
in patients diagnosed with mild COVID-19. As part of in-laboratory observational studies, baseline
measurements were taken up to two years before, whereas the post-infection measurements were
made 2–3 months after the onset of COVID-19. We used the same measurement protocol throughout
the study as well as linear and mixed-effects regression models to analyze the data. Patients (N = 32)
were predominantly healthy and young (mean age ± SD: 36.6 ± 12.6). We found that various pa-
rameters of arterial stiffness and central hemodynamics—cfPWV, AIx@HR75, and cDBP as well as
DBP and MAP—responded to a mild COVID-19 disease. The magnitude of these responses was
dependent on the time since the onset of COVID-19 as well as age (pregression_models ≤ 0.013). In fact,
mixed-effects models predicted a clinically significant progression of vascular impairment within the
period of 2–3 months following infection (change in cfPWV by +1.4 m/s, +15% in AIx@HR75, approx-
imately +8 mmHg in DBP, cDBP, and MAP). The results point toward the existence of a widespread
and long-lasting pathological process in the vasculature following mild COVID-19 disease, with
heterogeneous individual responses, some of which may be triggered by an autoimmune response
to COVID-19.

Keywords: arterial stiffness; central hemodynamics; COVID-19; vascular remodeling; long COVID-19
syndrome; autoimmune response

1. Introduction

In December 2019, the first official case of coronavirus disease (COVID-19) was de-
tected in the Chinese city of Wuhan. Since its first breakout, the virus has swiftly spread
over the world, and the World Health Organization (WHO) declared a pandemic in March
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2020. At the time of writing, there had been 660,378,145 confirmed cases of COVID-19,
with 6,691,495 fatalities globally (1). While COVID-19 was initially thought of as an acute
respiratory illness, it is now recognized as a complex multisystemic disease with extensive
and deleterious cardiovascular involvement [1,2]. In addition to direct consequences and
complications due to acute COVID-19 infection, a recent study showed that 12 months after
the onset of COVID-19 infection, up to 25% of patients who were otherwise healthy and
free of underlying diseases exhibited the long COVID-19 syndrome [3].

Subclinical myocardial and vascular dysfunction have been linked to worse outcomes
and an increased risk of death in patients with COVID-19 disease [4]. Even in patients
with mild COVID-19 disease severity, the infection has been linked to impaired subclinical
markers of cardiovascular and endothelial function [5]. It is presumed that COVID-19-
associated vascular disease complications may be precipitated by direct endothelium
damage [6] or immune-mediated vascular damage [7,8]. However, it is unknown to what
extent structural alterations of the vascular wall occur in addition to endothelial damage.
Even fewer data exist regarding the long-term effects of COVID-19 infection on vascular
structure and function. Current fragmented evidence suggests that COVID-19 disease
reduces systemic vascular function and increases arterial stiffness [9,10].

Arterial stiffness is a vascular aging phenomenon that refers to a loss of arterial
compliance or changes in artery wall characteristics [11]. Arterial stiffness worsens with
age and exposure to risk factors that hasten the stiffening process [12,13]. Various measures
of arterial stiffness and central hemodynamics can reveal a decline in arterial elasticity
brought on by structural wall changes in the arterial system. The most validated and direct
measure of arterial stiffness is the carotid–femoral pulse wave velocity (cfPWV) (Townsend,
Wilkinson et al., 2015). In addition, augmentation indices are indirect measures of arterial
stiffness which are believed to capture the negative impact of systolic wave reflection on
cardiac workload [14]. Finally, the central blood pressures refer to the pressure in the
ascending aorta. These are the pressures that the target organs are subjected to, and they
are lower than brachial cuff pressures due to arterial pressure amplification [15].

We hypothesized that even mild cases of COVID-19 disease could have long-term
detrimental effects on arterial structure and function. To investigate this, we examined
individual pre- and post-infection changes in arterial stiffness as well as systemic and
central hemodynamic parameters in patients diagnosed with mild COVID-19. Baseline
measurements were taken up to two years before a participant became infected, and
post-infection measurements were taken two to three months after the onset of the disease.

2. Materials and Methods

2.1. Study Design

This is a pre–post study design in which measures of arterial stiffness and central hemo-
dynamic were recorded in a group of participants before and after the COVID-19 infection.

All the recordings were made between October 2019 and April 2022 in the Laboratory
for Vascular Aging at the University of Split School of Medicine.

To assess arterial stiffness and central hemodynamic parameters prior to COVID-19
infection, we utilized the stored recordings of enrolled participants from in-laboratory
observational studies that applied the same measurement protocol as was used for the
post-COVID-19 measurements. The post-COVID-19 measurement was performed between
8 and 12 weeks after the COVID-19 infection had ended, as evidenced by the absence of
symptoms. This timeframe corresponded to 50 ± 2 to 90 ± 2 days after the onset of the first
symptoms. The maximum amount of time between pre- and post-COVID measurements
was set at 24 months.

2.2. Participants

The participants who had their arterial stiffness and central hemodynamic outcomes
measured in our laboratory prior to infection with COVID-19 and who were afterwards
infected with the virus were considered eligible for inclusion in the study. For all of
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those invited to the study, COVID-19 diagnosis was made by real-time Polymerase Chain
Reaction test. During their first visit to the laboratory (pre-COVID measurements), all the
participants underwent a medical history, and those with arrhythmias, cerebrovascular
sickness, pregnancy, surgery amputation, oncology disease, psychiatric disease, infections
throughout the trial duration, medical nonadherence, those that were unable to provide
fully informed written consent or had any other serious medical condition that may affect
data interpretation were excluded from the study.

While this was not originally our inclusion criteria, all of the participants reported
mild severity of COVID-19.

In total, we invited 36 adults to participate in our study, with 32 (89%) agreeing to take
part. All participants provided written informed consent to participate in the study, which
conformed to the Declaration of Helsinki.

2.3. Study Procedures

Before undergoing testing, participants filled out a health history questionnaire, which
inquired about personal and family medical history as well as medication use. They arrived
for testing in a fasted state having abstained from food, caffeine, or smoking for at least 3 h
and from exercise, alcohol and smoking for 24 h before testing. Those taking vasoactive
medications (3 or 9%) maintained the same dosage throughout the duration of the study.

All study procedures were carried out in a quiet, temperature-neutral environment
with the temperature range of 21–23 ◦C after participants had lain supine for 10 min.

To avoid possible confounding, each participant was recorded at the same time of day
and with the same device during both visits.

2.4. Study Measurements

The arterial stiffness and central hemodynamics measurements were taken in ac-
cordance with the American Heart Association’s recommendations for improving and
standardizing vascular research on arterial stiffness (Townsend, Wilkinson et al., 2015).

Office blood pressure (BP) was measured during each visit using the validated os-
cillometric sphygmomanometer (Welch Allyn Connex ProBP 3400 digital blood pressure
monitor with SureBP technology). The BP measurements were taken in a supine position
after 5 min of resting and prior to PWV measurements. The participants did not change
body posture between the two measurements.

Carotid–femoral pulse wave velocity (cfPWV); central blood pressures including: cen-
tral systolic (cSBP) and diastolic (cDBP) blood pressures and pulse pressure (cPP); pulse
pressure amplification; augmentation pressure (AP); augmentation indices: AIx calcu-
lated as AP/PP, AIx©75—AIx calculated as AP/PP and normalized to the heart rate of
75 beats per minute (bpm), and AIx index calculated as the ratio of late to early systolic
pressure P2/P1; and heart rate (HR) were measured by either applanation tonometry using
the Sphygmocor CvMS device (Atcor Medical, Sydney, Australia) or by the hybrid applana-
tion tonometer—oscillometric device SphygmoCor Xcel (Atcor Medical, Sydney, Australia),
as described previously [16,17]. While the validation studies comparing two devices in-
dicated that they were comparable in terms of assessment of carotid–femoral pulse wave
velocity (cfPWV) and augmentation index (AIx) [18,19], each participant was recorded
using only one device to ensure that intra-individual changes are not affected by the type
of device used.

A single operator (M. P.) carried out all of the measurements. For cfPWV measure-
ments, recordings were performed on the right carotid and the right femoral artery. Central
BPs and other parameters derived from the pulse wave analysis (PWA) were estimated
after calibration of the pulse waveform recorded at the radial artery to mean and diastolic
brachial pressures. We used the subtracted distance method to calculate the wave travel
distance. The method was chosen over the direct method as per recommendation by the
latest guideline [20].
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2.5. Sample Size Considerations

Thirty-two participants are sufficient to detect moderate to strong effects on parameter
changes using a simple linear regression model and strong effects when two-predictor
linear regression model is used. Namely, using a two-predictor multiple linear regression
model with α = 0.05, f2 = 0.35, and power of 80%, a sample size of 31 is required to detect a
strong association between pre–post changes in vascular function/structure and potential
predictors. For estimations based on a simple linear regression model, the sample size of
32 was sufficient to detect moderate to strong associations under assumptions of α = 0.05,
f2 = 0.27, and power of 80%.

2.6. Data Analysis

To describe the distribution of a quantitative variable, we used mean and standard
deviation (SD) or median and interquartile range (IQR), depending on the shape of the
distribution. To decide if a distribution is asymmetrical, we used skewness and kurtosis
tests for normality. The distribution of a qualitative variable was described with absolute
and relative frequencies.

We utilized one-sample tests to determine whether a pre–post change in a parameter
was statistically significant: either the parametric one-sample t-test or its non-parametric
counterpart, the sign rank test, depending on the symmetry of the variable’s distribution.

There were two sets of the regression models developed. We employed simple or
multiple linear regression (MLR) models to identify predictors of the change from baseline
(pre-COVID) for different arterial stiffness and hemodynamic parameters. These models
were preferred as they use individual pre–post changes as the dependent variable. In
addition, we built mixed-effects regression models to identify predictors affecting the
values of a modeled parameter. Due to the fact that mixed-effects regression models
employ repeated measurements of a parameter, these models had greater analytical power
than simple or MLR models.

The model building was performed in two steps. In the first step, potential predictors—
including age, sex, the amount of time that passed since the start of COVID infection,
the amount of time that passed between the pre- and post-COVID-19 measurements, pre-
COVID baseline values of a modeled parameter, and the type of device used to estimate
its values—were used as single predictors in a simple linear regression or a mixed-effects
model. For the final model, only those predictors that were significant at the 0.1 level or
higher were considered (p ≤ 0.01). Requirements for inclusion in the final model were
significance at the 0.05 level or an increase in adjusted R2 of at least 2% and a p-value of
less than 0.2.

The above-mentioned potential predictors that were initially evaluated were selected
to estimate the dependence of parameter values on the time that passed since the COVID
infection and account for potential confounding variables. As an example, even though we
did not anticipate any significant changes in vascular function over a 24-month period in
the predominantly young participants (Table 1), we included the time between the first and
second measurements as a potential predictor to control for its confounding effect.

We interpreted the strength of association between a predictor and a modeled parame-
ter by applying the Cohen’s effect size magnitudes for R2 (small from 0.02 to <0.13, medium
from 0.13 to <0.26, large from ≥0.26) to the adjusted R2 of a single predictor model. [21]

As this is an exploratory study, no control for multiple testing was performed. The
analysis was performed in STATA (version 17.0, Stata Corp. LP, College Station, TX, USA).
We applied the significance level of p = 0.05.
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Table 1. Demographic and clinical characteristics of participants, N = 32.

Characteristic Statistics

Sex, N (%)
Male 18 (56%)
Female 14 (44%)

Age (years), mean ± SD 36.6 ± 12.6

BMI, median (IQR) 28 (24.5 to 31.4)

Hypertension, N (%) 3 (9%)

Diabetes, N (%) 2 (6%)

Dyslipidemia, N(%) 0 (0%)

Familial history of CV disease, N (%) 7 (22%)

Smoking, N (%)
No 17 (53%)
Yes 7 (22%)
Ex-smoker 8 (25%)

Smoking [cigarettes per day], median (range) * 5–10 cigarettes (1–10)
BMI—body mass index; * Calculated on N = 7 smokers.

3. Results

In this study, 32 participants were recruited; each participant visited the laboratory
twice; and all of their data were collected. Table 1 shows their demographic and clinical
characteristics at baseline prior to the COVID-19 infection. The participants were predomi-
nantly young (≤40 years) and healthy with only 9% (n = 3) of the cohort being hypertensive.
None of the participants had dyslipidemia, and only two had diabetes (6%, one person was
also hypertensive). The majority of the cohort was overweight or obese (69%) and did not
smoke (78%).

The average time since the onset of COVID-19 infection in our sample was mean ± SD:
73 ± 10 days, with this time ranging from 51 to 92 days. The median time that elapsed
between two measurements was 327.5 days (IQR, 129 to 458), with the range between
74 and 730 days. The majority of participants, 23 or 72%, were recorded with the Sphygmo-
Cor XCEL device.

In terms of the severity of COVID-19 infections, none of our participants have devel-
oped any of the cardiovascular, pulmonary, thromboembolic, or other COVID-19-associated
complications, and there were no hospitalizations. Participants were evenly distributed
according to the year they became infected (chi-square test, p = 0.084). There was no
significant pre–post change in weight: median change 0 kg, 95% CI from −0.3 to 0.5.

When we looked to see if the mean individual pre–post changes were significantly
different from 0, we found no significant pre–post change in any of the arterial stiffness
or hemodynamic parameters tested (p ≥ 0.122). We did, however, see an average increase
of 0.19 m/s in carotid–femoral pulse wave velocity (cfPWV) from pre-infection values
but at the significance level of 0.1 (p = 0.052). Table 2 shows the distribution of vascular
parameters at baseline and after the infection.

Further analysis, however, revealed a widespread and complex pattern of confounders
that affect the pre–post infection changes, and parameter values, in the majority of the
assessed arterial stiffness and hemodynamic parameters (Tables 3 and 4). The size of these
changes, as well as the direction in which they went, were dependent not only on the length
of recovery time that had passed since the onset of the COVID-19 infection, confirming
the existence of a response to the COVID-19 infection, but also, and more commonly, on
cardiovascular health status at baseline (ascertained by age of an individual at baseline or
the value of a parameter at baseline), as well as the amount of time that had passed between
the two measurements. In accordance with the Cohen’s interpretation of R2, the majority of
identified associations, regardless or the type of model, were moderate to strong [21].
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Table 2. Distribution of arterial stiffness, and central and systemic hemodynamic parameters at
baseline (pre-infection) and 2–3 months after the onset of COVID-19 disease (post-infection), N = 32.

Parameter Pre-Infection Post-Infection

Systemic Hemodynamics

SBP (mmHg), mean ± SD 120 ± 9 119 ± 9

DBP (mmHg), mean ± SD 70 ± 8 71 ± 9

MAP (mmHg), mean ± SD 86 ± 8 85 ± 10

PP (mmHg), median (IQR) 47 (43, 54) 47 (43, 51)

HR (bpm), mean ± SD 65 ± 10 64 ± 7

Central Hemodynamics

cSBP (mmHg), mean ± SD 107 ± 7 107 ± 9

cDBP (mmHg), mean ± SD 71 ± 8 72 ± 9

cPP (mmHg), mean ± SD 36 ± 6 35 ± 6

Carotid–Femoral Pulse Wave Velocity

cfPWV (m/s), mean ± SD 6.3 ± 0.7 6.5 ± 1.0

Pulse Wave Analysis

Aortic Augmentation (mmHg), mean ± SD 7 ± 5 7 ± 6

Aortic AIx, P2/P1 (%), mean ± SD 19% ± 13% 20% ± 16%

Aortic AIx, AP/PP (%), mean ± SD 123% ± 13% 126% ± 19%

Aortic AIx@HR75, P2/P1 (%), mean ± SD 15% ± 14% 15% ± 17%
AIx, augmentation index; AIx@HR75, augmentation index corrected for HR; cDBP, central diastolic blood pressure;
cPP—central pulse pressure; cSBP, central systolic blood pressure; BP, blood pressure; cfPWV, carotid–femoral
pulse wave velocity; DBP, diastolic blood pressure; HR, heart rate; IQR—interquartile range; MAP—mean arterial
pressure; P1, first systolic peak; P2, second systolic peak; PP—pulse pressure; SBP, diastolic blood pressure;
SD—standard deviation.

3.1. Arterial Stiffness—cfPWV

Regarding the cfPWV response to COVID-19 infection, defined as the pre–post change
in this parameter, we found that post-infection values increased by 0.19 m/s (95% CI −0.04
to 0.41) but only at the significance level of 0.1 (p = 0.052). We also found no evidence that
age, time since the onset of COVID 19, time between measurements, or cfPWV baseline
values influence individual cfPWV responses. Individual pre–post changes were also
significant at the 0.1 level according to the mixed-effects model (Table 4). However, age and
time were moderately and positively associated with the cfPWV change since the onset of
COVID infection at a group level. This model, which explains 32% of the intra-individual
variability and 28% of variation at the group level, predicts an increase of 1.14 m/s in
the average cfPWV value as a result of variation in the time since the onset of COVID-19
infection (51–92 days). The relationship between cfPWV and two predictors is shown in
Figure 1. Although the age dependence is to be expected, we included it for comparison
purposes. The change in cfPWV was not determined by the pre–post change in HR or the
baseline HR value, nor was it affected by the change in BMI or the baseline BMI value
(p ≥ 0.308).

3.2. Arterial Stiffness—Augmentation Indices

As previously stated, no significant pre–post changes in augmentation indices were
observed following the COVID-19 infection (p ≥ 0.244). However, we discovered that the
pre–post changes increased with age in AP and all of the AIx indices: Aix AP/PP, Aix
P2/P1, and AIx@HR75 (Table 3). Except for the pre–post change in Aix P2/P1, which was
moderately associated with age, this dependency was generally weak (Table 3).
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Aside from age, which was found to be a common predictor of AIx pre–post changes,
we discovered additional time-related predictors of these changes in Aix P2/P1 and
AIx@HR75 indices.

Table 3. The predictors of the pre–post COVID-19 changes in systemic and central hemodynamic
parameters and arterial stiffness parameters, as estimated by the linear regression models.

Pre–Post Change in: Predictor B (95% CI) p-Value
Adjusted Simple

Model R2
Adjusted Final

Model R2

Systemic and Central Hemodynamics

SBP (mmHg) Baseline value * –0.46 (–0.68 to –0.24) <0.001 21 § 21 §

DBP (mmHg) no significant model

PP (mmHg) Baseline value –0.35 (–0.68 to –0.02) 0.041 26 §§ 30 §§
Device, XCEL vs. CvMs 4.16 (–0.02 to 8.34) 0.051 † 12

MAP (mmHg) no significant model

cSBP (mmHg) Baseline value –0.24 (–0.44 to –0.03) 0.026 3 3

cDBP (mmHg) no significant model

cPP (mmHg) Baseline value –0.36 (–0.71 to –0.18) 0.040 12 12

Carotid–Femoral Pulse Wave Velocity

cfPWV (m/s) no significant model

Pulse Wave Analysis

Aortic AP (mmHg) Age 0.11 (0.02–0.21) 0.023 7 7

Aortic AIx, AP/PP (%) Age 0.003 (0.0008–0.006) 0.013 10 10

Aortic AIx, P2/P1 (%) Age 0.005 (0.002–0.008) 0.001 18 § 33 §§
Time between measurements 0.0003 (−0.00003, 0.0005) 0.076 † 17 §

Aortic AIx@HR75 (%) Time from COVID 0.004 (0.001–0.006) 0.003 20 § 26 §§
Age 0.002 (−0.0001, 0.004) 0.061 † 10

AIx, augmentation index; AP, aortic augmentation pressure; B, unstandardized regression coefficient; cDBP,
central diastolic blood pressure; cfPWV, carotid–femoral pulse wave velocity; cPP, central pulse pressure; cSBP,
central systolic blood pressure; P1, first systolic peak; P2, second systolic peak; PP, pulse pressure; DBP, diastolic
blood pressure; MAP, mean arterial pressure; SBP, diastolic blood pressure; * Refers to the pre-COVID value
of a predictor; † The predictor is not significant, or is significant at 0.1 level, but its inclusion in the multiple
linear model increased adjusted R2 from 2 to 15%; § moderate and §§ strong association of pre–post changes with
time from COVID or confounders, in accordance with the Cohen’s effect size magnitudes for R2 [21]; Variable is
strongly correlated to the amount of time that passed between two measurements.

Table 4. Predictors of values of systemic and central hemodynamic parameters, as well as arterial
stiffness parameters, estimated by the mixed methods regression models.

Measure: Predictor B (95% CI) p-Value

The One-Predictor Model The Final Model

Snijders/Bosker’s R2

Level 1, Level 2

Systemic and Central Hemodynamics

DBP (mmHg) Time from COVID 0.20 (–0.01, 0.41) 0.063 † 8%, 9% 29% §§, 32% §§Age 0.32 (0.13, 0.51) 0.001 24% §, 27% §§

cDBP (mmHg) Time from COVID 0.19 (–0.02, 0.39) 0.082 † 7%, 8% 28% §§, 31% §§Age 0.33 (0.13, 0.52) 0.001 24% §, 27% §§

MAP (mmHg) Time from COVID 0.19 (–0.04, 0.42) 0.113 † 7%, 8% 31% §§, 34% §§Age 0.35 (0.17–0.53) <0.001 27% §§, 30% §§

Carotid–Femoral Pulse Wave Velocity

cfPWV (m/s) Time from COVID 0.03 (0.003, 0.05) 0.030 13% §, 15% § 28% §§, 32% §§Age 0.03 (0.008, 0.05) 0.005 18% §, 21% §
Pre–post change in cfPWV 0.19 (–0.03, 0.40) 0.094 † 1%, 0%

B, unstandardized regression coefficient; cDBP, central diastolic blood pressure; cfPWV, carotid–femoral pulse
wave velocity; DBP, diastolic blood pressure; MAP, mean arterial pressure; † The predictor is not significant or is
significant at 0.1 level, but its inclusion in the mixed model increased R2; § moderate and §§ strong association of
parameter values with time from COVID or confounders, in accordance with [21]; Level 1 defines how well the
model describes changes at the level of the entire sample, whereas Level 2 depicts how well the model describes
individual changes.
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(a) (b) 

Figure 1. The relationship between the average cfPWV values in the sample and: (a) the time since
COVID infection; (b) age, as estimated with the mixed-effects model (R2 = 27% at the level of sample,
R2 = 31% for individual changes). Shown are predictive margins of cfPWV values with 95% CIs.

Time since the onset of COVID-19 infection was a moderate and positive predictor of
pre–post changes in the AIx@HR75, accounting for 20% of their variance (Table 3, Figure 2).
Within a range of 51 to 92 days after the onset of COVID infection, the AIx@HR75 pre–post
change was predicted to move from −5% to +10%.

 

Figure 2. The change in AIx normalized to the heart rate of 75 bpm (AIx@HR75) from the baseline
depends on the time that passed from acquiring COVID-19 infection. Shown are predictive margins
with 95% CI estimated by the LR model (R2 = 26%) and the scatter plot of observation.

3.3. Peripheral and Central Hemodynamics

We found no significant changes from baseline in any peripheral or central hemody-
namics parameters (p ≥ 0.122).

Pre–post changes from baseline in SBP, cSBP, PP, and cPP were negatively dependent
on their baseline values (weak—cSBP and cPP, moderate—SBP, strong—PP; Table 3). For
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example, given the range of baseline values for the PP parameter, the predicted post-COVID
increase in PP ranges from +4 to -11 mmHg. It should also be noted that we also found a
significant association of pre–post changes in PP with the time from onset of COVID-19,
but at a 0.1 level of significance (p = 0.098). The variable was not included in the final model
of pre–post PP changes because it did not meet our protocol’s inclusion requirements.

Using the mixed-effects models, we were able to identify that age, and to a lesser
extent the time since acquiring COVID-19, were positively associated with parameter
values for DBP, cDBP, MAP, and cfPWV (Table 4). According to these models, the estimated
change in average pressure values caused by variations in the amount of time that has
passed since the beginning of the COVID-19 infection is as follows: DBP is envisaged to
increase by 8.1 mmHg, cDBP by 7.6 mmHg, and MAP by 7.6 mmHg. As for individual
pre–post changes, we were unable to identify significant mean changes nor the associations
of these changes with any of the predictors listed above, nor were we able to find significant
individual pre–post changes within mixed-effects models. Such a finding suggests that
individual changes are likely heterogeneous and that that the effect that we identified at
the group level is probably an average effect.

3.4. The Age Dependence of Pre-Post Changes in Investigated Parameters

We examined the pattern of pre–post changes in age dependence to see if there is
a possibility that age modifies responses to COVID-19 infection. The scatter plots in
Figure 3a–c depict a distinct pattern for those aged under and over 40. We demonstrated
that the change in AIx P2/P1 from baseline for those over 40 years old is significantly
greater than 0 (median 6%, 95% CI 0.7–24%, p = 0.005), whereas no significant change was
observed for those under 40 years old (p = 0.976) (Figure 3a).

  
(a) (b) 

 
(c) 

Figure 3. Scatter plots showing the relationship between age and pre–post change in: (a) augmenta-
tion index AIx P2/P1, (b) diastolic blood pressure, and (c) cfPWV. The horizontal reference line set at
zero pre–post change, and the vertical dashed line set at 40 years that separates parts of a plot with
apparently different dispersion patterns.
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4. Discussion

This is the first study to compare pre- and post-COVID-19 infection levels across a wide
range of arterial stiffness and hemodynamics parameters in the same group of participants.
We discovered that the responses of the vascular system to a mild COVID-19 disease,
defined here as systematic, individual pre–post differences in investigated parameters, are
not simple in the sense that COVID-19 on average either increases or decreases a parameter
in infected patients by a comparable amount of measurement units. In fact, except for a
non-significant trend for cfPWV, we were unable to detect any parameter with a mean
pre–post COVID-19 change that differed from 0.

Instead, responses to COVID-19 infection are dynamic and depend on the time since
the onset of COVID-19 infection. We identified such time-dependent responses in the
arterial stiffness parameters—cfPWV and AIx@HR75, the central hemodynamic parameter—
cDBP, and the systemic hemodynamics parameters—DBP and MAP; and we showed that
their values increased with the length of time that passed from the onset of COVID-19
infection, independent of age or other confounders. In addition, the vascular impairment
predicted by our models for observation period of two to three months post-infection is
clinically significant as shown by an increase in cfPWV of +1.4 m/s, +15% in AIx@HR75,
+8 mmHg in DBP, and +7.6 mmHg in cDBP and MAP.

The finding that the longer the period from COVID-19 infection the worse the vas-
cular impairment was surprising, as we expected inflammation burden associated with
COVID-19 to decrease with time. While we can only speculate on what causes this phe-
nomenon, emerging evidence suggests that it stems from a failure to resolve autoantibodies
observed during the acute phase of disease [22–24], or alternatively, that generating de novo
pathogenic autoimmune responses post-recovery contributes to long COVID with evidence
of residual inflammatory cytokines [25–27]. Hence, what we observed at the group level,
2–3 months after infection, may be related to inflammation-induced arterial stiffening in
some individuals [28], which is caused by inflammation from an autoimmune response or
chronic inflammation that precedes one [29]. Furthermore, the heterogeneous responses
observed in our study could be explained by the fact that inflammation in post-recovery
was not triggered in all patients. Indeed, a recent study found that the circulating levels
of anti-/extractable nuclear autoantibodies (ANA/ENAs) were higher at 3 months post-
recovery in patients who had COVID-19 and were free from autoimmune diseases at the
time of infection compared to healthy and non-COVID infection groups. High circulating
ANA/ENA titers, which correlated with long COVID symptoms, were maintained up to
6 months after recovery but significantly reduced by 12 months. Even after 12 months,
several pathogenic ANA/ENAs were still detectable in up to 30% of COVID survivors.
Furthermore, a retrospective study of 4 million participants found an increased risk of
autoimmune diseases in patients with COVID-19 with an adjusted hazard ratio for different
autoimmune diseases ranging from 1.78 to 3.21 [30].

All the time-dependent responses to COVID-19 disease were also affected by age in
a way that each additional year at baseline added to vascular impairment post-infection.
The effect of age was not the result of the time gap between pre- and post-COVID-19
measurements, as this confounding variable was controlled for in our analyses. In addition,
we could not assign the effect of age only to the increased variability of investigated param-
eter with age [16], because in that case, pre–post differences would go in both directions—
positive and negative, and we would not be able to find an increasingly positive relationship
with age. Age, however, may modulate the response to a mild COVID-19 disease in arterial
stiffness and central hemodynamics parameters in different age groups. Previous studies
have suggested an age modulation of vascular responses to various triggers, including an
infection [31,32], and the association of age with autoimmune inflammation [33]. While
our results suggest the role of age as a modifiable factor in the response to mild COVID-19
disease, such a role should be further examined in studies with a larger sample size.

We detected the responses to COVID-19 disease in a variety of arterial stiffness mea-
sures and measures of its hemodynamic consequences, including: the direct (cfPWV) and
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indirect (augmentation index) measures of arterial stiffness as well as central (cDBP) hemo-
dynamic parameter. Each of these three parameters represents a distinct aspect of the
atherosclerotic process, which involves morphological and/or functional alterations to the
vessel wall [34]. Therefore, the simultaneous detection of responses to COVID-19 disease in
various vascular structure and function parameters supports the existence of a widespread
and long-term pathological process in the vasculature following infection [35].

So far, only a handful of studies investigated the effect of COVID-19 infection on
arterial stiffness and central hemodynamics. Most of them were case control studies with
small sample sizes (10–22 per arm) comparing patients recovering from COVID-19 with
controls [4,9,10]. Despite the possibly limited power of these studies, their results support
our conclusions regarding the existence of vascular impairment after COVID-19.

The fact that cfPWV is increased in participants after the COVID-19 infection when
compared to controls was found in several studies performed on: young healthy patients
and their controls 3–4 weeks after the onset of COVID-19 (increase of 0.7 m/s) [9], acutely
ill elderly patients (increase of 3.3 m/s) [4], as well as middle-aged patients that were
compared to controls at 4 months (increase of 2.05 m/s) [36] and 12 months (increase of
1.15 m/s) after the COVID-19 onset [37].

Aix, like cfPWV, has been found to be higher in COVID-19-infected participants com-
pared to controls. A 10% increase in the augmentation indices AIX AP/PP and AIx@HR75
has been reported in those infected with COVID19 when comparing 15 young adults
3–4 weeks after a positive COVID-19 test to healthy young controls. [10].

Finally, in terms of cSBP, at the 4- and 12-month follow-ups, COVID-19 patients have
had a persistent increase of 10 mmHg in cSBP compared to controls [36,37]. In addition,
Akpek et al. [38] reported an increase in systemic hemodynamics parameters during short-
term follow-up in patients diagnosed with COVID-19.

Only one case control study did not find significant differences in arterial stiffness
parameters—PWV and AIx75—at 4 weeks post-infection when young adults who were
infected with COVID-19 were compared with their controls [39]. In addition, two small
longitudinal studies reported results contradicting our findings. In the first study that
followed 14 young participants from the first to sixth month post-infection, the authors
reported a decrease in cfPWV (decrease by 0.82 m/s), SBP (by 11 mmHg), MAP (by
11 mmHg) with time; and no change in time was found for AIx@HR75 [40]. The second
study followed 10 young adults for 6 months after the COVID-19 infection and found that
SBP and DBP decreased throughout the study: with SBP decreasing by 15 mmHg and
DBP decreasing by 10 mmHg [41]. Given that both of these longitudinal studies reported
participant attrition on very small sample sizes, used inappropriate statistics (mean and
standard deviation) to describe the distribution of limited data, and removed outliers from a
small sample size [40], the reported results could be the result of methodological issues. On
the other side, the lack of a uniform individual response to COVID-19 in the investigated
parameters of vascular structure and function, which may be the consequence of age
modulation (and possibly modulation by other factors), may have caused such results.

Our study had some limitations, the most significant of which was that the sample size
only allowed us to detect moderate to strong associations. This means that even though we
may have confidence in the significant associations observed in our study, we may have
overlooked a relationship between the time since the onset of COVID-19 and several other
parameters. For example, pre–post changes in PP were significantly associated with the
time from COVID at the lower significance level of 0.1. As our sample size was limited by
the number of recent pre-COVID recordings in our laboratory, we were not able to expand
the sample size further.

Another potential drawback is the possibility that age and perhaps other factors
relate to moderate responses to COVID-19 and that certain patient subgroups respond
differently to COVID-19 than it was predicted in the overall model for that parameter.
The fact that our models did not detect that individual pre–post changes in the tested
parameters are significantly different from 0 but were able to detect in the mixed-effects
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models that parameter values depend on time from COVID-19, at the level of the entire
sample, suggests that heterogeneous responses are possible. If this was the case, given that
our results suggested an average response to COVID-19 disease, further analyses should
be performed in studies with larger sample sizes.

Finally, because MAP in our study was estimated rather than directly measured, its
estimation may be unreliable for some individuals [42], which could affect the accuracy
of parameters derived from pulse wave analysis. However, since we were able to identify
general patterns of change and interdependence, we do not expect this had a significant
impact on the results.

The findings of this study demonstrated that there is a widespread and long-lasting
pathological process in the vasculature following the mild COVID-19 infection which keeps
deteriorating during 2–3 months post-infection. In light of the recent finding that up to
25% of otherwise healthy and disease-free patients exhibited the long COVID-19 syndrome
12 months after the onset of COVID-19 infection [3], and in light of the fact that vascular
impairment increases the risk of future cardiovascular events, it is crucial that future studies
explore these changes with larger sample sizes and with more synchronous population
regarding the onset of COVID-19.

5. Conclusions

We found that various parameters of arterial stiffness and central hemodynamics
respond simultaneously to the mild COVID-19 disease in predominantly healthy individu-
als. While we were unable to demonstrate this effect on all of the parameters tested, the
worsening of values of those found to be responsive (cfPWV, AIx@HR75, cDBP, DBP, and
MAP) points toward the existence of a widespread and long-lasting pathological process in
the vasculature following the infection.

The detected responses to COVID-19 disease are not straightforward but rather deteri-
orate with the time since the onset of COVID-19 infection and age.

Within the period of 2–3 months following infection, our models demonstrated a
clinically significant progression of vascular impairment.

Finally, we discovered that individual responses to COVID-19 are likely heterogeneous
and possibly moderated by age.

Emerging evidence suggests that post-recovery autoimmune response to COVID-19
may be the cause of this phenomenon, although we can only speculate on its origin.
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Abstract: Background and objective: The development of arterial stiffness (AS) in obesity is a mul-
tifactorial and complex process. The pleomorphic actions of adipokines and their local activity in
perivascular adipose tissue (PVAT) are potential modulators of AS appearance and progression. We
aimed to assess the correlations between two adipokines (chemerin, adiponectin), PVAT morphologi-
cal changes (adipocyte size, blood vessel wall thickness) and AS parameters in the special subgroup
of patients with morbid obesity. Material and methods: We enrolled 25 patients with morbid obesity
and 25 non-obese patients, who were age- and gender-matched, untreated for cardiovascular risk
factors, and admitted to hospital for laparoscopic surgical procedures (bariatric surgery for morbid
obesity and non-inflammatory benign pathology surgery for non-obese patients). Before the surgical
procedures, we evaluated demographic and anthropometric data and biochemical parameters in-
cluding the studied adipokines. Arterial stiffness was evaluated using a Medexpert ArteriographTM
TL2 device. In both groups, adipocyte size and vascular wall thickness as well as local adiponectin
activity were analyzed in PVAT from intraoperative biopsies. Results: In our study, adiponectin
(p = 0.0003), chemerin (p = 0.0001) and their ratio (p = 0.005) had statistically significant higher mean
values in patients with morbid obesity compared to normal-weight patients. In patients with morbid
obesity there were significant correlations between chemerin and AS parameters such as aortic pulse
wave velocity (p = 0.006) and subendocardial viability index (p = 0.009). In the same group adipocyte
size was significantly correlated with another AS parameter, namely, aortic systolic blood pressure
(p = 0.030). In normal-weight patients, blood vessel wall thickness positively correlated with AS
parameters such as brachial (p = 0.023) and aortic augmentation index (p = 0.023). An important
finding was the negative adipoR1 and adipoR2 immunoexpression in PVAT adipocytes of patients
with morbid obesity. Additionally, we found significant correlations between blood vessel wall
thickness and blood fasting glucose (p < 0.05) in both groups. Conclusions: Chemerin and adipocyte
size could be predictive biomarkers for AS in patients with morbid obesity. Given the small number
of patients included, our results need further validation.

Keywords: arterial stiffness; adipokines; morbid obesity; cardiovascular risk; perivascular adipose tissue
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1. Introduction

Potential Biomarkers for Assessing Cardiovascular Risk in Morbid Obesity

Cardiovascular disease (CVD) is one of the leading causes of mortality, accounting for
about a third of deaths worldwide [1–4]. The increasing prevalence of major cardiovascular
risk factors and the identification of new biomolecules involved in global cardiovascular
risk assessment require the development of new, easy and clinician-friendly diagnostic
algorithms to adequately estimate the cardiovascular outcomes [3,5,6]. Obesity is a major
risk factor in the cardiovascular continuum, deeply implicated in the development of
atherosclerotic processes [7–9]. Obesity, dyslipidemia, diabetes mellitus and hypertension
are also involved in the progression of arteriosclerosis defined as arterial stiffness and
atherosclerosis, thus, have a prognostic role. Literature data have correlated their presence
with major molecular changes in adipose tissue metabolism [10,11]. Adiposity acts as an
endocrine tissue that secretes adipokines, molecules involved in altering immune response,
lipid metabolism, insulin resistance and angiogenesis [12–16].

Obesity leads to increased expression of pro-inflammatory adipokines and thus,
maintains a constant inflammatory status [17], which contributes to the development
of atherosclerotic CVD [14,18]. Chemerin is an adipokine that modulates metabolic changes
and correlates with body mass index (BMI), insulin resistance and serum triglyceride lev-
els [5,19]. The literature highlights its role as an independent predictor of coronary artery
disease and acute coronary event risk [20–22]. Chemerin also acts at the perivascular tissue
level; clinical studies in the literature show an association between its high local titers and
the presence of both aortic and coronary atherosclerotic lesions [22,23]. There are data
about the modulatory role of chemerin in the development of arterial stiffness through its
inflammatory action and interaction with the components of metabolic syndrome [24–26].
The development of arterial stiffness in patients with obesity is a multifactorial process,
mainly determined by inflammation of perivascular adipose tissue (PVAT), remodeling of
the extracellular matrix, alteration of the immune system and development of cellular and
endothelial stiffness in vessels [27,28].

Based on the known role of cytokines and some adipokines secreted by PVAT, various
current clinical studies are designed to determine its potential as a therapeutic target to
lower arterial stiffness and cardiovascular risk [29]. The influence of PVAT on vascular reac-
tivity has been investigated since the 1990s. More recently, preclinical and clinical evidence
have demonstrated that PVAT characteristics are associated with arterial stiffness [30–32].
Metabolic changes produced in adipose tissue (secondary to excessive secretion of TNF-α
and adiponectin) amplify the pro-inflammatory status by activating a diverse cell popula-
tion in the vascular wall and modulating insulin sensitivity and lipogenesis, mechanisms
that contribute to arterial stiffness [27].

The aim of this study was to evaluate the potential role of adipokines such as chemerin
and adiponectin and PVAT morphological characteristics as biomarkers associated with ar-
terial stiffness in patients with morbid obesity, given its role of independent cardiovascular
risk factor.

2. Materials and Methods

2.1. Study Design and Population

We conducted a case-control study which included 25 consecutive adult patients with
morbid obesity (body mass index [BMI] > 40 kg/m2) and 25 age- and gender-matched
non-obese patients who were part of the control group (BMI < 30 kg/m2). The study period
was January–May 2017. All patients were referred to the Third General Surgery Depart-
ment of “St. Spiridon” Hospital for laparoscopic surgical procedures (bariatric surgery for
patients with morbid obesity and non-inflammatory benign pathology for normal-weight
patients). Cardiological evaluation was part of preoperative assessments. Patients with any
treated cardiovascular risk factors, medical or surgical comorbidities generating inflamma-
tion, or treated with drugs interfering inflammation were excluded. Also, patients who
presented with any three of the five criteria for defining metabolic syndrome [33] or had
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concurrent enrollment in another study were excluded. Patients included in the study had
no associated cardiovascular risk factors requiring drug treatment.

2.2. Laboratory Measurements

We evaluated demographic parameters (age, gender); cardiovascular (CV) risk factors;
anthropometric parameters; vital signs (systolic blood pressure (SBP, mmHg), diastolic
blood pressure (DBP, mmHg)); biological parameters (both biochemical and hematological);
as well as arterial stiffness (AS) parameters. Anthropometric measurements included BMI
(kg/m2), waist circumference, waist to hip circumference ratio (WHR) and index of central
obesity (waist circumference to height ratio).

As we described in a previously published paper [34], all venous blood samples were
collected after overnight fast and processed using specific techniques. The assessment of
biochemical parameters was performed within two hours. Fasting glucose, total cholesterol
and triglycerides were determined applying enzymatic colorimetric method, while HDL-
cholesterol was measured using imunoturbidimetry. LDL-cholesterol levels were calculated
using the Friedewald equation [35]. Fasting insulinemia and serum TNF-α were assessed
using chemiluminiscence immunoassay kits (Siemens Healthcare GmbH., Erlangen, Germany)
automated by an Immulite 1000 analyzer. Insulin resistance (IR) and insulin sensitivity (IS)
completed the assessment of metabolic profile and were calculated applying the Homeostasis
Model Assessment (HOMA) and quantitative check index (QUICKI) [36], respectively.

Serum levels of the two studied adipokines (chemerin and adiponectin) were processed
after venous blood collection in vacutainer tubes without anticoagulant and centrifuga-
tion. Chemerin, known as retinoic acid receptor responder protein 2—RARRES2, is a 14
kDa protein, 131–137 amino acids long, resulting from proteolytic cleavage of the inactive
molecule [37]. Serum levels of chemerin and adiponectin were assessed using quantitative
specific human ELISA (enzyme-linked immunosorbent assay) kits (ab155430, ab99968, respec-
tively) supplied by Abcam Cambridge, UK, for research use only. Chemerin/adiponectin
ratio was calculated for studying the relation with AS. All biological samples were stored at
−20 ◦C and processed after completing the enrollment of patients [37].

2.3. Arterial Stiffness Evaluation

Arterial stiffness was assessed by oscillometric method using the Medexpert Arteri-
ographTM TL2 device. After data entry into the software (identification data, anthropo-
metric parameters, age) and brachial blood pressure (BP) measurement, the AS parameters
were generated: aortic pulse wave velocity (PWV), aortic and brachial augmentation index
(Aix), systolic area under the pulse wave curve (SAI) and diastolic area below the pulse
wave curve (DAI), diastolic reflection area (DRA), central BP and central pulse pressure
(PP). The recommendations of the 2012 Expert consensus document [38] were followed.
A complete report was produced in approximately 10 min. Subendocardial viability ratio
(SEVR) was determined using the ratio of the areas of the systolic and diastolic portions
below the aortic pulse wave curve and denoted as systolic area index (SAI) and diastolic
area index (DAI), respectively. Knowing that SAI is calculated as the product of mean
systolic LV pressure and systole duration, and DAI as the product of the difference between
mean aortic diastolic pressure and mean diastolic LV pressure and diastole duration, we
rewrote the calculation formula as follows:

SEVR =
(mean aortic diastolic pressure − mean diastolic LV pressure)× diastole duration

mean systolic LV pressure × systole duration

The measurement protocol using the Arteriograph device involved the following steps:
(1) recording general patient data (name, date of birth, weight, height, arm circumference
and abdominal circumference, the distance between the sternal notch and the upper edge
of the pubic symphysis, without following the abdominal relief); (2) locating the area of
maximum pulsatility of the brachial artery and positioning the device cuff at this level;
(3) the initiation of measurements, with the patient lying on his back and tracking the
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recording of pulse waves on the monitor to observe the morphology of the route; and
(4) the interpretation of the results. In addition, before and during the recording the
examination was performed in a quiet environment; avoidance of speech and mobilization
during the measurement were encouraged. When white coat hypertension was suspected,
an attempt was made to reassure the patient and the measurement was repeated. Smoking
and coffee consumption were suppressed at least 3 h before the examination, copious
meals were avoided during this period, as was the administration of nitrates. Alcohol
consumption was prohibited for a period of 10 h before AS measurements [39].

2.4. Local Adipocytes and Adiponectin Expression Evaluation

During laparoscopic bariatric surgery, intraoperative biopsy of abdominal perivascular
fat (PVAT) was performed. Specimens of 1 cm3 were collected from the great/small
epiploon region, including a visible small artery, for local adiponectin activity assessment.

Samples from both groups were collected, fixed in 4% formaldehyde solution, em-
bedded in paraffin, cut in 2 μm sections, stained (hematoxylin-eosin staining—H&E) and
examined with a Nikon Eclipse 50i microscope. The sections were also subjected to immuno-
histochemical assay and treated with anti-Adiponectin Receptor 1/ADIPOR1 antibody
EPR6626 (ab126611) and anti-Adiponectin Receptor 2/ADIPOR2 antibody (ab77612), ac-
cording to standard protocols. Images were captured and analyzed using Zeiss Observer Z1
Tissue FAXS 4.2 Cell analysis SystemAdipocyte; size and number per field were quantified
on microphotographs. Examination of the sampled sections included separate analyses of
five different fields on slides obtained from the two batches. Initially, the long and short
axis of the adipocytes were determined in order to make an assessment of the order of cell
size in the two groups. The adipocytes detected in the center and the four extremities of
each image were morphologically characterized. Subsequently, histological changes of the
vascular wall layers were analyzed and the thickness of vascular wall was measured. The
fields selected for analysis were chosen from the four extremities of each histopathological
image so as to include vessels with the most different caliber and wall profile. We added a
scale bar for all the images, to permit comparisons between control and obese groups.

2.5. Statistical Analysis

Statistical analyses were performed using SPSS statistics software (Statistical Package
for the Social Science version 26, for Windows; SPSS Inc., Chicago, IL, USA). Initially, the
descriptive analysis of the variables was performed for the continuous type variables,
calculating the mean, median, minimum and maximum values, quartiles and standard
deviation. Skewness (measuring the symmetry of the variables with respect to the mean
value) and kurtosis (flattening coefficient) were determined to assess the normal distribution
of continuous variables.

To compare the mean values between two groups of continuous values in order to
identify statistically significant differences, the t test (independent t test) and ANOVA (one
way analysis of variance) were used. Pearson and Spearman (r) correlation coefficients
were used to assess the presence of correlations between the studied variables. A natural
logarithmic transformation was performed for the variables without a normal distribution.
This transformation allowed us to use the Pearson coefficient to determine if there was
a linear correlation between the studied variables. Kendall’s tau coefficient was used to
evaluate correlations in the whole sample. For the subsequent analysis of the relationship
between variables that met the threshold for statistically significant correlations, a sim-
ple linear regression was performed. After selecting several independent variables that
influenced a dependent variable, a simple linear regression was extended to a multiple
regression. A p-value ≤0.05 was considered statistically significant.

2.6. Ethics

The study protocol was approved by the local Ethics Committees of “Grigore T. Popa”
University of Medicine and Pharmacy Iasi and of “St. Spiridon” Clinical Emergency
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Hospital Iasi, and was conducted in accordance with the terms of the Helsinki Declaration.
All participants signed an informed written consent before enrollment.

3. Results

Our study included 50 patients divided into two equal groups according to the pres-
ence of morbid obesity. Statistical analyses included several demographic, anthropometric
and paraclinical parameters, which are presented in Table 1. Both groups included predom-
inantly female patients (68% vs. 84%), with a slightly higher average age in the group of
normal-weight patients (p = 0.021).

Table 1. Demographics, anthropometric and paraclinical parameters in the two studied groups.

Non-Obese Patients
(n = 25)

Obese Patients
(n = 25)

p

Demographics and anthropometric parameters

Age (y) 43.36 ± 13.9 39.24 ± 8.74 0.021
Female sex (%) 17 (68%) 21 (84%) -
BMI (kg/m2) 24.24 ± 3.15 43.9 ± 6.07 0.0001

Waist circumference (cm) 83.04 ± 8.75 125.5 ± 18.68 0.0001
WHR 0.83 ± 0.08 0.96 ± 0.10 0.0001

Index of central obesity 0.50 ± 0.06 0.75 ± 0.08 0.0001
Systolic blood pressure (mmHg) 118.04 ± 11.72 129.36 ± 13.03 0.002
Diastolic blood pressure (mmHg) 67.08 ± 7.89 75.28 ± 11.12 0.004

Pulse pressure (mmHg) 51.32 ± 9.98 59.08 ± 11.28 0.013

Biological parameters

Total cholesterol (mg/dL) 197.80 ± 41.39 201.4 ± 27.17 0.718
HDL-cholesterol (mg/dL) 50.36 ± 14.94 50 ± 9.98 0.92
LDL-cholesteol (mg/dL) 125.04 ± 39.97 127.68 ± 23.48 0.76

VLDL-cholesterol (mg/dL) 24.50 ± 10.13 24.86 ± 14.39 0.919
Triglycerides (mg/dL) 121.24 ± 25.74 124.32 ± 17.96 0.86

Fasting glucose (mg/dL) 88.32 ± 8.80 99.28 ± 14.62 0.002
Insulinemia (μU/mL) 8.23 ± 7.98 24.47 ± 6.16 0.0004

Insulin sensitivity index * 1.82 ± 1.87 6.45 ± 3.73 0.0001
Insulin resistance (HOMA) (M/mU/L) 0.16 ± 0.12 0.13 ± 0.02 0.001

Uric acid (mg/dL) 5.29 ± 1.48 6.79 ± 2.19 0.006
TNF-α (pg/mL) 11.34 ± 11.42 7.49 ± 3.38 0.116

Adiponectine (ng/mL) 16.36 ± 1.49 18.05 ±1.155 0.0003
Chemerin (ng/mL) 9.10 ± 1.89 12.22 ± 3.80 0.0001

Adiponectin/chemerin ratio 0.55 ± 0.12 0.67 ± 0.18 0.005

Arterial stiffness parameters

Aortic Aix (%) 35.1 ± 16.2 24.1 ± 12.1 0.090
Brachial Aix (%) −5.5 ± 0.32 −26.7 ± 0.24 0.110

Aortic SBP (mmHg) 119.42 ± 20.18 128.74 ± 20.81 0.114
Aortic PP (mmHg) 50.66 ± 12.69 52.26 ± 10.76 0.633

DRA 45.32 ± 18.82 49.68 ± 11.38 0.321
SAI (%) 46.41 ± 6.36 48.82 ± 3.81 0.112
DAI (%) 53.61 ± 6.06 51.28 ± 3.80 0.111

SEVR 1.19 ± 0.28 1.06 ± 0.16 0.054
PWVAo (m/s) 8.92 ± 2.14 9.59 ± 2.38 0.305

Cardiovascular risk factors

Smoking 10 (40.0%) 9 (36.0%) -
Fasting glucose above 100 mg/dL - 2 (8.0%) -

Dyslipidemia 9 (36.0%) 11 (44.0%) -

Perivascular adipose tissue parameters

Adipocyte size (μm) 6.62 ± 1.78 9.34 ± 2.11 0.027
Blood vessel wall thickness (μm) 6.92 ± 1.48 8.79 ± 2.12 0.0001

All values are expressed as mean ± standard deviation (SD) or n (%); y: years; BMI: body mass index; WHR:
waist to hip ratio; HDL: high-density lipoprotein; LDL: low-density lipoprotein; SBP: systolic blood pressure; DBP:
diastolic blood pressure; MBP: mean blood pressure; PP: pulse pressure; DRA: diastolic refelction area; SAI: systolic
area under the pulse wave curve; DAI: diastolic area under the pulse wave; PWVAo: aortic pulse wave velocity;
AIx: augmentation index; SEVR: subendocardial viability ratio; * We used the quantitative insulin-sensitivity
check index (QUICKI).
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Data on risk factors were included among the data on clinical characteristics of the
patients that were collected for the study. In our data, smoking was a more frequent cardio-
vascular risk factor in normal-weight patients, while dyslipidemia was more frequently
encountered in patients with morbid obesity.

Patients with morbid obesity were associated with higher mean systolic (118.04 ±
11.72 mmHg vs. 129.36 ± 13.03 mmHg, p = 0.002) and diastolic blood pressure values
(67.08 ± 7.89 mmHg vs. 75.28 ± 11.12 mmHg, p = 0.004), and pulse pressure values
(51.32 ± 9.98 mmHg vs. 59.08 ± 11.28 mmHg, p = 0.013). Various metabolic disorders, such
as changes in lipid and carbohydrate profile parameters were also observed. Although there
were no statistically significant differences between the two groups, the mean serum values
of total cholesterol (p = 0.718), LDL-cholesterol (p = 0.76), VLDL-cholesterol (p = 0.919)
and triglycerides (p = 0.86) were higher in patients with morbid obesity. Patients with
morbid obesity had statistically significant higher mean serum values of fasting glucose
(p = 0.002) and uric acid (p = 0.006) as well as parameters associated with insulin metabolism
(insulinemia, insulin sensitivity and insulin resistance) (p < 0.05). Mean serum values of
adiponectin (p = 0.0003), chemerin (p = 0.0001) and their ratio (p = 0.005), as markers of
adiposity, were also significantly different between the two groups. All patients enrolled
in the study were evaluated for arterial stiffness, but there were no statistically significant
differences between the two studied groups.

Among the studied arterial stiffness parameters, statistically significant correlations
between serum levels of chemerin and PWVAo (r = 0.272, p = 0.006) or SEVR (r = −0.259,
p = 0.009) were observed in patients with morbid obesity (Figure 1).

Figure 1. Correlations between serum chemerin levels and (a) PWVAo or (b) SEVR in patients with
morbid obesity (PWVAo: aortic pulse wave velocity; SEVR: subendocardial viability index).

In addition to the descriptive statistical analysis presented above, a series of tests for
correlation between histopathological and paraclinical parameters were performed and
results are presented in Table 2.

In normal-weight patients, blood vessel wall thickness was significantly correlated
with serum TNF-α levels (p = 0.013), fasting glucose (p = 0.049), age (p = 0.020) and with AS
parameters such as brachial AIx (p = 0.023), aortic AIx (p = 0.023) and DRA (p = 0.044). In
patients with morbid obesity, adipocyte size was correlated with serum VLDL-cholesterol
(p = 0.001) and triglyceride levels (p = 0.001) as biological parameters, and with aortic
SBP (p = 0.030) as arterial stiffness parameter. As in normal-weight patients, blood vessel
wall thickness was significantly correlated with blood glucose (p = 0.035) in patients with
morbid obesity.
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Table 2. Correlations between adipocyte size and blood vessel wall thickness with demographic,
clinical and paraclinical parameters.

Non-Obese Patients Patients with Morbid Obesity

Parameters
Adipocyte Size Blood Vessel Wall Thickness Adipocyte Size Blood Vessel Wall Thickness

r p r p r p r p

Biochemistry

Adiponectin −0.220 0.123 −0.037 0.797 0.017 0.907 0.067 0.640
Chemerin 0.110 0.441 −0.189 0.190 −0.066 0.655 0.179 0.224
Chemerin/Adiponectin ratio 0.160 0.262 −0.124 0.387 −0.047 0.747 0.174 0.234
TNF-α 0.057 0.691 −0.357 0.013 0.074 0.607 0.104 0.469
Serum fibrinogen −0.073 0.607 0.030 0.833 0.117 0.413 −0.094 0.513
HOMA −0.093 0.513 −0.165 0.252 0.060 0.674 0.237 0.097
Insulinemia −0.127 0.375 −0.171 0.233 0.043 0.761 0.193 0.176
Insulin sensitivity index 0.093 0.513 0.165 0.252 −0.060 0.674 −0.237 0.097
Fasting glucose −0.034 0.815 0.287 0.049 −0.017 0.907 0.304 0.035
Total cholesterol −0.144 0.427 0.185 0.198 0.181 0.207 −0.050 0.726
LDL-cholesterol 0.010 0.944 0.182 0.206 −0.044 0.761 0.007 0.963
HDL-cholesterol −0.081 0.574 0.027 0.851 −0.176 0.223 0.010 0.944
VLDL-cholesterol −0.037 0.797 0.114 0.426 0.482 0.001 −0.017 0.907
Triglycerides 0.003 0.981 0.101 0.483 0.482 0.001 −0.017 0.907
Uric acid 0.071 0.623 −0.082 0.574 −0.047 0.744 0.003 0.981
Serum creatinine 0.081 0.574 0.038 0.796 0.125 0.387 0.222 0.123

Hemodynamic parameters

Systolic blood pressure 0.030 0.833 0.116 0.426 −0.269 0.061 0.239 0.097
Diastolic blood pressure 0.013 0.925 0.051 0.725 −0.212 0.141 0.183 0.206
Aortic pulse pressure −0.088 0.543 0.126 0.386 −0.132 0.361 0.183 0.206
Mean blood pressure 0.020 0.888 0.132 0.361 −0.266 0.064 0.162 0.261

Demographics and anthropometric parameters

Body mass index 0.153 0.283 −0.097 0.498 −0.124 0.387 0.093 0.513
Abdominal circumference 0.181 0.214 −0.124 0.398 0.003 0.981 0.203 0.160
Waist to hip ratio −0.060 0.674 −0.138 0.337 0.170 0.233 0.193 0.176
Central obesity index 0.213 0.135 −0.252 0.079 −0.017 0.907 0.247 0.084
Age −0.115 0.426 0.337 0.020 −0.249 0.087 0.061 0.673

Arterial stiffness parameters

AIx brachial −0.013 0.926 0.326 0.023 −0.043 0.761 0.180 0.207
SBP aortic 0.100 0.483 0.185 0.198 −0.311 0.030 0.220 0.123
PP aortic −0.033 0.815 0.216 0.134 −0.281 0.050 0.230 0.107
AIx aortic −0.033 0.515 0.326 0.023 −0.043 0.761 0.180 0.207
DRA 0.037 0.797 −0.292 0.044 0.261 0.071 −0.068 0.639
SAI 0.03 0.761 0.054 0.708 −0.242 0.092 0.117 0.413
DAI −0.050 0.726 −0.094 0.512 0.259 0.072 −0.141 0.326
SEVR −0.070 0.624 −0.067 0.640 0.248 0.084 −0.124 0.387
PWVAo 0.003 0.981 0.175 0.224 −0.151 0.293 0.054 0.708

r: Pearson Correlation; HDL: high-density lipoprotein; LDL: low-density lipoprotein; VLDL: very-low-density
lipoprotein cholesterol; SBP: systolic blood pressure; DBP: diastolic blood pressure; MBP: mean blood pressure;
PP: pulse pressure; DRA: diastolic reflection area; SAI: systolic area under the pulse wave curve; DAI: diastolic
area under the pulse wave; PWVAo: pulse wave velocity at the central level; AIx: augmentation index; SEVR:
subendocardial viability index;.

Histopathological Study

Histological and immunohistochemical evaluation of white adipose tissue samples of
patients from both groups was performed.

Analyzing separately five different fields on the slides obtained from the two studied
groups, we first determined the long axis of adipocytes to assess the order of size of fat
cells in the two groups. Adipocytes detected in the center and at the four extremities of
each image were monitored. Statistical processing of these data allowed us to reveal that
adipocytes in the group with morbid obesity are more voluminous compared to those in
the control group, suggesting that the abundance of adipose tissue may be the result of, not
only increased adipocyte number, but also adipocyte hypertrophy.
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The second parameter assessed was blood vessel wall thickness. The fields selected for
analysis were chosen from the four extremities of each image so as to include vessels with
the most different caliber and wall profile. After completing the database, the statistical
processing of data allowed us to observe that in the group with morbid obesity the blood
vessels had a larger diameter and a thicker wall compared to the control group.

Microscopic exam of samples from the control group revealed a normal morphology of
white adipocytes, with a single lipid inclusion occupying almost the entire cytoplasm and
a flattened nucleus compressed at one of the cell poles (Figure 2a). The histologic exam of
samples from the group with morbid obesity revealed white adipocytes whose morphology
did not differ significantly under light microscopy compared to that of adipocytes from the
control group. However, their size was greater and in some areas the shape was slightly
irregular, due to their adjacent compression (Figure 2b). A rich vascularization was mainly
represented by microvascular elements; in our study, among the adipocytes, in the compact
adipose tissue, small blood vessels with intact endothelium and vascular wall could be
observed (Figure 3a). The vessels showed a consistent vascular wall, the tunica media was
visibly thickened due to hyperplasia of smooth muscle fibers, and congestive areas were
frequent. Most blood vessels were distended, with a stellate, irregular lumen and a sinuous
periadipocytic course (Figure 3b).

  
(a) (b) 

Figure 2. Adipose tissue: a control group ((a) non-obese patient); (b) Obese patient (H&E staining).

  
(a) (b) 

Figure 3. Histopathological images. Blood vessels, adipose tissue. (a) control group (non-obese
patient); (b) obese patient (H&E staining).
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Immunohistochemical evaluation of the expression of the two adiponectin receptors
(R1 and R2) was performed. We observed a positive AdipoR1 immunoexpression for
adipocytes from the control group and a reduced, even negative AdipoR1 immunoexpres-
sion for the adipocytes from the group with morbid obesity (Figure 4). At the same time,
we observed a positive AdipoR2 immunoexpression for adipocytes from control group and
a very low AdipoR2 immunoexpression for the group with morbid obesity (Figure 5).

  
(a) (b) 

Figure 4. AdipoR1 immunoexpression (a) control group. AdipoR1—intense immunoexpression;
(b) obese patient—AdipoR1 reduced immunoexpression.

  
(a) (b) 

Figure 5. AdipoR2 immunoexpression (a) control group—AdipoR2 positive immunoexpression,
(b) obese patient—AdipoR2 very low immunoexpression.

4. Discussion

Current data in the literature suggest that adipokines have a pleomorphic action re-
sponsible for arterial stiffness development. So, we studied the potential roles of circulating
chemerin and local adiponectin activity in PVAT, as well as morphological features of
abdominal PVAT in relation to arterial stiffness and with demographic, anthropometric
and metabolic parameters in a special subgroup of patients with morbid obesity.
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In our study, patients with morbid obesity had higher serum values of lipid and
carbohydrate profile parameters (p = 0.002 for fasting glucose). Insulinemia (p = 0.0004),
insulin sensitivity (p = 0.0001) and insulin resistance (p = 0.001), as well as the mean serum
levels of adiponectin (p = 0.0003), chemerin (p = 0.0001) and their ratio (p = 0.005) were
parameters with statistically significant higher mean values in this group.

In addition, our study patients with morbid obesity had higher, but normal mean
blood pressure values compared to normal-weight patients. This observation is important
as hypertension modulates the progression of arterial stiffness even in normal-weight
patients. In this category of patients, Li et al. [39] demonstrated a significant correlation
between visceral adiposity index and brachial PWV. In a similar study, Kim et al. [40]
highlighted that brachial PWV correlates positively with WHR and visceral fat area, but
not with BMI or abdominal circumference.

Yoo et al. [24] demonstrated that chemerin is an independent predictor for arterial
stiffness, with multiple statistically significant correlations with both anthropometric and
biochemical parameters. Similar correlations between chemerin and aortic PWV (p = 0.006)
and SEVR (p = 0.009) were reported in our study among patients with morbid obesity.
SEVR, also known as the Buckberg index, is an arterial stiffness parameter correlated with
coronary flow reserve, useful in assessing coronary microvascular circulation. SEVR is a
measure of cardiac oxygen supply-to-demand ratio that can be estimated by noninvasive
validated methods [41], and is currently used in research and clinical practice [42]. The
current data highlight the inverse relationship between decreased values of SEVR and
cardiovascular risk [42]. In a recent study, Tocci et al. [43,44], demonstrated that overweight
adolescent patients have reduced SEVR values compared to normal-weight patients, similar
to their carotid-femoral pulse wave velocity and aortic systolic blood pressure. Other recent
studies conclude that SEVR values decrease with increased number of metabolic syndrome
elements (p = 0.005) [44] and are correlated with both IR and IS [45,46]. So, we could
hypothesize that chemerin may be a biomarker for arterial stiffness and for the risk of
microvascular coronary damage.

Chemerin is also a determinant of endothelial dysfunction, with high titers negatively
correlated with flow-mediated dilatation (odds ratio of 1.58) and arterial stiffness (odds
ratio of 3.75) in hypertensive patients [47]. Our results suggest that in morbid obesity,
chemerin would indicate the development of AS before hypertension is documented.
Clinical studies also report that high serum levels of chemerin are associated with enhanced
carotid intima media thickness (p = 0.035), and are a marker of subclinical atherosclerosis
in diabetic patients [48]. In our group with morbid obesity and normal values of fasting
glucose, chemerin was correlated with AS, also a marker of subclinical atherosclerosis. It is
worth mentioning that this group had changes of insulin metabolism which could mediate
chemerin action.

In peripheral tissues, chemerin induces tissue enlargement, while stimulating inflam-
mation and angiogenesis in adipose tissue [11,49]. Obesity is morphopathologically charac-
terized by hyperplasia and hypertrophy of adipocytes, accompanied by macrophage infil-
tration of adipose tissue [50]. These aspects correlate with pro-inflammatory status [50,51],
as our study also demonstrated. Unlike the data from the literature, our study could not
demonstrate statistically significant correlations between chemerin, chemerin/adiponectin
ratio and histopathological parameters in perivascular tissues. However, our results sug-
gest that adipocyte size is correlated with aortic SBP (p = 0.030), a parameter of AS, in
patients with morbid obesity. Similar to our results, Arner et al. [52] demonstrated that
PWVAo correlated positively with subcutaneous adipocyte volume and negatively with
fat cell count in patients with obesity. Weight loss could be associated with improvement
in PWVAo but positive long-term results on arterial stiffness can only be achieved by
bariatric surgery [53]. Regarding blood vessel wall thickness, no significant correlations
with parameters of arterial stiffness were reported in our study. These data are supported
by the results of previously published clinical studies that showed arterial stiffness assessed
by PWV measurement is independent of arterial wall thickening [54].
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Knowledge regarding the relationship between PVAT and arterial stiffness among
those with obesity is limited, and many confounders affect the ability to infer causality [55].

White visceral fat has an essential role in the production of adipokines, while PVAT
through direct contact with blood vessels has a paracrine role, modulating cardiovascular
effects, independent of obesity [56]. On the other hand, obesity could cause PVAT dysfunc-
tion, an emerging paradigm, thus, highlighting its deleterious effects. PVAT dysfunction
is induced by complex and not fully elucidated interactions among adipocyte hypoxia,
insulin resistance, oxidative stress, vascular inflammation, and macrophage activation in
the early stages of atherosclerosis [57–59]. Clinical studies in the literature to date have
demonstrated that PVAT infiltration with pro-inflammatory cytokines is a morphopatho-
logical feature in patients with obesity and insulin resistance, thus, contributing to the
maintenance of inflammatory status, endothelial dysfunction and further development of
arterial stiffness [27,60–62].

Studying different adipokines that could regulate the atherosclerotic process might
provide new opportunities for developing potential biomarkers predictive for AS, which is
especially important in apparently healthy obese individuals. Clarifying the relationship
between adipokines and established markers of atherosclerosis is an effective approach
to refine the characterization of cardiovascular risk in patients with obesity and prevent
CVD [50]. Growing evidence suggest that, in obesity, some adipokines directly mediate
the process of atherosclerosis, regulating the redox state and inflammation [63–65]. Very
recently it has also been shown that humans with obesity have a higher expression of
vascular/perivascular TNF-α [66], in addition to NF-Kb and IL-6. In our study, there was
no statistically significant difference in the serum levels of TNF-α between the two groups,
possibly due to the metabolic status of patients with morbid obesity.

Compromised bioavailability of adiponectin also has been established as an indepen-
dent risk factor for type 2 diabetes and cardiovascular diseases [67]. Some studies link
circulating adiponectin to vascular structural changes involved in early vascular aging,
while locally produced molecules modulate the contractile function of small arteries [68,69].

Mean serum adiponectin levels were significantly higher among morbidly obese
patients (p = 0.0003), a finding which is distinct from other published data and could
suggest the presence of adiponectin resistance. Histopathological studies demonstrated
that serum adiponectin levels were negatively correlated with adipose tissue mass. Low
adiponectin titers correlate with the development of insulin resistance, type 2 diabetes or
metabolic syndrome [70–72]. Several clinical studies demonstrated that serum adiponectin
level is an independent predictor of aortic or brachial PWV [73,74]. This adipokine exerts
its effects via two receptors, R1 and R2, whose expression is decreased in patients with
obesity induced in experimental studies [75]. A high level of AdipoR1 is found in normal
adipose tissue, while in obese patients its level is significantly reduced. In our study, the
AdipoR1 and adipoR2 immunoexpression was clearly positive in normal adipose tissue.
The negative results in patients with morbid obesity could be interpreted as difficult to
detect because of the absence, or very low level of adiponectin receptors

Our study has some limitations. Firstly, the most important one is the small number
of patients included; our results could be seen as preliminary results which need further
studies for validation. Secondly, it would have been preferable that patients with morbid
obesity to be their own witnesses over a period of 6–12 months. Such a design involves
some ethical limitations because it would be required a repeated biopsy and a longer
observational period for study. Thirdly, we proposed the study of local adiponectin activity
from abdominal PVAT, under the assumption that it shares similar properties with other
regions of perivascular fat.

5. Conclusions

The studied adipokine chemerin and adipocyte size in abdominal PVAT could repre-
sent predictive biomarkers for arterial stiffness in patients with morbid obesity. Although
our study did not demonstrate the relationship between adiponectin and parameters of AS,
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the negative/weak immunoexpression of its receptors in abdominal PVAT could influence
this process. In addition, our results could be influenced by the metabolic status of the pa-
tients studied. Given the small size of our sample, the current results need further validation.
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Abstract: Carotid stiffness has been associated with the development and progression of carotid
artery disease and is an independent factor for stroke and dementia. There has also been a lack of
comparison of different ultrasound-derived carotid stiffness parameters and their association with
carotid atherosclerosis. This pilot study aimed to investigate the associations between carotid stiffness
parameters (derived via ultrasound echo tracking) and the presence of carotid plaques in Australian
rural adults. In cross-sectional analyses, we assessed forty-six subjects (68 ± 9 years; mean ± SD)
who underwent carotid ultrasound examinations. Carotid stiffness was assessed by a noninvasive
echo-tracking method, measuring and comparing multiple carotid stiffness parameters, including
stroke change in diameter (ΔD), stroke change in lumen area (ΔA), β- stiffness index, pulse wave
velocity beta (PWV-β), compliance coefficient (CC), distensibility coefficient (DC), Young’s elastic
modulus (YEM), Peterson elastic modulus (Ep), and strain. Carotid atherosclerosis was assessed
bilaterally by the presence of plaques in the common and internal carotid arteries, while carotid
stiffness was assessed at the right common carotid artery. β-stiffness index, PWV-β, and Ep were
significantly higher (p = 0.006, p = 0.004, p = 0.02, respectively), whilst ΔD, CC, DC, and strain were
lower among subjects with carotid plaques (p = 0.036, p = 0.032, p = 0.01, p = 0.02, respectively)
comparing to subjects without carotid plaques. YEM and ΔA did not significantly differ among the
groups. Carotid plaques were associated with age, history of stroke, coronary artery disease, and
previous coronary interventions. These results suggest that unilateral carotid stiffness is associated
with the presence of carotid plaques.

Keywords: carotid stiffness; carotid plaques; carotid ultrasound; echo-tracking; rural population

1. Introduction

The aging process is associated with an increased risk for vascular stiffness [1,2]. Pre-
cise noninvasive methods to measure stiffness in the carotid artery have emerged and can
be conducted in clinical settings [3,4]. Several smaller and larger scale studies suggest that
individuals with pre-existing cardiovascular diseases (sub-clinical or overt) have increased
indices of carotid stiffness compared to individuals without established cardiovascular
disease [5–7]. Carotid stiffness has also been suggested to predict cardiovascular events
and all-cause mortality [8]. Greater carotid stiffness measured by beta (β) stiffness, Young’s
elastic modulus, distensibility coefficient, and compliance coefficient has also been asso-
ciated with the incidence of stroke, independently from other covariates such as age, sex,
and recognized common population cardiovascular risk factors [9].

The association between arterial stiffness and localized atherosclerosis may be ex-
plained by the natural progression of atherosclerosis or an increase in pulse pressure. In
the early stages of atherosclerosis, arterial elasticity and compliance decrease due to the
degradation of elastic fibers and increased collagen deposition in the arterial wall. As a
result, arterial stiffness increases before any visible changes appear in the vascular wall
structure [10]. Moreover, stiffening in the carotid arteries may lead to increased pulse
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pressure and flow pulsatility, which can induce endothelial dysfunction, a precursor to
the development of atherosclerosis [11]. Hence, the noninvasive determination of arterial
stiffness may be useful in the evaluation of early-stage carotid disease.

Carotid ultrasound and automated software for wall tracking [3,4] are some of the
several imaging modalities that allow accurate measurement of local carotid stiffness, even
though the methods and reference values of carotid stiffness parameters have not been
standardized to use in routine clinical practice.

While associations between arterial stiffness and atherosclerotic disease have been
explored, most studies have examined carotid stiffness on underlying atherosclerotic
pathology in the same corresponding carotid site of stiffness. Hence, it remains unknown
whether stiffness in one segment of the carotid can be associated with remote carotid plaque
burden. Additionally, while rural populations have an increased risk for stroke, the role of
arterial stiffness and risk for carotid plaques in those cohorts have been rarely reported [12].
Our study aims to evaluate the association between various carotid stiffness parameters
from a wall-tracking software platform and the presence of carotid plaque in both carotid
arteries among a community sample from the Ararat rural population.

2. Materials and Methods

2.1. Study Settings

The present sub-study was a cross-sectional analysis of a prospective community
study conducted among rural residents of Ararat in Victoria, Australia, aged 35 and older.
The participant recruitment and study design details have been described previously [13].
Between March 2022 and July 2022, forty-five subjects completed follow-up health assess-
ments and underwent carotid ultrasound examinations, and one new participant was
enrolled in the study, All study subjects included in these analyses were Caucasian and
aged between 48 to 81 years.

2.2. Ethical Consideration

All subjects provided written informed consent before completing the health survey
and the health assessments. The Ararat Health Study was approved by the Human Research
Ethics Committee of Ballarat Health Service and St. John of God Hospital.

2.3. Health Assessments

Health assessments included anthropometric measurements, blood pressure (BP),
and 12-lead electrocardiogram (ECG). Mean arterial pressure (MAP) was calculated as
2/3 diastolic blood pressure (DBP) + 1/3 systolic blood pressure (SBP).

2.4. Carotid Artery Ultrasound

In addition to the abovementioned follow-up health assessments, a carotid ultrasound
examination was performed for this study. All imaging was performed using the Phillips
affinity 70 ultrasound equipment and an eL18-4 ultra-broadband linear transducer with
PureWave crystal technology.

Carotid artery images and cine loops were acquired using standardized protocols
in accordance with the recommendations of the Manheim statements and recommenda-
tions [14].

Carotid ultrasound examinations were performed in a comfortable room with a tem-
perature of 21–22 ◦C. All subjects were placed in a relaxed supine position with the neck
tilted 45◦ opposite to the scanned side. Bilateral carotid arteries (including the common
carotid, carotid bifurcation, and internal carotid arteries) were scanned in transverse and
longitudinal sections.

2.5. Intima-Media Thickness and Carotid Stiffness Parameters

First, a clear longitudinal image in B-mode was obtained from the right common
carotid artery. Then, 5–10 s (150–301 frames) cine loops were recorded and transferred to
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an ultrasound database for further offline analyses. Finally, all cine loops were reviewed
to select loops that met the critical optimization criteria: precise near and far wall intima-
media, clear lumen, a minimum of 3 cardiac cycles, and straight vessel.

Carotid intima-media thickness (IMT), maximum lumen diameter (Ds), and stroke
change in diameter (ΔD) were measured at least 5–10 mm below the carotid bifurcation in a
region free of carotid plaque using an automatic software platform for ultrasound imaging
analyses (CAROLAB v5.0) [15]. Carotid IMT analyzed by CAROLAB was expressed as the
mean of the maximum IMT measured in each carotid segment (in 3–6 cardiac cycles).

The following carotid stiffness parameters for subsequently calculated:
Stroke change in the lumen area (ΔA)

ΔA = π (Ds2 − Dd2)/4 (mm2)

β stiffness parameter

β = ln (SBP/DBP)/[ΔD/Dd] (unitless)

Cross-sectional distensibility coefficient (DC)—relative change in lumen area during
systole for a given pressure change

DC= 2ΔD/ΔPDs (Kpa 10−3)

Cross-sectional compliance coefficient (CC)—absolute change in lumen area during
systole for a given pressure change

CC = (π × Ds × ΔD)/(2 × ΔP) (10−7 m2 Kpa−1)

Peterson’s elastic modulus (Ep)—the inverse of distensibility coefficient: the pressure
change directing an increase in relative lumen area

Ep = (SBP − DBP)/[(Ds−Dd)/Dd] (Kpa)

Young’s elastic modulus (YEM)—elasticity of the arterial wall material, considering
the thickness of the arterial wall

YEM = (ΔP ×Dd)/(ΔD × IMT) (mmHg/mm)

Strain
Strain = ΔD/Dd × 100 (%)

One-point pulse wave velocity β (PWV-β)—calculated from the time delay between
two adjacent distensions waveforms from the water hammer equation with the usage of
β-stiffness parameter

PWV-β =
√

(β × Pd/2 × �) (m s−1),

where Ds = systolic diameter; Dd = diastolic diameter; IMT = intima-media thickness;
SBP = systolic blood pressure, DBP = diastolic blood pressure; ΔP = pulse pressure; �- blood
density = 1050 kg/m3

2.6. Carotid Plaque Measurement

The presence of atherosclerotic plaques in the carotid arteries was determined by
evaluation of the ultrasound images of the common, internal, and bifurcation sites of the
left and right carotid arteries. According to the Manheim consensus [14], plaques were
defined as structures encroaching into the arterial lumen of at least 0.5 mm or 50% of
the surrounding IMT value or demonstrated a thickness ≥ 1.5 mm as measured from the
intima-lumen interface to the media-adventitia interface.
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2.7. Statistical Analyses

Continuous data were expressed as means and standard deviations or as medians and
interquartile ranges. Categorical data were expressed as total counts and percentages. The
normality of data was assessed using the Shapiro—Wilk test. We used an independent t-test
and Mann—Whitney U test to investigate differences among carotid stiffness parameters
and risk factors in the groups with and without carotid plaques. Categorical variables were
compared by Chi-square test (χ2 test). The results were considered significant at p < 0.05.
All data were analyzed using IBM SPSS Statistics version 28.01.

2.8. Reproducibility

Intra-observer reproducibility was assessed by two consecutive offline measurements
(at different time points) of IMT, Ds, and ΔD in 15 randomly selected subjects. Intra-
observer reproducibility was expressed by calculating the intraclass correlation coefficient
(ICC).

3. Results

3.1. Subject Characteristics

Table 1 shows the demographic characteristics of the study subjects. The mean age
was 67.91 ± 8.72 years, with 30 (65.2%) subjects falling in the 55–74 years age range. Among
the 46 subjects, there were 27 females (58.7%) and 19 males (41.3%).

Table 1. Demographic characteristics of the study subjects.

Demographic Characteristics (n = 46) Mean ± SD or n (%)

Age (years) 67.91 ± 8.72

35–54 4 (8.7)

55–74 30 (65.2)

>75 12 (26.1)

Gender

Male 19 (41.3)

Female 27 (58.7)

Smoking

Current 2 (4.3)

Former 17 (37)

Never smoked 27 (58.7)

Living in Ararat (years) 31.18 ± 17.88

Anthropometric characteristics

BMI (kg/m2) 27.4 ± 4.74

Normal 17 (37)

Overweight 20 (43.5)

Obese 9 (19.6)

Height (cm) 167.50 ± 8.58

Weight (kg) 77.08 ± 15.50

Waist circumference (cm)

Male 96.84 ± 11.43
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Table 1. Cont.

Demographic Characteristics (n = 46) Mean ± SD or n (%)

Females 89.56 ± 12.4

Self-reported medical conditions

Hypertension 19 (41.3)

Antihypertensive medications 15 (32.6)

Dyslipidemia 24 (52.2)

Antilipid medications (statins) 9 (19.6)

Diabetes type 2 4 (8.7)

Cardiovascular disease 7 (15.2)

Hemodynamic parameters

SBP (mmHg) 130.13 ± 13.23

DBP (mmHg) 75.91 ± 9.21

MAP (mmHg) 93.99 ± 9.36

PP (mmHg) 54.21 ± 11.32

Resting HR (beats per min, bpm) 64.48 ± 10.60

QRS duration (ms) 102.02 ± 22.59

Carotid ultrasound parameters

IMT (mm) 0.75 ± 0.16

Carotid plaques 15 (32.6)

Carotid plaques, unilateral (Left CCA and ICA) 4 (26.6)

Carotid plaques, unilateral (Right CCA and ICA) 3 (20)

Carotid plaques (bilateral) 8 (53.3)
CCA—common carotid artery; ICA—internal carotid artery; SBP = systolic blood pressure; DBP = diastolic blood
pressure; MAP = mean arterial pressure; PP = pulse pressure

3.2. Carotid Stiffness Parameters in Subjects with and without Plaque

Patients were divided into two groups depending on the presence of plaque. Plaques
were present on either left or right common and internal carotid arteries. Fifteen subjects
had a carotid plaque in at least one carotid bed—eight had bilateral carotid plaques, four
had plaques on the left, and three had plaques on the right (Table 1). One subject was
excluded from the comparative analyses, as we were unable to perform an estimation of
the stiffness parameters due to the low quality of the ultrasound cine loops. We evaluated
the difference in mean or median (sd or IQR) in the following markers of carotid stiffness—
ΔD (mm), ΔA (mm2), β, PWV-β (m/s−1), CC (10−7 m2 Kpa−1), DC (10−3 Kpa), YEM
(mmHg/mm), Ep (Kpa), Strain (%)—as well as the systolic and diastolic carotid diameter
and the IMT. Results are presented in Table 2.

In subjects with no carotid plaques, the stroke change in diameter (ΔD), distensi-
bility coefficient (DC), and strain (%) were significantly higher compared to the group
with atherosclerotic plaques, i.e., ΔD (p < 0.036); DC (p = 0.01); Strain (p = 0.02). The fol-
lowing stiffness parameters—β-index, PWV-β, and Peterson Elastic Modulus (Ep)—were
significantly lower in subjects without plaque compared to subjects with atherosclerotic
plaques, as follows: β (p = 0.006); PWV-β (p = 0.04); Ep (p = 0.02). We also found that
IMT was significantly higher among subjects with carotid plaques (p = 0.01). In contrast,
YEM did not significantly differ among the groups. Mean systolic (Ds) and diastolic (Dd)
carotid diameters were higher in the plaque group; however, these differences were not
statistically significant.
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Table 2. Carotid stiffness parameters in subjects with or without carotid plaque.

Plaques, No (n = 31) Plaques, Yes (n = 14)

Mean ± SD Mean ± SD p-Value

Ds (mm) 5.93 ± 0.54 6.01 ± 0.57 0.63

Dd (mm) 5.44 ± 0.52 5.59 ± 0.53 0.41

ΔD (mm) 0.48 ± 0.91 0.41 ± 0.08 0.036 *

ΔA (mm2) 4.33 ± 1.00 3.86 ± 1.47 0.16

β stiffness 6.09 ± 1.53 7.73 ± 2.15 0.006 *

PWV β (m/s−1) 5.36 ± 0.59 5.9 9± 0.71 0.004 *

CC (mm2 Kpa−1) 6.59 ± 1.58 5.76 ± 7.97 0.032 *

DC (10−3 Kpa) 23.80 ± 7.91 19.94 ± 0.94 0.01 *

YEM (mmHg/mm) 883.97 ± 284.51 963.49 ± 333.31 0.53

Ep (Kpa) (613.97, 155.24) ** (749.01, 239.39) ** 0.02 *

Strain, % 8.82 ± 1.84 7.56 ± 1.49 0.02 *

IMT (mm) 0.71 ± 0.13 0.84 ± 0.19 0.01 *
Legend: Ds = systolic diameter; Dd = diastolic diameter; ΔD = stroke change in diameter; ΔA = stroke change
in lumen area; CC = compliance coefficient; DC = distensibility coefficient; YEM = Young’s elastic modulus;
Ep = Peterson’s Elastic modulus, * p < 0.05, ** median (IQR).

3.3. Carotid Plaque and Traditional Risk Factors

Subjects in the carotid plaque group were significantly older compared to the group
without carotid plaque (p < 0.01). Both groups were comparable in gender, SBP, DBP, PP,
BMI, waist circumference, hypertension, and lipid status. In subjects with carotid plaque,
the percentage of stroke, myocardial infarction (MI), and coronary intervention were higher
compared to the group without plaque (p = 0.01, p = 0.03, and p = 0.003, respectively).
Detailed characteristics of cardiovascular risk factors are presented in Table 3.

Table 3. Cardiovascular risk factors among subjects with and without carotid plaque.

Plaques, No (n = 31) Plaques, Yes (n = 15)

Mean ± SD or n (%) Mean ± SD or n (%) p-Value

Age 65.71± 8.69 72.47± 7.029 0.01 *

Sex, males 9 (32.3) 10 (60.0) 0.73

SBP 130.84 ± 13.16 133.93 ± 15.87 0.5

DBP 80.23 ± 8.40 77.27 ± 7.06 0.12

PP 50.7 1± 11.93 56.67 ± 12.34 0.12

MAP 96.16 ± 8.50 96.20 ± 8.98 0.9

BMI 27.55 ± 5.23 27.08 ± 3.66 0.75

Waist circumference 91.90 ± 13.48 93.93 ± 10.13 0.61

Self-reported conditions

Hypertension 9 (29.0) 6 (40.0) 0.45

Dyslipidemia 15 (62.5) 9 (37.5) 0.46

Diabetes 2 (6.5) 2 (13.3) 0.43

Stroke 0 (0) 3 (27.9) 0.01 *

Myocardial infarction 0 (0) 2 (13.3) 0.03 *

Coronary intervention 0 (0) 4 (26.7) 0.003 *
* p < 0.05; SBP = systolic blood pressure; DBP = diastolic blood pressure; MAP = mean arterial pressure;
PP = pulse pressure
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3.4. Intra-Observer Reproducibility

Intra-observer reliability was excellent for IMT (Reading 1 (0.82 ± 0.19, mean ± SD);
Reading 2 (0.88 ± 1.19, mean ± SD); ICC = 0.94); good for Ds (Reading 1 (6.25 ± 0.58,
mean ± SD); Reading 2 (6.68 ± 0.82), ICC = 0.78); and good for ΔD (Reading 1 (0.52 ± 0.11,
mean ± SD); Reading 2 (0.55 ± 0.14., mean ± SD), ICC = 0.76).

4. Discussion

Our study demonstrates, for the first time, an ability to comprehensively compare
carotid ultrasound parameters using various validated formulae of stiffness and their asso-
ciation with the presence of carotid plaques. Stiffness parameters that we included were
absolute distensibility (ΔD), stroke change in absolute diameter (ΔA), cross-sectional com-
pliance coefficient (CC), distensibility coefficient (DC), β stiffness index, βPWV, Peterson
elastic modulus (Ep), and strain. Of these stiffness parameters, we found β, PWV-β, and
Ep were significantly higher, whilst absolute distensibility, distensibility coefficient, and
strain were lower among subjects with carotid plaques. These results are consistent with
individual studies examining carotid distensibility, compliance, and stiffness indices in
atherosclerotic patients [16–18]. Studies show that carotid distensibility is significantly as-
sociated with the presence and severity of atherosclerosis [19,20]. The carotid distensibility
coefficient and Young’s elastic modulus were related to symptomatic carotid disease [21,22],
and these correlate with the degree of atherosclerosis [23]. Giannattasio et al. [16] found that
arterial distensibility was markedly lower in the stenotic internal carotid artery compared
to the plaque-free contralateral internal carotid artery. However, it was also found to be
lower in the ipsilateral common carotid artery, indicating the effect of stiffness beyond the
actual plaque site. It is essential to highlight that in our study, we measured the stiffness in
the right common carotid artery; however, the presence of plaque was determined across
both the left and right common and internal carotid arteries.

The presence of atherosclerotic plaques has been associated with arterial stiffness in
studies investigating different vascular beds. For example, atherosclerotic plaques in the
aorta were associated with decreased aortic distensibility [24]. The augmentation index of
the aorta was also found to be significantly associated with peripheral artery disease [25].

A few possibilities for the determined association between carotid stiffness and carotid
atherosclerosis can be hypothesized. One possibility is that the atherosclerotic process leads
to an increase in arterial stiffness by triggering hemodynamic changes and vascular cell
dysfunction, promoting atherosclerosis [26]. An alternative possibility is that the increased
arterial stiffness precedes the damage of the vascular wall and then causes atherosclerosis.
Without the buffering capacity, stiff arterial walls may be exposed to increased intraluminal
stress related to increased pulse pressure [27]. A third possibility is that both mechanisms
are valid. Atherosclerosis may be a result of increased stiffness, but then it may further
increase arterial stiffness in advanced stages. Finally, another possibility is that these
processes may be independently processed but may happen simultaneously in the arterial
wall without a specific temporal or causational relationship.

Despite the availability of accurate imaging modalities for evaluating carotid stiffness,
there are no current standardized methods and parameters for evaluating carotid stiffness,
and their application in clinical practice is limited [28].

In our study, the presence of carotid plaques was associated with older age and a
history of previous stroke, myocardial infarction, and previous coronary interventions.
Age is a common risk factor for atherosclerotic disease, and a close relationship between
coronary and carotid atherosclerosis has been examined in symptomatic and asymptomatic
patients [29,30]. Johnses et al. [31] reported that carotid plaque is a strong risk factor
and predictor of myocardial infarction, while Novo et al. [32] reported a high presence of
asymptomatic plaques in patients with three-vessel disease. Such evidence, along with our
study findings, aligns with the hypothesis that atherosclerosis is a systemic disease and is
often not limited to one single vascular bed.
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To the best of our knowledge, our study is the first to simultaneously investigate
multiple carotid stiffness ultrasound parameters published in the literature and their
associations with carotid atherosclerosis.

Populations living in rural areas have an increased burden of carotid plaque coronary
artery disease and cardiovascular risk factors compared to urban populations [33,34].
However, there is a paucity of data to estimate the global burden of carotid atherosclerosis
among rural populations [21]. Increased intima-media thickness and carotid plaques are
well-established parameters for diagnosing subclinical and clinical carotid artery disease;
however, screening in the general population is still under debate [35,36]. Other ultrasound
imaging modalities, such as the assessment of carotid plaque burden using 3D ultrasound
imaging, have been useful for the assessment of carotid plaque burden, progression, risk
stratification, and evaluation of new risk factors [37]. However, despite the significant
prognostic implications and high accuracy, 3D modality remains a niche area, mainly due
to the high cost of the probes and the need for specialized vascular laboratories.

While we can hypothesize that carotid stiffness may be associated with plaque risk
in the other vascular territory, such as the right common carotid, we, however, could not
measure stiffness in the contralateral or other vascular beds. Hence, we can say that when
we find stiffness in one carotid artery with non-plaque deposits, it is possible to observe
plaques in the opposite carotid artery. This may be explained by remote signaling, or in
fact, the other bed may also be stiff; if the latter is the case, we currently do not have a
plausible explanation. Finally, as our study was cross-sectional by design, causality cannot
be inferred.

Our study has a few perceived limitations that warrant discussion. Firstly, our study
has a moderate number of participants. On the other hand, this study was pre-planned as a
pilot study to assess methodological assessment on the basis of which stiffness parameter
is best associated with carotid plaque burden. Thus, the study had a sufficient sample size
to explore these associations. The second perceived limitation is that this study focused on
plaque burden and not stenosis. The study was not pre-designed to consider variances in
carotid artery stenosis, apart from high-grade stenosis. Indeed, increased aortic stiffness
has been associated with the presence of higher-grade carotid stenosis > 50% [38]. It should
be noted that none of our participants had high-grade carotid stenosis.

Our study shows that carotid distensibility and stiffness indices are associated with
the presence of carotid atherosclerosis. Future studies with more standardized methods of
measurement and validation of carotid stiffness may contribute to greater clinical imple-
mentation of ultrasound imaging parameters into clinical practice and assessment of early
carotid atherosclerosis. The assessment of carotid stiffness was dependent on the type of
ultrasound parameter used to reliably reflect sub-clinical carotid atherosclerosis.
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Abstract: Background: Cardio-ankle vascular index (CAVI) and CAVI0 (a mathematical expression
derived from CAVI, supposed to be less dependent on blood pressure), can describe arterial stiffness,
considering a wide proportion of the arterial tree. The aim of this study was to examine the relation-
ship between CAVI, CAVI0 and aging, looking at the differences between the two arterial stiffness
indexes. Methods: A total of 191 patients (68 male, mean age 68.3 ± 14.4 years) referred to the
Geriatric Ward and Outpatient Clinic at Verona University Hospital were included and underwent a
comprehensive clinical evaluation. CAVI and CAVI0 were obtained for each. Results: CAVI0 steeply
rises in the elderly age strata, widening the gap between CAVI and CAVI0. An inverse relationship is
evident between CAVI0 and DBP in older patients, and CAVI0 is shown to be dependent on age, DBP
and age-DBP interaction (R2 = 0.508). Age modifies the effect of DBP on CAVI0, but not on CAVI.
Conclusions: The real new findings of our study are that the association between CAVI0 and diastolic
blood pressure (DBP) is modified by age, whereas the association between CAVI and DBP is not
modified by age. From a clinical point of view, these are very important findings, as DBP decreases
with aging, affecting in elderly populations the reliability of CAVI0, which strictly depends on DBP
in the formula to calculate it. To monitor the effect of CV therapies, progression of CV diseases and to
evaluate clinical outcomes in elderly populations, we suggest using CAVI and not CAVI0.

Keywords: arterial stiffness; arterial aging; CAVI; CAVI0; older adults

1. Introduction

Arterial wall stiffness plays a key role in the pathophysiological mechanism of vascular
aging [1] and its evaluation is of paramount importance to characterize the cardiovascular
risk [2]. Several parameters have recently been described, yet less is known about which
of them are more appropriate in the geriatric settings. In addition to the well-known
tonometric pulse wave velocity (PWV), which is also considered the gold standard under
the latest European guidelines [3], the cardio-ankle vascular index (CAVI) can provide an
interesting description of arterial stiffness, aimed to include the whole arterial tree and to
reduce the dependence on blood pressure [4]. First described by Shirai and colleagues [4],
CAVI adjusts the PWV (calculated from aortic valve orifice to the ankle) considering
both arterial wall compliance and elastic properties, and blood viscosity, providing a
global evaluation of stiffness, from the aorta to the tibial arteries. Later in 2016, Spronck
and colleagues suggested a new formula [5] to define CAVI0, in order to reduce the
dependence of CAVI on arterial blood pressure (BP) at the time of measuring, introducing
a reference pressure of 100 mmHg. Consolidated knowledge demonstrated the association
between CAVI and CAVI0 [6,7]; nevertheless, the choice of CAVI instead of CAVI0 has been
widely debated [5,8,9], and the real independence of CAVI0 from BP is yet to be clearly
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demonstrated [6,7,10,11]. Thus, there is a fair uncertainty regarding CAVI0, which might
not be accurate in any subsets, and its suitability in older adults should be further examined.

What is acknowledged is that older adults display increased arterial stiffness, and
accordingly, CAVI and CAVI0 are shown to be increased [6,8]. As a matter of fact, CAVI
increases with age; the increasing trend is quite controversial: a 0.5 increase in CAVI
every 10 years has been described [12], but other studies outlined a differential increase in
different age strata, due to a nonlinear relation [13]. So far, less is known about CAVI0.

It should be noted that several cardiovascular disorders and risk factors, broadly
common in older age, are known to be associated with higher CAVI: namely arterial
hypertension [14,15], diabetes [12], dyslipidemia [16], coronary artery disease [17] and
carotid artery plaques [18].

The aim of the present study was to compare CAVI and CAVI0 in a wide population
of adults, to examine the relationship between CAVI, CAVI0 and aging, looking at the
differences between the two arterial stiffness indexes.

2. Materials and Methods

A total of 191 subjects (119 female and 64 male), mean age 67.5 ± 14.3 years, hospi-
talized at the Geriatric Clinic of Verona University Hospital or referred to the outpatient
clinic (medical nutrition or arterial hypertension) formed the study population. Exclusion
criteria were: (I) limb amputation or history of surgical treatment of the aorta or carotid
or femoral arteries; (II) severe peripheral arterial disease or proximal arterial stenosis;
(III) atrial fibrillation or other major arrhythmias. A comprehensive clinical evaluation was
performed, including clinical history collection.

The study was approved by the Ethical Committee of the University of Verona. All par-
ticipants gave informed consent to be involved in the research study.

2.1. Anthropometric Variables

Body weight (Salus scale, Milan, Italy) and height were recorded (Salus stadiometer,
Milan, Italy), with the subject barefoot and wearing light indoor clothing. Whenever
patients could not assume the erect position, the last anamnestic height was recoded. BMI
was calculated as body weight adjusted by stature (kg/m2).

2.2. Biochemical Analyses

All patients received venous blood sampling, after overnight fasting. Plasma glucose
was measured with a glucose analyzer (Roche Cobas 8000, Monza, Italy). Cholesterol and
triacylglycerol concentrations were determined with spectrophotometric method (Roche
Cobas 8000, Monza, Italy). High-density-lipoprotein (HDL) cholesterol was measured
by using the method of Warnick and Albers. LDL cholesterol was calculated using the
Friedwald formula. Creatinine was measured by a modular analyzer (Roche Cobas 8000,
Monza, Italy).

2.3. Blood Pressure and Arterial Stiffness Measurements

As we previously described [19], VaSera-1500 (Fukuda-Denshi Company, Ltd., Tokyo,
Japan) was used to obtain CAVI, blood pressure and heart rate; the same device provides
mean arterial pressure (MAP) and pulse pressure (PP). BP cuffs were placed simultaneously
on the four limbs and inflated two by two (right and left side) to increase the accuracy
of measurements. ECG was obtained by two electrodes placed on both arms; to obtain
phonocardiography, a microphone was placed on the sternum (second rib space). CAVI
derives from the Bramwell-Hill Formula [20,21], which is based on heart-ankle PWV,
obtained by the following equation:

CAVI = a ∗
(

ln
SBP
DBP

∗ PWV2 ∗ 2ρ
SBP − DBP

)
+ b (1)
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where a and b are constants, and ρ is considered the blood density. The device can directly
provide heart-ankle PWV (haPWV) as the ratio between aortic valve to ankle length and
the time T, where T stands for tb + tba, taken by pulse wave to run this distance (tb: time
from the second heart sound to the dicrotic notch at the brachial pulse wave form, tba: time
from brachial to ankle pulse waves) [22]. A brachial-ankle PWV (baPWV) can be eventually
derived [23]. CAVI0 was derived by proper electronic calculator [24] following the formula:

CAVI0 =
CAVI − b

a
∗

SBP
DBP − 1

ln
(

SBP
DBP

) − ln
(

SBP
Pref

)
(2)

and considering Pref as a standard pressure of 100 mmHg.

2.4. Statistical Analyses

The results are shown as mean value ± standard deviation (SD). Pearson correlation
coefficient was used to estimate associations between variables. Linear multiple regres-
sion analysis was employed to evaluate the effect of age and DBP on CAVI and CAVI0,
taking into account the effect of other selected variables (SBP, sex and BMI). Analysis of
variance (ANOVA) was performed to evaluate the effect of independent variables included
in regression models. Among the considered variables, CAVI0, CAVI, height and SBP
showed a normal quantile plot giving some evidence for a difference from the normal
distribution. However, the same result was found when logarithmic, square root and
reciprocal transformations were employed. Furthermore, computer simulations showed
that sample means based on samples of about 100 observations (like those presented in this
study) can be considered normally distributed. However, when comparing mean values
from two samples of subjects, in addition to the standard Student’s t test for unpaired data,
the non-parametric Mann-Whitney U test was employed.

A significance threshold level of 0.05 was used throughout the study. All statistical
analyses were performed using R (version 4.2.2, R Core Team (2022)), a language and
environment for statistical computing (R Foundation for Statistical Computing, Vienna,
Austria; https://www.R-project.org/).

Residuals of regression analyses were visually checked for normality employing a
normal quantile plot. Although the tails of the distribution points did not lie close to a
straight line, the pattern was symmetric. The significance of the results was also checked
employing a distribution free permutation test for regression models implemented in the
R package “lmPerm” (Wheeler, B.; Torchiano, M. lmPerm: Permutation Tests for Linear
Models; R package version 2.1.0, 2016; https://CRAN.R-project.org/package=lmPerm
(accessed on 18 October 2023)).

3. Results

Data were considered for a total of 191 patients (68, 35.6%, male). Their ages ranged
between 40 and 96 years (mean age 68.3 ± 14.4 years; median age 69 years). DBP ranged
between 55 and 109 mmHg (mean DBP 81.2 ± 10.7 mmHg; median DBP 81 mmHg).
The main characteristics of the population, subdivided using an age threshold of 70 years
(100 subjects < 70 years, 91 subjects ≥ 70 years), are listed in Table 1. All the mean
values (except height, SBP, glucose levels and tryglicerides) of these two samples showed
highly significant differences both when the Student’s t-test for unpaired data and the
non-parametric Mann-Whitney U test were employed.

As compared to the younger subgroup, older patients (≥70 years) had significantly
lower DBP (mean 76.51 ± 10.21 mmHg vs. 85.4 ± 9.35 mmHg p < 0.001) and MAP
(97.2 ± 13.71 mmHg vs. 105.4 ± 10.64 mmHg, p < 0.001). Higher CAVI (10.25 ± 2.15 vs.
7.78 ± 1.21, p < 0.001) and CAVI0 (18.9 ± 6.64 vs. 11.49 ± 2.64, p < 0.001) were described
in the oldest subgroup. As concerns the anthropometric variables, older subjects had
both lower BMI (25.84 ± 5.68 kg/m2 vs. 31.38 ± 4.82 kg/m2 p < 0.001) and lower waist
circumference (97.18 ± 15.19 cm vs. 103.6 ± 13.88 cm, p = 0.006) than younger patients.
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Table 1. Characteristics of the study population, divided by age strata.

<70 Years (n = 100) ≥70 Years (n = 91)

Mean SD Median 1st q.le 3rd q.le Mean SD Median 1st q.le 3rd q.le p p*

Age (years) 56.86 8.53 58.00 51.00 64.00 80.79 7.49 79.00 74.00 87.00 <0.001 <0.001
DBP (mmHg) 85.40 9.35 86.00 79.00 92.00 76.51 10.21 76.00 70.00 84.00 <0.001 <0.001
SBP (mmHg) 141.81 16.36 139.50 130.00 153.00 137.07 20.17 136.00 126.00 148.00 0.075 0.086

MAP (mmHg) 105.4 10.64 106.00 98.75 114.33 97.2 13.71 96.7 89.33 97.21 <0.001 <0.001
PP (mmHg) 54.9 13.18 53.00 46.75 60.00 60.07 14.53 59.00 50.50 67.00 0.011 0.004

CAVI0 11.49 2.64 10.91 9.58 13.44 18.90 6.64 17.00 14.09 21.83 <0.001 <0.001
CAVI 7.78 1.21 7.75 7.00 8.80 10.25 2.15 9.80 8.90 11.20 <0.001 <0.001

Weight (Kg) 83.2 15.6 81.55 73.40 93.50 68.27 15.68 65.90 57.10 80.00 <0.001 <0.001
Height (cm) 162.63 9.51 162.00 155.00 168.00 162.36 8.41 161.00 156.00 169.00 0.084 0.758

BMI (kg/m2) 31.38 4.82 31.15 28.20 34.60 25.84 5.68 25.40 21.50 30.30 <0.001 <0.001
Waist circumference (cm) 103.6 13.88 103.00 94.25 113.75 97.18 15.19 98.00 87.00 105.00 0.006 0.007

Glicemia (mg/dL) 99.5 23.34 93.00 86.00 106.00 103.6 38.68 93.00 82.75 109.50 0.396 0.980
Total cholesterol (mg/dL) 202.8 41.42 207.5 177.20 231.00 150.4 38.31 151.00 122.00 179.00 <0.001 <0.001
LDL cholesterol (mg/dL) 123.2 35.54 123.5 97.50 151.00 70.8 35.16 78.5 57.50 104.75 <0.001 <0.001
HDL cholesterol (mg/dL) 55.5 15.42 53.5 44.00 64.75 45.5 17.15 44.00 34.00 59.00 <0.001 <0.001

Triglycerides (mg/dL) 132.9 68.69 122.00 81.00 160.00 128.9 64.17 118.00 79.75 151.75 0.680 0.853
Creatinine (mg/dL) 0.86 0.19 0.84 0.72 0.98 1.05 0.58 0.92 0.73 1.14 0.005 0.078

n % n % Chi-Square p

Male sex 28 28 40 44 0.031
Smoke 24 24 32 35 0.120

Hypertension 62 62 71 78 0.024
Diabetes 21 21 27 29 0.225

Dyslipidemia 74 74 53 58 0.031

p: p-value of the Student’s t-test; p*: p-value of the Mann-Whitney U test; SD: standard deviation, DBP: diastolic
blood pressure; SBP: systolic blood pressure; CAVI: cardio-ankle vascular index; BMI: body mass index.

No significant difference was detected in glucose and triglycerides levels between groups;
on the other hand, older patients had reduced total cholesterol (150.4 ± 3831 mg/dL vs.
202.8 ± 41.42 mg/dL, p < 0.001), LDL cholesterol (70.8 ± 35.16 mg/dL vs. 123.2 ± 35.54 mg/dL,
p < 0.001) and HDL cholesterol (45.5 ± 17.15 mg/dL vs. 55.5 ± 15.42 mg/dL, p < 0.001).

Cardiovascular risk factors have also been considered: arterial hypertension was
significantly more prevalent in older subjects (p = 0.02), whereas dyslipidemia was sig-
nificantly more prevalent in younger patients (p = 0.031). Any significant difference was
detected when looking at smoking habits and diabetes prevalence.

A significant negative association was found between DBP and age (R = −0.464,
p < 0.001). CAVI and CAVI0 progressively increased through consecutive age strata
(Figure 1), with a significant trend even after adjustment for DBP. Noteworthily, CAVI0
steeply increased after the age threshold of 70 years, therefore increasing the gap between
CAVI and CAVI0.

Figure 1. CAVI and CAVI0 increased through consecutive age strata.

CAVI0 was significantly associated both with age (R = 0.703; p < 0.001) and, negatively,
with DBP (−0.360; p < 0.001). Noteworthily, when CAVI0 was considered as the dependent
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variable in a regression model, a significant interaction between age and DBP was found
(p = 0.027), revealing that the relationship between CAVI0 and DBP was modified by age.
Figure 2 shows predicted CAVI0 values in relation to DBP for selected ages. Predicted values
were calculated employing the estimates of the regression coefficients shown in Table 2.

Figure 2. Predicted CAVI0 values in relation to DBP for selected ages (from bottom to top: 40, 50, 60,
70, 80 and 90 years).

Table 2. Regression model considering CAVI0 as dependent variable, and age, DBP and the interaction
between them as independent variables.

Estimate S.E. t p p*

Intercept −30.301 12.841 −2.360 0.019 0.012
Age 0.682 0.176 3.876 <0.001 <0.001
DBP 0.306 0.152 2.013 0.046 0.033

Interaction (age × DBP) −0.005 0.002 −2.233 0.027 0.010
SE: standard error, DBP: diastolic blood pressure; p*: p-value of the permutation test.

In younger ages (40 and 50 years, the first three lines from bottom in the figure),
subjects with higher DBP were expected to have higher CAVI0 values. On the other hand,
in older patients, an inverse relationship between CAVI0 and DBP was expected (see the
first two lines from the top in the figure, referring to patients aged 90 and 80). Expected
CAVI0 values for 60-year-old patients range from 11.6 to 12.8 when DBP values varied
between 50 and 110 mmHg, respectively. On the other hand, expected CAVI0 values for
70-year-old patients ranged from 16.0 to 14.4 when DBP values varied between 50 and
110 mmHg, respectively. At the age of (about) 64 years, CAVI0 was expected to be constant
(i.e., independent from DBP) at the value of 13.5.

The regression model, which included age, DBP and the interaction between age and
DBP, showed a multiple R2 of 0.508 (R = 0.713). Table 2 shows the estimated regression
coefficients for this model, together with the corresponding standard errors.

Residuals of these two regression analyses were visually checked for normality em-
ploying a normal quantile plot, which showed a symmetric pattern of the points even if
in the tails of the distribution they did not lie close to a straight line. The significance of
the results was also checked employing a distribution-free permutation test for regression
models implemented in the R package “lmPerm”.
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When SBP, sex and BMI were included as independent variables in the regression
model, the interaction between age and DBP maintained the statistical significance (p = 0.025).
In addition, when this model was considered, the effects of SBP and BMI were also sta-
tistically significant (with a negative association for BMI); the R2 of this model was 0.530
(R = 0.728). Table 3 shows the estimated regression coefficients for this model, together
with the corresponding standard errors.

Table 3. Regression model considering CAVI0 as dependent variable, and age, DBP, the interaction
between them, sex and BMI as independent variables.

Estimate S.E. t p p*

Intercept −25.947 13.041 −1.990 0.048 0.032
Age 0.631 0.176 3.579 <0.001 <0.001
DBP 0.255 0.153 1.664 0.098 0.109

Interaction (age × DBP) −0.005 0.002 −2.184 0.030 0.021
SBP 0.045 0.022 2.070 0.040 0.011

Male sex 0.712 0.685 1.039 0.300 0.473
BMI −0.133 0.064 −2.084 0.039 0.032

SE: standard error, DBP: diastolic blood pressure; SBP: systolic blood pressure; BMI: body mass index; p*: p-value
of the permutation test.

CAVI was significantly associated both with age (R = 0.683; p < 0.001) and, negatively,
with DBP (−0.266; p < 0.001). However, when CAVI was considered the dependent variable
in a multiple regression model, only age was significantly associated with the response
(p = 0.01), while DBP as well as the interaction between age and DBP were not significant
(p = 0.181 and p = 0.259, respectively). Table 4 shows the estimated regression coefficients
for this model, together with the corresponding standard errors.

Table 4. Regression model considering CAVI as dependent variable, and age, DBP and the interaction
between them as independent variables.

Estimate S.E. t p p*

Intercept −4.16 4.55 −0.914 0.362 0.253
Age 0.175 0.062 2.803 0.006 0.001
DBP 0.072 0.054 1.344 0.181 0.227

Interaction (age × DBP) −0.001 0.001 −1.132 0.259 0.289
SD: standard error, DBP: diastolic blood pressure; p*: p-value of the permutation test.

A similar result was found when the interaction term was removed from the previous
model. Therefore, when the effect of age was accounted for, the correlation between
CAVI and DBP was no longer significant and only age remained significantly associated
with CAVI.

When SBP, sex and BMI were included as independent variables in the regression
model, the interaction between age and DBP confirmed it was not a significant result
(p = 0.246). Furthermore, when this model was considered, DBP (p = 0.265) and SBP
(p = 0.633) were not significantly associated with CAVI, while a significant effect of both BMI
(p = 0.005) and sex (p = 0.019) was found. The R2 of this model was 0.511 (R = 0.715). Table 5
shows the estimated regression coefficients for this model, together with the corresponding
standard errors.

Residuals of these two regression analyses were visually checked for normality em-
ploying a normal quantile plot, which showed a symmetric pattern of the points even if
in the tails of the distribution they did not lie close to a straight line. The significance of
the results was also checked employing a distribution-free permutation test for regression
models implemented in the R package “lmPerm” (version 2.1.0, 2016).
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Table 5. Regression model considering CAVI as dependent variable, and age, DBP, the interaction
between them, SBP, sex and BMI as independent variables.

Estimate S.E. t p p*

Intercept −0.332 4.552 −0.073 0.942 0.572
Age 0.138 0.062 2.243 0.026 0.024
DBP 0.054 0.053 1.004 0.317 0.172

Interaction (age × DBP) −0.001 0.001 −0.808 0.420 0.368
SBP 0.003 0.008 0.395 0.693 0.941

Male sex 0.533 0.239 2.228 0.027 0.012
BMI −0.063 0.022 −2.828 0.005 0.018

SE: standard error, DBP: diastolic blood pressure; SBP: systolic blood pressure; BMI: body mass index; p*: p-value
of the permutation test.

Therefore, when considering CAVI0 and CAVI as dependent variables, two different
results were found. The main difference was that age modified the effect of DBP on CAVI0,
but not on CAVI. Furthermore, BMI appeared to have a significant (and negative) effect
on both CAVI0 and CAVI, while sex was significant only for CAVI (with higher values
for males).

4. Discussion

The present study, of 191 adults ranging from 40 to 96 years, shed light on the sig-
nificant association between aging and arterial stiffness, measured by CAVI and CAVI0;
however, our data suggest that age modifies the effect of DBP on CAVI0, but not on CAVI,
opening significant perspectives on the choice of CAVI rather than CAVI0 when examining
arterial stiffening in older adults.

Our study moves from the assumption that CAVI is a valid estimate of arterial stiff-
ening in older ages [25]. Although guidelines endorse the use of cfPWV as the gold
standard for arterial stiffness evaluation [3], there has been increasing interest in CAVI and
CAVI0 [26]. As compared to cfPWV, which is a particular measurement of the central aortic
segments, CAVI is known to be representative of a wider proportion of the arterial tree,
including both central and peripheral segments [13]. Owing to this intrinsic property of the
technique, in older adults, CAVI rather than cfPWV might be considered more effective in
highlighting the hallmarks of aging-related pathophysiological changings; we previously
demonstrated [19] a significant relationship between arterial stiffness indexes and age,
showing that the strength of the association is higher for CAVI and CAVI0, as compared
to cfPVW.

CAVI0 derives from CAVI with the main aim of relieving the residual pressure depen-
dency that was still found in CAVI [27]. In Shirai’s equation [4], in fact, CAVI relies on a
stiffness parameter β, which depends on the arterial pressure and on the vessel diameter,
following the equation:

β = ln
SBP
DBP

∗ D
ΔD

(3)

where D stands for the vessel diameter and ΔD stands for its changing; thus, β is not a
pressure-normalized index. On the other hand, due to the introduction of a unique Pref
(proposed to be equal to 100 mmHg) [24,27], CAVI0 is based on a β0 parameter, and it is
considered to be pressure normalized:

β0 = β− ln
DBP
Pref

(4)

Several features are common to CAVI and CAVI0, namely the included arterial seg-
ments (the entire arterial tree from the origin of the aorta to the ankle), the BP measurement
site at the upper brachial artery and the baPWV, which accounts for the total measured
artery [27,28]. Nonetheless, a major difference is pinpointed when looking at the formulas:
it should be noted that CAVI depends on a mid-pressure (the arithmetic mean between

46



J. Clin. Med. 2023, 12, 6726

DBP and SBP, see Equation (1)), whereas CAVI0 depends on DBP [29] following an inverse
relation [5]:

CAVI0 = 2ρ ∗ PWV2

DBP
− DBP

Pref
(5)

This consideration is a trivial point to interpret the relationship connecting age, CAVI
and CAVI0.

We observed that in younger ages, subjects with higher DBP were expected to have
higher CAVI0 values, which is in line with previous findings by Webb and colleagues [30],
who demonstrated that midlife DBP is a significant predictor of arterial stiffness and
progression of arterial stiffness. Authors provided evidence that higher DBP during midlife
is associated with an earlier transition from a rising to a falling DBP [30], reflecting a
well-known mechanism of arterial aging which results in greater arterial stiffness and
lower DBP at older ages [31]. As a matter of fact, impaired arterial compliance, due to
arterial aging, is also responsible for reduced DBP among older adults. Consolidated
knowledge describes isolated systolic hypertension as the most frequent phenotype in
subjects aged over 50 years [32], also identifying in lower DBP a relevant risk factor for
all-cause mortality [33]. Consequently, older adults are more likely to have low DBP and,
mathematically, greater CAVI0.

In line with these considerations, we outlined an inverse relationship between CAVI0
and DBP in older subjects. In particular, our data showed that CAVI0 steeply increases
after the age threshold of 70 years, while this was not true for CAVI.

We compared the predictors of CAVI and CAVI0, observing CAVI0 results to be
strongly dependent on age, DBP and on the interaction between age and DBP. In other
words, age modifies the effect of DBP on CAVI0, but not on CAVI.

Including older adults in our analyses, our results complement previous evidence,
since CAVI0 has been applied in younger age sets, such as the pediatric [34] and ado-
lescent [35] ages. So far, most of the studies led on CAVI0 compared heathy individuals
versus subjects with cardiovascular disorders [6], normal weight versus overweight pa-
tients [35] and different subsets of hypertensive patients [36,37]; however, to the best of our
knowledge, the possible changing of CAVI0 during aging has never been investigated.

There is a rather limited number of studies comparing CAVI and CAVI0, even taking
into account the quite recent introduction of CAVI0 in research practice. Previous evidence
suggested the superiority of CAVI over CAVI0 in the predictive role on atherosclerotic
plaque formation [38]. Furthermore, CAVI, but not CAVI0, has been shown to be accurate
in reflecting not only organic structural stiffness but also functional stiffness [12,38] and
hemodynamic changes [39]. CAVI0 is deemed to underestimate arterial stiffness in subjects
with high DBP [6]. In a longitudinal study of Japanese subjects, Nagayama and colleagues
recently demonstrated the superior predictability of CAVI compared to PWV and CAVI0
for renal function decline [40]. However, the comparison between CAVI and CAVI0 in
older adults has never been explored.

Thus, besides the agreement of both CAVI and CAVI0 in describing increased arte-
rial stiffness among aged subjects, the suitability of CAVI0 in older age strata might be
prevented by a lower DBP, which unavoidably leads to higher CAVI0.

In line with previous findings, our data suggest that BMI might have a significant and
negative effect on both CAVI0 and CAVI, while sex is significant only for CAVI (with higher
values for males). Previous studies demonstrated that CAVI was negatively correlated with
BMI, and also with waist circumference; the result might appear counterintuitive, since
higher arterial stiffness is expected in patients with obesity [41,42]. However, a recent study
led by Nagayama and colleagues showed that a body shape index, instead of BMI, as proxy
for visceral adiposity, was associated with CAVI increase [43].

The strengths and limitations of the present study should be recognized. This is the
first study focusing on CAVI0 measurement in older adults, and its changings across aging,
analyzing a heterogeneous range of age strata. On the other hand, our population was
not made up of healthy subjects, and the concomitant inclusion of both inpatients and
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outpatients, with different clinical conditions (although all the patients were examined after
achieving clinical stability), might have brought heterogeneity into the stiffness measure-
ments. Moreover, our study was predominantly performed on female patients, and given
the increased prevalence of cardiovascular diseases in the male population, associated
with higher CAVI values, testing our hypothesis in a more representative male population
would be beneficial.

5. Conclusions

In conclusion, our study, on a relatively wide and heterogeneous cohort of patients,
outlines a strong association between arterial stiffness indexes and age, showing that the
association between CAVI0 and diastolic blood pressure is modified by age, whereas the
association between CAVI and DBP is not modified by age.

From a clinical point of view, this is a very important finding, as DBP decreases with
aging, affecting in elderly populations the reliability of CAVI0, which strictly depends on
DBP in the formula to calculate it.

In other words, for these reasons, in clinical practice we suggest that to monitor the
effect of CV therapies, progression of CV diseases and to evaluate clinical outcomes, CAVI
and not CAVI0 should be used in elderly populations.
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Abstract: Background: Pulse wave velocity (PWV) assessment represents a simple method to estimate
arterial distensibility. At present, carotid-femoral PWV (cf-PWV) is considered the gold standard
method in the non-invasive evaluation of the elastic properties of the aorta. On the other hand,
the mechanical properties of muscular arteries can be evaluated on the axillo-brachial-radia axis by
estimating the carotid-radial PWV (cr-PWV). While a number of studies have addressed these issues
in adults, limited information is available on the respective features of cf-PWV and cr-PWV and on
their modulating factors in children and adolescents at increased cardiovascular risk. Methods: The
mechanical properties of the predominantly elastic (aorta) and muscular (axillo−brachial−radial axis)
arteries were evaluated in a pediatric population characterized by either elevated blood pressure (BP)
or excess body weight, and the main factors affecting cf-PWV and cr-PWV values in these individuals
were investigated. Results: 443 children and adolescents (median age 11.5 years, 43.3% females) were
enrolled; 25% had BP values >90th percentile and 81% were excess weight. The cf-PWV values were
significantly lower than the cr-PWV values: median (Q1–Q3) = 4.8 m/s (4.3–5.5) and 5.8 m/s (5.0–6.5),
respectively (p < 0.001). The pubertal development (p < 0.03), systolic BP and diastolic BP z-scores
(p = 0.002), heart rate (p < 0.001), and waist-to-height ratio (p < 0.005) were significantly associated with
cf-PWV values. No significant association was found between BMI z-score and cf-PWV. Predictors
of high cf-PWV (>95th percentile) were the heart rate (OR 1.07, 95%CI 1.04–1.10, p < 0.001) and
waist-to-height ratio (OR 1.06, 95%CI 1.0–1.13, p = 0.04). The variables significantly related with
cr-PWV values were diastolic BP z-score (p = 0.001), heart rate (p < 0.01), and HOMA index (p < 0.02).
No significant association was found between the cr-PWV and BMI z-score or waist-to-height ratio.
Conclusions: Systolic and diastolic BP values and central obesity are associated with aortic stiffness
in a population of children and adolescents at increased cardiovascular risk. In contrast, diastolic
BP, heart rate, and levels of insulin resistance appear to be related to distensibility of the upper limb
vascular district.

Keywords: adolescent; arterial stiffness; blood pressure; body mass index; carotid-femoral pulse
wave velocity; carotid-radial pulse wave velocity; children; HOMA index; waist-to-height ratio

1. Introduction

Measurement of pulse wave velocity (PWV) represents a simple way to measure the
stiffness of a specific arterial segment [1]. The pulse wave is transmitted through the arterial
vessels, and its speed is inversely related to the viscoelastic properties of the wall itself; the
higher the velocity, the less elastic the wall [2]. Carotid-femoral PWV (cf-PWV) investigates
the viscoelastic properties of the aorta and is considered the non-invasive gold standard
for estimating the degree of aortosclerosis in daily clinical practice [3,4]. In adults, high
cf-PWV values represent an independent risk factor for cardiovascular events, as well as an
important prognostic factor for cardiovascular mortality [3,5]. PWV can be modified both
by structural and functional elements of the arterial wall [2].
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Regarding the structural elements, the viscoelastic properties of the arterial wall in
large arteries are guaranteed by the ratio between the elastin fibers and the collagen fibers
in the tunica media [6–8]. This relationship can be altered by an increase in collagen fibers
(as observed in arterial hypertension), as well as by a reduction in elastic fibers (as observed
with aging) [4,9,10]. The aging process causes histological alterations in the arterial wall.
Reduced elastin synthesis and increased elastase activity cause thinning and breakage of
elastin fibers, and the result is a decrease in the elastin and collagen ratio. Starting from
the first decades of life, there is a slow but progressive increase in aortic PWV values,
with a rapid and exponential increase in adults and in the elderly population [11]. If the
maintenance of the structural characteristics of the arterial wall represents an important
element to guarantee the viscoelastic properties of the aorta and of the large elastic arteries,
on the other hand the elastin−collagen ratio in the wall has a negligible impact on the
mechanical properties of the muscular arteries.

Muscular arteries are mainly affected by functional factors, mostly related to the
activity of the sympathetic nervous system [2,9]. Enhanced sympathetic activity results
in an increase in heart rate, ventricular contractility, and peripheral vascular resistance,
leading to a rise in mean arterial pressure. Concerning arterial vessels, the sympathetic
system modulates the activity and the tone of the smooth muscle cells of the arterial wall.
On the other hand, the impact of the sympathetic nervous system on the distensibility
properties of the aorta is weak and it has been shown that the mechanical properties of the
human aorta remain largely unaffected during sympathetic stimulation. The mechanical
properties of predominantly muscular peripheral arteries can be assessed in the peripheral
arterial districts of the lower limbs and upper limbs, by measuring the femoral-tibial
PWV and carotid-radial PWV (cr-PWV), respectively. The latter provides an estimate of
the viscoelastic properties of the axillo−brachial−radial arterial district. Several studies
performed on the adult population have shown that elevated femoro-tibial and cr-PWV
values have no prognostic or clinical significance [12,13]. Furthermore, while cf-PWV
increases significantly with aging, cr-PWV does not change significantly with age [2].
Overall, PWV assessed at the upper limb likely reflects a functional condition of the arterial
tree, which is closely related to the activation of the sympathetic system.

The relationship between PWV in the aorta and in upper limb muscular arteries has
not yet been investigated in childhood and adolescence, and it is unclear what factors affect
cf-PWV and cr-PWV at this age in the presence of cardiovascular risk factors. Thus, the aim
of our study was to evaluate the main factors associated with cf-PWV and cr-PWV values
in a pediatric population at increased cardiovascular risk.

2. Materials and Methods

2.1. Participants

We studied a cohort of children and adolescents, consecutively referred from May
2008 to September 2022 to the Unit for Cardiovascular Risk Assessment in Children of
Istituto Auxologico Italiano, IRCCS (Milan, Italy) by their primary care pediatricians, for
the clinical finding of excess weight or elevated blood pressure (BP) values.

Children and adolescents with diabetes mellitus, secondary hypertension, hyperten-
sion under drug treatment, congenital cardiovascular disease, and kidney disease were
excluded from the study. The presence of chronic disease involving habitual therapy was
considered an exclusion criterion from the study.

The study protocol was approved by the local institutional ethics committee and
conformed to the ethical guidelines of the 1975 Declaration of Helsinki. Informed consent
was obtained from parents or legal representatives before the enrolment in the study.

2.2. Clinical Parameters

Height, weight, and waist circumference were measured. Waist circumference was mea-
sured by means of a flexible tape in a standing position. Body mass index (BMI) was calculated
as weight/height2 (Kg/m2). The waist-to-height ratio (WtHr) was obtained dividing waist
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circumference by height, and expressed as percentage [14,15]. BMI z-scores were derived
from the Centre for Disease and Control prevention charts [16]. All study participants were
classified as normal weight, overweight, or obese according to the International Obesity Task
Force classification [17]. The pubertal stage was assessed and children were divided into two
categories, pre-pubertal and pubertal, according to Tanner [18,19], considering pre-pubertal
boys with gonadal stage 1 and girls with breast stage 1.

2.3. Blood Pressure Measurement

BP measurements were performed after at least 5 min of rest, in a sitting position,
using an oscillometric device validated in children (Omron 705IT; Omron Co., Kyoto, Japan)
with an appropriate cuff for the upper-arm size. The BP measurement was performed
3 times (at intervals of 3 min) and the average of the last two measurements was considered.
Systolic BP and diastolic BP percentiles and z-scores were calculated according to the
nomograms of the National High Blood Pressure Education Program Working Group on
High Blood Pressure in Children and Adolescents [20,21]. The children were classified
as normotensive if both systolic and diastolic BP percentiles were <90th; high-normal if
systolic BP and/or diastolic BP percentiles were ≥90th but <95th; and hypertensive if
systolic BP and/or diastolic BP percentiles were ≥95th.

2.4. Biochemical Dosages

Fasting blood samples were taken in all study participants to measure serum glucose,
insulin, uric acid, and creatinine. Commercial kits were employed for all analyses: enzy-
matic method with hexokinase Glucose HK Gen.3 Cobas Roche (F. Hoffmann-La Roche
AG, Basel, Switzerland), for glucose assay; ElectroChemiLuminescence Elecsys Insulin
Cobas Roche immunoassay was used for the insulin assay; colorimetric enzymatic test Uric
Acid 2 Cobas Roche for the serum uric acid assay; and colorimetric kinetic test based on
the Jaffé method Creatinine Jaffé Gen.2 Cobas Roche for creatinine assay. The homeostatic
model assessment (HOMA) index was obtained by dividing the product of the serum
insulin (mU/L) and serum glucose (mmol/L) by 22.5 [22]. The glomerular filtration rate
was estimated (eGFR) using the Schwartz formula [23].

2.5. Arterial Stiffness Assessment

Measurements of arterial distensibility were obtained at a stable room temperature
after 10 min of rest, by a validated ETT PulsePen tonometer [24] (DiaTecne srl, San Donato
Milanese, Italy), as described in detail previously [25–27]. Briefly, PulsePen consists of a
pocket size, high-fidelity applanation tonometer, and an integrated ECG unit. Aortic PWV
was measured by recording carotid and femoral waveforms in rapid succession. cf-PWV
was defined as 80% of the distance between the measuring sites divided by the time delay
between the distal (femoral) pulse wave from the proximal (carotid) pulse wave, using
the R wave of the ECG trace as the reference [11]. The R−R interval on the ECG recording
was used to define the heart rate. The use of the PulsePen device in children had been
validated in a previous study, which provided reference values according to gender and
age for cf-PWV in children and adolescents [28].

2.6. Statistical Analysis

The characteristics of the cohort, overall and stratified according to sex, were described by
median and interquartile range (Q1–Q3) if the variables were continuous and by frequencies
and percentages if they were categorical. Univariate analyses to compare the characteristics of
the two groups of children were conducted using the Mann−Whitney test in case of continuous
variables, and through the Chi-Square test in case of categorical variables.

The univariate associations between cf-PWV (or cr-PWV) and systolic BP, diastolic BP
and BMI z-score values, WtHr, uric acid, and HOMA index are represented in scatterplots,
where 95% confidence interval on the Pearson correlation test and the p-value are displayed.
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Multiple linear regression models were used to assess the impact of sex, pubertal
status, systolic BP (or diastolic BP) z-score, BMI z-score (or WtHr), heart rate (detected
at the time of measurement of cf-PWV), uric acid, HOMA index, and eGFR on cf-PWV.
Multiple linear regression models were used to assess the impact of sex, pubertal status,
systolic BP (or diastolic BP) z-score, BMI z-score (or WtHr), heart rate (detected at the
time of measurement of cf-PWV), uric acid, HOMA index, and eGFR on cr-PWV. Multiple
logistic regression models were used to assess the impact of sex, pubertal status, systolic
BP (or diastolic BP) z-score, BMI z-score (or WtHr), heart rate, uric acid, HOMA index,
and eGFR on having cf-PWV values equal to or greater than the 95th percentile according
to gender and age [28]. As there were no reference nomograms for cr-PWV, only the
multiple linear regression model was performed for this variable. Statistical analyses were
performed with R (R Fundation for Statistical Computing, Vienna, Austria) 4.1.2 version
(http://www.R-project.org) accessed on 1 November 2023. All p-values were 2-sided, with
p-values < 0.05 considered to be statistically significant.

3. Results

3.1. Population

The study involved 443 children and adolescents referred to our clinic. Table 1 shows
the characteristics of the population enrolled in the study. The median age was 11.5 years;
43.3% of children were female and 54% were prepubescent. Here, 25.5% (n = 113) had
BP values greater than or equal to the 90th percentile. Furthermore, 80.8% (n = 358) were
of excess weight, and 67.5% (n = 295) had WtHr >50%. The median cf-PWV value was
4.8 m/s, and 11.4% (n = 50) of the children had cf-PWV values equal to or greater than the
95th percentile [28]. The cr-PWV values were significantly higher (median value 5.8 m/s)
than the cf-PWV values (p < 0.001), without differences between males and females.

Table 1. Anthropometric and clinical characteristics according to sex.

Parameter Overall Females Males p-Value

Participants, n (%) 443 192 (43.3) 251 (56.7)
Age, years 11.5 (9.3–13.2) 10.9 (8.7–13.0) 11.7 (9.9–13.5) 0.005

Birth weight, g 3280 (2900–3640) 3200 (2800–3530) 3300 (3000–3800) 0.004
Puberty, n (%) 201 (46.0) 91 (47.6) 110 (44.7) 0.608

Heart rate, beats/min 76 (69–85) 80 (72–87) 73 (66–82) <0.001
Systolic BP, mmHg 111 (103–121) 109 (101–119) 112 (104–123) 0.010
Systolic BP z-score 0.58 (−0.12–1.21) 0.66 (−0.16–1.18) 0.53 (−0.09–1.27) 0.999

Diastolic BP, mmHg 65 (59–71) 65 (58–71) 64 (60–71) 0.685
Diastolic BP z-score 0.21 (−0.25–0.81) 0.31 (−0.23–0.85) 0.17 (−0.25–0.76) 0.372

BP category: 0.752
- Normotension, n (%) 330 (74.5) 144 (75.0) 186 (74.1)
- High-normal, n (%) 42 (9.5) 16 (8.3) 26 (10.4)
- Hypertension, n (%) 71 (16.0) 32 (16.7) 39 (15.5)

Weight class: 0.771
- Normal weight, n (%) 85 (19.2) 39 (20.3) 46 (18.3)
- Overweight, n (%) 141 (31.8) 58 (30.2) 83 (33.1)
- Obese, n (%) 217 (49.0) 95 (49.5) 122 (48.6)

BMI, Kg/m2 24.6 (21.8–27.7) 24.2 (20.9–26.9) 25.1 (22.5–28.1) 0.010
BMI z-score 1.78 (1.20–2.11) 1.76 (1.10–2.04) 1.81 (1.32–2.17) 0.087

Waist-to-height ratio, % 53.3 (48.3–57.8) 52.4 (47.3–57.3) 54.0 (49.4–57.9) 0.021
Waist-to-height ratio >50%, % 295 (67.5) 119 (63.3) 176 (70.7) 0.126

Serum uric acid, mg/dl 4.5 (3.7–5.3) 4.4 (3.7–4.9) 4.7 (3.7–5.6) 0.003
Glucose, mg/dl 86 (81–89) 85 (80–89) 86 (82–89) 0.072
Insulin, mM/L 13.0 (9.0–18.6) 12.9 (9.2–18.4) 13.0 (9.0–18.7) 0.866

HOMA index, mmol/L × mU/L 2.6 (1.9–4.0) 2.6 (1.9–3.9) 2.7 (1.9–4.1) 0.944
Creatinine, mg/dl 0.54 (0.48–0.63) 0.52 (0.45–0.60) 0.57 (0.50–0.66) 0.003

eGFR, ml/min 149 (132–164) 151 (134–171) 147 (129–161) 0.046

cf-PWV, m/s 4.8 (4.3–5.5) 4.8 (4.3–5.5) 4.8 (4.3–5.5) 0.752
cf-PWV ≥ 95th percentile, n (%) 50 (11.4) 22 (11.6) 28 (11.3) 0.999

cr-PWV, m/s 5.8 (5.0–6.5) 5.8 (5.3–6.5) 5.6 (4.9–6.4) 0.069

Data are shown as median (interquartile range) or number (%). BMI, body mass index; BP, blood pressure; cf-PWV,
carotid-femoral pulse wave velocity; cr-PWV, carotid-radial pulse wave velocity; eGFR, estimated glomerular
filtration rate; HOMA, homeostatic model assessment.
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3.2. Factors Affecting Arterial Stiffness

Figure 1 shows the linear regression between cf-PWV/cr-PWV values and systolic
BP, diastolic BP and BMI z-scores, and WtHr. The systolic BP z-score was significantly
correlated with both cf-PWV (p < 0.01) and cr-PWV values (p < 0.01). The same was
true for the correlation of diastolic BP z-scores with both cf-PWV (p < 0.001) and cr-PWV
(p < 0.001) values. BMI z-score and WtHr were associated with cf-PWV values (p = 0.041
and p = 0.007, respectively), but not with cr-PWV values. Both serum uric acid and HOMA
index values were correlated with cf-PWV (p < 0.001), while only HOMA index but not
serum uric acid was associated with cr-PWV (p = 0.005) (Figure 2).

 

Figure 1. Linear regression between carotid-femoral pulse wave velocity (cf-PWV) (a) and carotid-
radial pulse wave velocity (cr-PWV) (b) and systolic (SBP), diastolic blood pressure (DBP) z-score,
body mass index (BMI) z-score, and waist-to-height ratio (WtHr).
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Figure 2. Linear regression between carotid-femoral pulse wave velocity (cf-PWV) (a) and carotid-
radial pulse wave velocity (cr-PWV) (b) and serum uric acid and homeostatic model assessment
(HOMA) index.

Multiple linear regression analysis (Table 2) showed that the variables significantly
associated with cf-PWV values were the presence of pubertal development (p < 0.03),
systolic BP and diastolic BP z-scores (p = 0.002), and heart rate (p < 0.001). A correlation
between HOMA index and cf-PWV was evident when the model was adjusted for diastolic
BP z-score (p = 0.039). The estimated glomerular filtration rate (eGFR) was inversely related
with cf-PWV (p = 0.020). No significant association was evident between BMI z-score
and cf-PWV. In contrast, when WtHr was entered into the model instead of BMI z-score,
a significant correlation was shown between WtHr and cf-PWV (p < 0.05). All of the
results of the previous model were confirmed, except for the HOMA index, which was no
longer associated with cf-PWV. If the HOMA index was removed from the regressors, the
association between WtHr and cf-PWV became stronger (p < 0.01), while the other results
remained unchanged.

56



J. Clin. Med. 2023, 12, 6919

Table 2. Results of multiple linear regression analysis with carotid-femoral pulse wave velocity (m/s)
as dependent variables in the entire sample.

Dependent Variable: Carotid-Femoral Pulse Wave Velocity

I Analysis

Variable
Model A Model B

β (95% CI) p β (95% CI) p

Intercept 3.772 (2.767; 4.778) <0.001 3.795 (2.788; 4.801) <0.001
Sex (males) 0.066 (−0.135; 0.268) 0.517 0.076 (−0.125; 0.278) 0.456

Puberty 0.263 (0.038; 0.487) 0.022 0.312 (0.091; 0.533) 0.006
Systolic BP z-score 0.161 (0.059; 0.262) 0.002 - - -
Diastolic BP z-score - - - 0.219 (0.084; 0.355) 0.002

BMI z-score 0.081 (−0.033; 0.195) 0.163 0.081 (−0.033; 0.195) 0.162
Heart rate, beats/min 0.018 (0.010; 0.026) <0.001 0.017 (0.009; 0.026) <0.001

Serum uric acid,
mg/dL −0.005 (−0.106; 0.096) 0.925 −0.003 (−0.105; 0.098) 0.947

HOMA index 0.044 (−0.001; 0.090) 0.057 0.048 (0.002; 0.093) 0.039
eGFR, mL/min −0.005 (−0.009; −0.001) 0.020 −0.005 (−0.009; −0.001) 0.021

II Analysis

Variable
Model A Model B

β (95% CI) p β (95% CI) p

Intercept 3.018 (1.839; 4.198) <0.001 3.085 (1.898; 4.273) <0.001
Sex (males) 0.052 (−0.152; 0.256) 0.616 0.061 (−0.143; 0.265) 0.557

Puberty 0.307 (0.074; 0.541) 0.010 0.350 (0.120; 0.581) 0.003
Systolic BP z-score 0.161 (0.059; 0.262) 0.002 - - -
Diastolic BP z-score - - - 0.213 (0.075; 0.351) 0.003

WtHr 0.019 (0.003; 0.036) 0.022 0.018 (0.002; 0.035) 0.032
Heart rate, beats/min 0.018 (0.009; 0.026) <0.001 0.017 (0.008; 0.025) <0.001

Serum uric acid,
mg/dL −0.015 (−0.117; 0.086) 0.771 −0.011 (−0.112; 0.091) 0.836

HOMA index 0.035 (−0.013; 0.082) 0.150 0.039 (−0.008; 0.086) 0.102
eGFR, mL/min −0.005 (−0.010; −0.001) 0.015 −0.005 (−0.010; −0.001) 0.016

In Model A and Model B, systolic blood pressure or diastolic blood pressure were considered, respectively. In
Analysis I and Analysis II, body mass index (z-score) or waist-to-height ratio were considered, respectively. Coef-
ficient β provides a measure of the relative strength of the association independent of the units of measurement.
BMI, body mass index; BP, blood pressure; CI, confidence interval; eGFR, estimated glomerular filtration rate;
HOMA, homeostatic model assessment; WtHr, waist-to-height ratio.

The multiple logistic regression model exploring factors significantly associated with
the presence of cf-PWV values equal to or greater than the 95th percentile for sex and
age, adjusted for systolic BP z-score (Table 3), showed a direct association with heart rate
(OR 1.07 95%CI 1.04–1.10, p < 001) and an inverse association with eGFR (OR 0.98 95% CI
0.97–0.99, p = 0.025) (Table 4). The results were similar when the diastolic BP z-score was
included in the model. When the BMI z-score was substituted for WtHr in the model
adjusted for systolic BP z-score, the OR was 1.07 (95%CI 1.04–1.10, p < 0.001) for heart rate
and 0.98 (95%CI 0.97–0.99, p = 0.018) for eGFR. Interestingly, in the latter model, WtHr was
also significantly associated with the presence of cf-PWV values equal to or greater than
the 95th percentile (OR 1.06 95%CI 1.0–1.13, p = 0.040). Similar results were obtained for
the model adjusted for diastolic BP z-score. The results did not change when the HOMA
index was removed from the model.
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Table 3. Results of multiple regression model with carotid-femoral pulse wave velocity values equal
to or greater than the 95th percentile as dependent variables.

Dependent Variable: Carotid-Femoral Pulse Wave Velocity Equal to or Greater than the 95th Percentile

I Analysis

Variable
Model A Model B

β (95% CI) p β (95% CI) p

Sex (males) 1.448 (0.746; 2.866) 0.279 1.489 (0.765; 2.962) 0.247
Puberty 0.732 (0.342; 1.532) 0.413 0.690 (0.326; 1.425) 0.322

Systolic BP z-score 0.898 (0.632; 1.268) 0.545 - - -
Diastolic BP z-score - - - 1.283 (0.825; 1.981) 0.262

BMI z-score 1.289 (0.884; 1.959) 0.206 1.244 (0.853; 1.891) 0.277
Heart rate, beats/min 1.068 (1.039; 1.099) <0.001 1.065 (1.036; 1.096) <0.001

Serum uric acid,
mg/dL 0.774 (0.541; 1.095) 0.153 0.756 (0.530; 1.067) 0.116

HOMA index 0.964 (0.793; 1.137) 0.689 0.937 (0.771; 1.107) 0.482
eGFR, mL/min 0.982 (0.967; 0.997) 0.018 0.983 (0.967; 0.997) 0.025

II Analysis

Variable
Model A Model B

β (95% CI) p β (95% CI) p

Sex (males) 1.489 (0.758; 2.996) 0.254 1.500 (0.762; 3.025) 0.247
Puberty 0.936 (0.420; 2.059) 0.870 0.872 (0.395; 1.893) 0.730

Systolic BP z-score 0.867 (0.604; 1.235) 0.431 - - -
Diastolic BP z-score - - - 1.225 (0.773; 1.916) 0.379

WtHr 1.064 (1.004; 1.130) 0.040 1.060 (1.001; 1.126) 0.050
Heart rate, beats/min 1.069 (1.039; 1.100) <0.001 1.066 (1.036; 1.097) <0.001

Serum uric acid,
mg/dL 0.711 (0.488; 1.020) 0.070 0.697 (0.480; 0.995) 0.051

HOMA index 0.941 (0.764; 1.123) 0.538 0.910 (0.739; 1.089) 0.340
eGFR, mL/min 0.982 (0.966; 0.996) 0.018 0.982 (0.967; 0.997) 0.022

In Model A and Model B, systolic blood pressure or diastolic blood pressure were considered, respectively. In
Analysis I and Analysis II, body mass index (z-score) or waist-to-height ratio were considered, respectively. BMI,
body mass index; BP, blood pressure; CI, confidence interval; eGFR, estimated glomerular filtration rate; HOMA,
homeostatic model assessment; OR, odds ratio; WtHr, waist-to-height ratio.

Table 4. Results of multiple linear regression analysis with carotid-radial pulse wave velocity (m/s)
as dependent variables in the entire sample.

Dependent Variable: Carotid-Radial Pulse Wave Velocity

I Analysis

Variable
Model A Model B

β (95% CI) p β (95% CI) p

Intercept 5.035 (3.463; 6.607) <0.001 5.240 (3.688; 6.791) <0.001
Sex (males) −0.164 (−0.467; 0.139) 0.288 −0.138 (−0.438; 0.161) 0.365

Puberty 0.017 (−0.318; 0.351) 0.922 0.033 (−0.292; 0.358) 0.842
Systolic BP z-score 0.076 (−0.077; 0.230) 0.327 - - -
Diastolic BP z-score - - - 0.332 (0.131; 0.533) 0.001

BMI z-score −0.066 (−0.234; 0.103) 0.444 −0.094 (−0.260; 0.073) 0.269
Heart rate, beats/min 0.022 (0.009; 0.035) 0.001 0.019 (0.006; 0.032) 0.004

Serum uric acid,
mg/dL 0.015 (−0.137; 0.167) 0.845 −0.001 (−0.152; 0.149) 0.985

HOMA index 0.087 (0.019; 0.155) 0.012 0.080 (0.013; 0.146) 0.019
eGFR, mL/min −0.007 (−0.014; −0.001) 0.022 −0.007 (−0.013; 0.000) 0.035
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Table 4. Cont.

Dependent Variable: Carotid-Radial Pulse Wave Velocity

II Analysis

Variable
Model A Model B

β (95% CI) p β (95% CI) p

Intercept 4.980 (3.157; 6.802) <0.001 5.385 (3.579; 7.190) <0.001
Sex (males) −0.186 (−0.494; 0.121) 0.235 −0.166 (−0.470; 0.138) 0.283

Puberty 0.042 (−0.308; 0.393) 0.813 0.045 (−0.296; 0.386) 0.796
Systolic BP z-score 0.071 (−0.083; 0.225) 0.364 - - -
Diastolic BP z-score - - - 0.329 (0.125; 0.534) 0.002

WtHr 0.004 (−0.020; 0.029) 0.728 0.000 (−0.024; 0.025) 0.992
Heart rate, beats/min 0.021 (0.008; 0.034) 0.002 0.018 (0.005; 0.031) 0.008

Serum uric acid,
mg/dL 0.001 (−0.152; 0.154) 0.993 −0.015 (−0.166; 0.136) 0.844

HOMA index 0.076 (0.005; 0.147) 0.037 0.068 (−0.001; 0.138) 0.055
eGFR, mL/min −0.008 (−0.014; −0.001) 0.016 −0.007 (−0.014; −0.001) 0.025

In Model A and Model B, systolic blood pressure or diastolic blood pressure were considered, respectively. In
Analysis I and Analysis II, body mass index (z-score) or waist-to-height ratio were considered, respectively. The
coefficient β provides a measure of the relative strength of the association independent of the units of measurement.
BMI, body mass index; BP, blood pressure; CI, confidence interval; eGFR, estimated glomerular filtration rate;
HOMA, homeostatic model assessment; WtHr, waist-to-height ratio.

Variables significantly related to cr-PWV were heart rate (p < 0.01) and HOMA index
(p < 0.02), diastolic BP z-score (p = 0.001), but not systolic BP z-score. There was an inverse
correlation between cr-PWV and eGFR (p = 0.035). No significant association was evident
between BMI z-score and cr-PWV. When WtHr was included in the model instead of BMI
z-score, the results were essentially unchanged and WtHr was not associated with cr-PWV
(Table 4). The results did not change when the HOMA index was removed from the model.

4. Discussion

To our knowledge, this is the first study comparing parameters estimating the vis-
coelastic properties of the aorta and upper limb muscular arteries in a pediatric cohort
with cardiovascular risk factors. As a main and innovative contribution, the present study
highlights how, in this population, the factors significantly associated with upper limb
arterial distensibility (estimated by cr-PWV) are somewhat different from those associated
with aortic distensibility (estimated by cf-PWV). If the viscoelastic properties of muscular
arteries in the upper limbs appear to be mediated by tonic levels of sympathetic activity,
aortic distensibility appears, instead, to be more affected by blood pressure, heart rate, and
WtHr. Interesting, a significant and inverse correlation with eGFR was found with both
cf-PWV and cr-PWV values.

4.1. Aortic Pulse Wave Velocity

Aortic PWV depends on structural elements and transient functional changes in the
arterial wall. The structural factors are stable and closely related to the relationship between
elastin and collagen fibers in the tunica media of the arterial wall. The tunica media of the
aorta has a typical lamellar arrangement, characterized by an orderly arrangement and
interrelationship between elastic fibers and collagen fibers. Elastic fibers are characterized
by an accentuated viscoelastic property and collagen fibers are mainly responsible for a
structural containment function.

The characteristically different adult patterns of elastin and collagen composition of
thoracic and abdominal aortic segments are already present to some degree at birth [6].
The number of lamellar units present at birth remains almost constant in the first decade
of life, then increases progressively in adulthood, doubling in the thoracic aorta (from
25–30 units to approximately 56 units in the adult), while it increases less (from 15–20 units
to approximately 28 units in the adult) in the abdominal aorta [29]. BP level may be an

59



J. Clin. Med. 2023, 12, 6919

important mechanical factor influencing the relative degree of lamellar growth during
the first years of life and in childhood [29,30]. Collagen is continuously degraded and
deposited in a process of homeostatic regulation [31]. An increase in BP, directly or indi-
rectly, provides the stimulus for the elaboration of fibrous collagen proteins in the arterial
wall [29], in order to counterbalance the resulting transmural pressure increase [2]. The
higher synthesis of collagen fibers induced by high BP values, therefore, causes an imbal-
ance in the elastin−collagen ratio of the arterial wall, determining a condition of aortic
stiffening. This action of BP on the viscoelastic properties of the aorta explains how, in our
population of children and adolescents with cardiovascular risk factors, the indexed values
(z-scores) of systolic and diastolic BP and heart rate were independently associated with
aortic stiffness, confirming what is already widely known in the youth [32,33] and in adult
population [3,11].

A condition of aortic stiffness has been described even in metabolic diseases such as
diabetes [34], fatty liver disease [35–37], kidney failure [12,38,39], and alterations in calcium
metabolism [40,41]. Some metabolic disorders can be accompanied by an increase in
oxidative stress, arterial medial calcifications, and by inflammation of the arterial wall [42].
Inflammation causes both arterial stiffening and endothelial dysfunction [43]. There is no
agreement in the literature regarding the relationship between BMI and vascular stiffness in
children and adolescents. Some data suggest that there is no influence of excess weight on
cf-PWV [33,44], while others go in the opposite direction [45,46]. Some authors have also
suggested that in obese adolescents, there is an inverse correlation between cf-PWV and
BMI values. On the other hand, several studies show a close relationship between insulin
resistance and arterial stiffness in children and adolescents [44,47–49], and this suggests
that excess weight and visceral fat (related to insulin resistance) may be associated with
different effects on arterial viscoelasticity, although not all authors agree on this point [50].
Our study did not show an association between cf-PWV and BMI. However, we found
a significant relationship between cf-PWV and WtHr. This result is interesting, because
it suggests that, for the same weight class, a greater quantity of visceral fat could lead to
a more severe clinical picture, presumably related to the production of cytokines, which
would induce endothelial dysfunction through an increase in oxidative stress and trigger an
inflammatory process that would lead to early vascular damage [51,52]. As there is a strong
relationship between central obesity and insulin resistance already in childhood [53] and
the cytokines produced by visceral fat can influence BP values in children [54], it is difficult
to distinguish the role of insulin resistance and/or visceral obesity when determining the
viscoelastic properties of the aorta.

4.2. Upper Limb Pulse Wave Velocity

Along the arterial tree there is a functional diversification that corresponds to a pro-
gressive change in the composition of the arterial wall. The aorta and large elastic arteries
have the characteristic lamellar structure with layers of elastin interdigitated by layers of
collagen and vascular smooth muscle. These arteries contribute to the buffering function
and ensure the Windkessel effect. Progressing towards the periphery of the vascular system,
the arteries lose their lamellar elastic structure and evolve into muscular-type arteries with
a decrease in elastin and a predominance of smooth muscle cells.

This distinction between elastic and muscular vessels is particularly important from a
clinical point of view, as, if high cf-PWV values are correlated with a high cardiovascular
risk, no relationship between cr-PWV and the incidence of cardiovascular disease has been
demonstrated [12,13].

In healthy young subjects, the autonomic nervous system does not have a pressure-
independent role in the regulation of the large elastic central arteries [55], which are little or
not at all innervated by the sympathetic system [56]. On the contrary, the distal segments of
the arterial tree (“muscular” arteries) are more muscular [57] and densely innervated [58,59],
thus being particularly sensitive to the activity of the sympathetic system [60]. Thus,
the stiffness of muscular arteries appears to be mediated by tonic levels of sympathetic
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activity [61]. The results of our study are in agreement with these pathophysiological
premises, as upper limb PWV was independently associated with z-score of diastolic BP
and heart rate, resulting from a condition of sympathetic activation.

In agreement with other studies in humans [62,63], the HOMA index (indicative of
insulin resistance) also had a significant association with cr-PWV. Given the condition of
sympathetic activation associated with insulin resistance, this finding also appears likely to
be induced by sympathetic activity. The interpretation of data on the relationship between
insulin resistance and PWV in the two vascular districts is complex. From our results,
it would appear that insulin resistance has a greater role in determining carotid-radial
stiffness than carotid-femoral stiffness, which, conversely, would be more influenced by
central obesity. However, these findings should be interpreted with due caution and would
need to be confirmed by additional studies.

4.3. Arterial Stiffness and Glomerular Filtration Rate

Arterial stiffness is increased in children with chronic kidney disease [64]. All children
and adolescents in our study population had normal renal function. However, there was
a strong inverse association between eGFR values and both cf-PWV and cr-PWV. This
finding may suggest that, despite the absence of renal disease, a higher filtration rate
leads to better vascular compliance. We can only speculate on the possible mechanisms
behind these findings. One possibility could be that children with a higher eGFR have a
smaller intravascular volume and that this may contribute to an increased vascular stiffness.
Further studies are needed to test this hypothesis.

4.4. Study Limitations and Strenghts

While our results are supported by the consistent number of children and adolescents
at increased cardiovascular risk that we were able to include in our paper, we have to
acknowledge a limitation of our study, related to the fact that we were able to collect
only cross-sectional data. Indeed, our hypotheses on the mechanisms behind our findings
would need longitudinal data to be tested and confirmed. However, we believe that our
results are, nevertheless, important, because they pave the way for such future longitudinal
evaluations.

5. Conclusions

PWVs of the aorta and upper limb have different regulatory mechanisms and clinical
significance. If the viscoelastic properties of the aorta are linked to blood pressure, heart
rate and visceral fat, on the other hand the distensibility of the muscular arteries of the
upper limbs seems to be mainly influenced by the sympathetic system in our population of
children at increased cardiovascular risk.

Further longitudinal studies are needed to clarify the prognostic significance of ele-
vated cf-PWV and cr-PWV values in childhood and adolescence, as well as their possible
role in the pathogenesis of arterial hypertension.
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Abstract: Arterial stiffness naturally increases with age and is a known predictor of cardiovascular
morbimortality. Blood flow restriction (BFR) training involves decreasing muscle blood flow by
applying a strap or a pneumatic cuff during exercise. BFR induces muscle hypertrophy even at
low intensities, making it an appealing option for older, untrained individuals. However, BFR use
in patients with cardiovascular comorbidities is limited by the increased pressor and chronotropic
response observed in hypertensive elderly patients. Furthermore, the impact of BFR on vascular
function remains unclear. We conducted a comprehensive literature review according to PRISMA
guidelines, summarizing available data on the acute and long-term consequences of BFR training on
vascular function. Although evidence is still scarce, it seems that BFR has a mild or neutral long-term
impact on arterial stiffness. However, current research shows that BFR can cause an abrupt, albeit
transient, increase in PWV and central blood pressure. BFR and, preferably, lower-body BFR, should
be prescribed with caution in older populations, especially in hypertensive patients who have an
exacerbated muscle metaboreflex pressor response. Longer follow-up studies are required to assess
the chronic effect of BFR training on arterial stiffness, especially in elderly patients who are usually
unable to tolerate high-intensity resistance exercises.

Keywords: blood flow restriction training; vascular stiffness; pulse wave velocity; vascular aging;
resistance training

1. Introduction

Resistance training in addition to aerobic exercise is associated with lower cardio-
vascular risk and all-cause mortality [1]. Current cardiovascular prevention guidelines
recommend a resistance training protocol consisting of 1–3 sets of 8–12 repetitions at
60–80% of the patient’s repetition maximum (1RM), with 8–10 various exercises involving
different major muscle groups performed at least 2 days per week [1,2]. However, elderly
patients with associated osteoarthritis and cardiovascular disease are unable to withstand
high mechanical stress. Such patients are usually prescribed lower-resistance training
regiments, 40–50% of 1RM, along with a greater number of repetitions per set (10–15) [3].
However, exercise intensities below 70% of 1RM usually fail to produce significant muscle
hypertrophy or strength gain, and several studies have approached the use of low-intensity
BFR (blood flow restriction) training as an alternative strength training modality in patients
with stable coronary artery disease [4,5].

J. Clin. Med. 2023, 12, 7602. https://doi.org/10.3390/jcm12247602 https://www.mdpi.com/journal/jcm65



J. Clin. Med. 2023, 12, 7602

Resistance training with BFR involves decreasing muscle blood flow by applying a
strap or a blood pressure cuff during exercise. BFR allows effective training of skeletal
muscles at lower intensities, making it suitable for untrained subjects and patients with
orthopedic comorbidities [6], with muscle hypertrophy occurring even at low-intensity
training (20% of 1RM) [7]. However, this technique is rarely used in patients with cardio-
vascular comorbidities due to safety concerns [2].

Arterial stiffness is a pivotal element in the pathogenesis of cardiovascular disease,
considered an independent predictor of cardiovascular mortality and event risk [8]. Arterial
stiffening is naturally associated with aging, but is accelerated in the presence of respiratory,
metabolic, and cardiovascular comorbidities. Vascular stiffness is usually assessed as the
aortic pulse wave travel velocity (PWV), but AIx is also accepted as a surrogate arterial
stiffness parameter [9].

In healthy populations, regular exercise has a beneficial impact on vascular function.
However, the acute and chronic effects of training seem to vary with different types of
exercise modalities, especially in patients with coexisting health issues. Aerobic training
reduces central arterial stiffness, but more recently, HIIT (high-intensity interval training)
seems to have a more pronounced beneficial impact on endothelial function and arterial
stiffness, mediated by the upregulation of the arterial endothelial nitric oxide synthase [10].
On the other hand, previous studies have shown conflicting impacts of resistance training
on arterial stiffness [11,12]. Current evidence suggests that while high-intensity resistance
training increases PWV [11], lower training intensities have a beneficial impact on vascular
stiffness [12]. However, low-intensity resistance training does not correct sarcopenia, an
issue which can easily be addressed with the use of BFR. Several systematic reviews and
meta-analyses have analyzed the impact of low-intensity BFR training on vascular stiffness.
However, they did not include all available studies (due to insufficient reported data and
significant variations in protocol [13]) and provided divergent results [14–17]. For instance,
Maga et al. [13] did not report significant differences in changes between BFR and non-BFR
training, but included both aerobic and resistance BFR training protocols in their meta-
analysis. While Pereira et al. [17] found no significant difference between low-intensity
BFRE and high-intensity non-BFRE, regarding PWV, the meta-analysis conducted by Liu
et al. [14] reported that BFR resistance training is more effective for regulating arterial
compliance compared to traditional RT. Contrary to the results of Amorim et al. [16],
another recent meta-analysis [15] showed that low-resistance BFR training in older adults
will improve not only CAVI and ABI, but also flow-mediated dilation.

As previous studies have been inconsistent, the scope of this review is to summarize all
current evidence regarding the impact of BFR resistance training on arterial stiffness parameters.

2. Materials and Methods

The population targeted in the current review are patients of all ages, with and without
cardiovascular comorbidities, undergoing arterial stiffness assessment. The primary inter-
vention was BFR resistance training, either isolated or compared to high-load resistance
training or controls (no training).

2.1. Electronic Search Strategy

We conducted a comprehensive literature review of the articles currently available in
the EMBASE, MEDLINE and PubMed databases, according to PRISMA guidelines. We
used the following keywords: “blood flow restriction”, “blood flow occlusion”, “KAATSU
training”, “arterial stiffness”, “PWV” and “pulse wave velocity”. This review was carried
out according to the Preferred Reporting Items for Systematic Review and Meta-Analysis
(PRISMA) checklist [18]. We applied the following selection criteria:

- Study type: retrospective, cross-sectional or prospective analysis, case reports and
case series;

- Language: English;
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- Types of participants: patients of all ages with and without cardiovascular comorbidi-
ties, undergoing arterial stiffness assessment;

- Follow-up duration: without restrictions;
- Outcome: acute and chronic arterial stiffness changes with BFR training.

Reviews, case reports, studies available only as abstracts (including conference ab-
stracts) and dissertations were excluded from this analysis.

2.2. Arterial Stiffness Assessment

We selected studies evaluating arterial stiffness as well as other parameters of vascu-
lar function.

Primary indicator: arterial stiffness assessment (pulse wave velocity: PWV; augmenta-
tion index: AIx; cardio-ankle vascular index: CAVI; ankle-brachial ratio: ABI).

Secondary indicators: endothelial dysfunction assessment (flow-mediated dilation: FMD).

3. Results

We identified a total of 11 literature reports compatible with the beforementioned
selection criteria: four studies that assessed the acute influence of BFR training on arterial
stiffness (Table 1) and seven studies that examined the medium-to-long-term impact on
BFR on vascular function (Table 2).

The acute impact of BFR training on arterial stiffness was studied in small populations
of young, healthy individuals. AIx was analyzed before, during and post- 10–55 min
of exercise. Rossow et al. [19] reported that AIx decreases during BFR training (more
substantially when using a wide cuff) but returns to baseline 15 min after exercise. Figueroa
et al. [20] reported a decrease in AIx which persisted 30 min after lower-body resistance
training (with and without BFR). Contrary to these results, in two separate studies [21,22],
Tai et al. documented increases in AIx after upper- and lower-body resistance training,
with or without BFR, which persisted 10 and 25 min post-exercise. At 10 min post-exercise,
AIx increased more with upper- versus lower-body training (with or without BFR) and at
25 min post-exercise AIx increased more with upper-body training without BFR versus
upper-body training with BFR [21].

We identified seven studies that assessed the long-term influence of BFR on arterial
stiffness. Two of them included young, healthy individuals: Although 4 weeks of low-load
lower-body BFR (but not high-load resistance training without BFR) improved PWV by 5%
in a small group of healthy young men [6], Clark et al. [23] did not document a significant
change in PWV or ABI after 4 weeks of low-load lower-body BFR in a smaller mixed-gender
group (14 m, 2 f). A single study included middle-aged adults, in which lower-body low-
resistance BFR training increased PWV only in the BFR randomized limb (no significant
change in the free flow limb) [24]. Two studies focused on healthy, elderly adults and found
no change in CAVI, FMD, or ABI after 12 weeks upper- [7] or lower-body [25] low-load BFR
training. And finally, two other studies assessed the impact of low-intensity BFR in healthy,
older women and showed no impact on CAVI and ABI after 12 weeks of upper- [26] or
lower-body [27] BFR training.
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4. Discussion

Ageing is naturally associated with a certain degree of arterial stiffening, explained by
degenerative changes in the arterial wall which accelerate with age (elastin degradation,
increase in collagen fibers, and calcification of the aortic media). PWV (inversely related to
arterial distensibility) and AIx (a composite parameter that varies with the site and degree
of wave reflection) exhibit a non-linear, age-related increase that becomes more prominent
after the fifth decade [28]. AIx and PWV are considered more sensitive arterial stiffening
markers for young and old adults, respectively [28].

Exercise training improves vascular structure and function [29] and current guidelines
recommend both endurance and resistance training for cardiovascular prevention. Long-
term high-load resistance training (60–70% of 1RM) promotes muscular fitness, improves
lipid profile, and cardiovascular morbi-mortality with a less consistent effect on brachial
blood pressure values [30]. However, elderly patients are generally unable to withstand
high mechanical stress and are usually prescribed a lower-intensity training protocol [3],
which is less effective in correcting sarcopenia, a common finding in heart failure and
geriatric populations. Although aerobic training improves arterial stiffness and is an
essential instrument in cardiovascular prevention, it does not correct sarcopenia [31].
Muscle loss is addressed by prescribing resistance (strength) training at moderate to high
intensities. These are not easily tolerated by elderly patients and transiently reduce central
artery compliance even in young, healthy men [32] and are usually avoided in geriatric
patients with associated cardiovascular disease. However, low-intensity BFR with moderate
vascular restriction (100 mmHg) results in similar muscle adaptations at low intensities
(20% of 1RM) [7], explaining the emerging interest in BFR as a critical rehabilitation tool in
cardiovascular patients.

For this reason, BFR exercises have emerged as a promising alternative to standard
strength training especially for elderly, untrained subjects and those with orthopedic and
musculoskeletal impairments. BFR training is performed using a pneumatic cuff inflated in
the proximal segment of the exercising limb. The occlusive pressure usually set at 1.3 times
of individual SBP [6]. The inflated cuff restricts arterial flow and venous return, inducing
local metabolic stress and central hemodinamic changes. Low-intensity BFR (20–30% of
1RM) is similar to standard high-intensity resistance training in increasing muscle mass
and strength, independent of age [33]. Research regarding BFR resistance training is sparce,
but promising in respect to safety outcomes, with an emerging number of studies focusing
on the acute and long-term effects on BFR on arterial stiffness parameters.

4.1. Potential Risks with BFR Resistance Training

Sedentarism has been associated with increased all-cause and cardiovascular mortality,
and increased risk of oncologic, cardio-metabolic (dyslipidemia, hypertension, diabetes)
and neuropsychiatric complications [34]. However, exercise protocols are prescribed with
caution in frail patients in order to avoid adverse outcomes. While regular physical activity
favors fibrinolysis, high-intensity exercise may induce a prothrombotic state. This risk
could be augmented with BFR, as blood lactate correlated with thrombin-antithrombin III
complex concentrations and tissue plasminogen activity peak after BFR [2]. Furthermore,
BFR training could cause fine microvascular damage (supported by the slight elevations
in IL-6 observed after vascular occlusion) which may trigger local thrombosis [35]. How-
ever, D-dimer and fibrin/fibrinogen degradation products do not increase in older adults
performing BFR [7,36]. Another concern is the potential tissue damage associated with
prolonged hypoxia. Indeed, BFR leads to venous congestion and distention, and potential
damage to venous valves. However, Takarada et al. [35] showed that light resistance
training (20% of 1RM) combined with occlusion (214 mmHg) does not induce considerable
tissue damage (assessed via creatine phosphokinase activity and lipid peroxide levels).
Muscle damage can occur after unaccustomed exercise involving a large amount of eccen-
tric contractions, but low-intensity BFR has not been associated with increased creatine
phosphokinase or myoglobin concentrations [2], even in older adults [7].
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Although thrombotic complications are rarely associated with BFR (a rate of 0.06%,
which is lower than thrombosis incidence in the general population) [37] candidates should
undergo regular coagulation and blood pressure monitoring, with special attention regarding
deep venous thrombosis risk [38]. Diabetes, arterial hypertension, chronic kidney disease,
rheumatoid arthritis, cancers, thrombophilia, pregnancy, postpartum, and post-surgery status
are associated with higher thrombotic risk. In such cases it is useful to use Caprini or
IMPROVE scales and exclude high-risk patients from BFR resistance training [38].

As with all other forms of exercise training, individuals with type 1 diabetes perform-
ing BFR training should apply routine screening precautions in order to avoid post-exercise
hypoglycemia. These include pre- and post-exercise glycemia checks, assessing ketone
levels and adjusting carbohydrate intake before and after exercise [38].

Impaired exercise capacity is a both risk factor and a result of chronic kidney dis-
ease. Individuals with end-stage chronic kidney disease are more prone to cardiovascular
complications, fragility fractures and musculoskeletal pain and should be gradually and
cautiously exposed to BFR. Furthermore, electrolyte imbalances, pulmonary congestion,
peripheral edema and excess inter-dialytic weight gain are formal contraindications for
exercise training in this population [38].

Compared to free flow exercises, BFR training significantly increases plasma adrenaline
concentration and should not be prescribed to patients with recent cerebrovascular events.
Skeletal muscle contraction activates the exercise pressor reflex (EPR), which enhances sym-
pathetic nervous response with subsequent hemodynamic implications [39]. High-intensity
resistance training at 70–100% of 1RM leads to a significant increase in thoracic pressure and
a quasi-complete occlusion of skeletal muscular blood flow due to peripheral mechanical
compression. As such, high-intensity resistance training leads to an acute increase in HR,
systolic, diastolic, and mean arterial pressure, causing significant hemodynamic strain,
proportional with the number of repetitions per set [40].

Despite similar individual perceptual responses, HR and BP (especially diastolic blood
pressure) increase to a greater extent during BFR training compared to low- and moderate-
intensity strength training [41]. In BFR training the exercise pressor reflex is exacerbated by
the mechanical vasculature compression, which is higher than the endogenous muscular
compression obtained with high-resistance training [39]. BFR training reduces venous
return, causing a decrease in systolic volume. However, cardiac output increases due to a
marked increase in HR and cardiac workload. The reduced venous return (cardiac preload)
observed with BFR can prove useful in patients with associated cardiac disease [37]. The
hemodynamic changes observed after BFR are transient, as HR and BP both naturally de-
crease 30–60 min after training, a similar pattern to that observed with high-load resistance
training [15].

Acute cardiovascular changes in low-load BFR training are similar for young and
healthy older adults [42]. However, preexistent hypertension is associated with endothelial
dysfunction, elevated sympathetic activity, and altered muscle metabo- and mechano-
reflexes, explaining the heightened hemodynamic response observed with BFR training [43].
For instance, although BFR without exercise does not significantly impact BP values in
healthy young subjects [44], hypertensive elderly women present a mild to moderate pres-
sor response to resting BFR [40]. Abrupt increases in BP increase the risk of cerebrovascular
events, raising concerns regarding the safety of this technique in patients with cardiovas-
cular disease. However, a previous analysis of 18 elderly hypertensive females reported
similar pressor response after high-load RT and low-resistance BFR [40], recommending
equalization of volumes and recovery times in order to minimize BP elevations during
exercise [40]. Although two studies have applied BFR training in patients with stable
cardiovascular disease with no reported adverse outcomes [4,5], the safety of BFR training
in patients with hypertension or associated cardiovascular disease is yet to be determined
in larger studies with a longer follow-up.

Nascimento et al. recently published a set of criteria requiring immediate BFR training
termination, including (but not limited to) neurological symptoms (confusion, dizziness,
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impaired balance), nausea or vomiting, significant arrythmia, decrease in SBP or an acute
pressor response, chest pain or discomfort suggesting myocardial ischemia, discoloration
or significant pain or temperature change in the affected limb [38].

Increased and prolonged activation of the muscle metaboreflex secondary to BFR
training may increase BP and illicit abnormal cardiovascular responses (increased ret-
rograde shear stress, intermittent sympathetic overactivation), which raises concerns in
prescribing the exercise program to patients with established cardiovascular disease [43].
Indeed, several adverse outcomes, ranging from mild (dizziness, nausea, subcutaneous
hemorrhage) [45] to worrisome rhabdomyolysis and central retinal vein occlusion [46] have
been reported with BFR training. However, BFR training rarely leads to serious adverse out-
comes when performed according to guidelines, in a controlled clinical environment [47].

4.2. Peripheral Blood Flow Changes in BFR Resistance Training

From a physiological and cellular perspective, exercise upregulates the activity of
arterial endothelial nitric oxide synthase, improving endothelial function and reducing
arterial stiffness. In healthy individuals, acute aerobic training reduces central arterial
stiffness, wave reflections, and it is postulated that regular aerobic exercise may delay
vascular aging. On the other hand, acute bouts of resistance exercise may cause a transient
increase in central arterial stiffness [10]. Indeed, even in healthy young adults, traditional
strength training (≥60% of 1RM) increases sympathetic activity and endothelin 1 levels,
inducing an acute transient increase in arterial stiffness (PWV) [37]. Although chronic high-
intensity resistance training increases arterial stiffness by 11.6% [11], low training intensities
can reduce brachial-ankle PWV [12]. However, the effect of RT on arterial stiffness is more
pronounced in young patients, which inherently have low arterial stiffness parameters,
which could yield these results clinically insignificant [11]. Furthermore, the increase in
arterial stiffness with high-intensity RT is attenuated with simultaneous aerobic training,
supporting current guidelines that recommend a combination of both exercise modalities.

With BFR training, the increased shear stress obtained with cuff deflation and reper-
fusion mechanically stimulates endothelial nitric oxide synthase increasing NO produc-
tion [48]. As low-intensity resistance training has a beneficial impact on arterial stiffness [12],
it was postulated that chronic low-intensity BFR could have a beneficial effect on peripheral
vascular function [48].

As shown by Tai et al. [21], upper- and lower-body resistance training exercised have
different consequences on vascular stiffness, which can be explained by the variation in
transit time of the returning pulse waveform. Upper-body resistance training, with or
without BFR is associated with an acute increase in AIx and AIx75, which persists up
to 25 min post-exercise [21,22]. On the other hand, with lower-body training (with or
without BFR), a significant increase in AIx75 can be observed 10 min after exercise, but not
at 25, 40, and 55 min after exercise. As such, current evidence suggests that lower-body
resistance training with or without BFR has a lesser impact on pulse wave reflections [21].
Indeed, two other studies documented decreases in AIx after low-resistance lower-body
BFR training [19,20] reported similar decreases in AIx 30 min after low-resistance lower-
body RE with or without BFR. As arterial stiffness parameters return to baseline shortly
after training, the effect could be explained by post-exercise vasodilation [19].

The study of the short- and medium-term impact of BFR resistance training on vascular
stiffness has yielded divergent results. Horiuchi et al. [6] showed that 4 weeks of BFR
reduces arterial stiffness in healthy young men, as opposed to high-intensity resistance
training, which produced the opposite effect. Clark et al. [23] reported no significant change
in PWV following 4 weeks of either low-intensity (30% of 1RM) BFR or high-intensity (80%
of 1RM) lower-body training in young, healthy adults. On the other hand, Fahs et al. [24]
reported a small but statistically significant increase in PWV after 6 weeks of low-load
BFR in healthy, middle-aged adults. And lastly, several studies performed in older adults
showed that 12 weeks of low-load resistance training (with and without BFR) did not
significantly alter vascular function (assessed via CAVI, FMD, and ABI) [7,25–27].
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Fahs et al. [24] showed that 6 weeks of progressive low-load resistance exercises
increased arterial stiffness in middle-aged adults with associated cardiovascular comor-
bidities. The effect could be explained by increased oxidative stress and a subsequent
reduction in nitric oxide bioavailability. The increase in peripheral arterial stiffness was
more prominent with BFR compared to free flow training. The same study observed an in-
verse relationship between pre-training PWV and the change in PWV, which could suggest
that the increase in arterial stiffness could be an adaptive response to external compression
(cuff pressure and muscle contractions). Although the average increase in arterial stiffness
was mild (0.6 m/s, 6.7%), this could have significant long-term implications, as each 1 m/s
increase in PWV leads to a 13–15% increase in mortality [49].

4.3. The Importance of BFR Protocol

The lack of consistency regarding study methodologies and protocols, especially
regarding BFR pressures, poses a significant limitation in comparing the results of previous
stud=ies.

As shown by Rossow et al. [19], cuff type impacts training outcome, since cardiovas-
cular responses, ratings of perceived exertion and pain are higher with the use of wider,
non-elastic cuffs. The authors reported a higher decrease in AIx during BFR with wide cuff
use, although arterial stiffness parameters returned to baseline 15 min after exercise [19].

Previous studies have used different protocols regarding applied cuff pressure. Limb
occlusion pressure (LOP) and a more personalized approach, is the current guideline-
recommended approach in BFR training [47]. LOP provides a more objective way to
implement BFR training and understand its long-term effects on vascular function. LOP is
also considered to have a lesser risk of acute exercise-related adverse events, especially in
high-risk patients.

Another important protocol variation is the implementation of continuous versus
intermittent pressure during exercise. When using LOP, both continuous and intermittent
BFR provide similar grades of muscle hypertrophy [50,51]. Maintaining cuff pressure
during rest intervals increases post-exercise release of noradrenaline and is associated
with a heightened brachial blood pressure increase [37]. Intermittent BFR requires cuff
deflation during rest periods and is the preferred method for patients with associated risk
factors, as it reduces the acute hemodynamic stress to BFR [52], including arterial stiffness
measures [20]. With continuous pressure, Rossow et al. [19] noted a decrease in AIx after
cuff inflation and that persisted during exercise, but returned to baseline values 5 min
post-exercise. However, in another study which used intermittent BFR [20], AIx dropped
below baseline 30 min post-exercise, emphasizing the importance of protocols.

5. Conclusions

Despite the increasing number of reports that study the effects of BFR training on
vascular function, evidence regarding the long-term effects of BFR remains scarce and no
firm recommendation can be made at this point. Furthermore, interpretation of the current
literature data is limited by the wide variation in sample sizes, population characteristics,
but also BFR protocols (cuff pressure, number of repetitions, training duration, etc.).

Overall, it seems that BFR has a mild or neutral long-term impact on arterial stiffness.
However, current research shows that BFR can cause an abrupt, albeit transient, increase
in PWV and central blood pressure, even in healthy young people. This effect seems to
be more prominent in elderly and hypertensive individuals with an exacerbated muscle
metaboreflex pressor response. BFR and, preferably, lower-body BFR, should be prescribed
with caution in older populations with preexisting cardiovascular comorbidities.

Further research should focus on developing safe BFR protocols regarding potential
moderator variables (age, sex, cuff pressure, training frequency, and intensity) and on the
long-term follow-up of vascular stiffness variations with BFR training.
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Flow-Restricted Training on Arterial Functions and Angiogenesis—A Systematic Review with Meta-Analysis. Biomedicines 2023,
11, 1601. [CrossRef]

14. Liu, Y.; Jiang, N.; Pang, F.; Chen, T. Resistance Training with Blood Flow Restriction on Vascular Function: A Meta-Analysis. Int. J.
Sports Med. 2021, 42, 577–587. [CrossRef]

15. Zhang, T.; Tian, G.; Wang, X. Effects of Low-Load Blood Flow Restriction Training on Hemodynamic Responses and Vascular
Function in Older Adults: A Meta-Analysis. Int. J. Environ. Res. Public. Health 2022, 19, 6750. [CrossRef]

16. Amorim, S.; Rolnick, N.; Schoenfeld, B.J.; Aagaard, P. Low-intensity Resistance Exercise with Blood Flow Restriction and Arterial
Stiffness in Humans: A Systematic Review. Scand. J. Med. Sci. Sports 2021, 31, 498–509. [CrossRef]

17. Pereira-Neto, E.A.; Lewthwaite, H.; Boyle, T.; Johnston, K.; Bennett, H.; Williams, M.T. Effects of Exercise Training with Blood
Flow Restriction on Vascular Function in Adults: A Systematic Review and Meta-Analysis. PeerJ 2021, 9, e11554. [CrossRef]

18. Liberati, A.; Altman, D.G.; Tetzlaff, J.; Mulrow, C.; Gøtzsche, P.C.; Ioannidis, J.P.A.; Clarke, M.; Devereaux, P.J.; Kleijnen, J.;
Moher, D. The PRISMA Statement for Reporting Systematic Reviews and Meta-Analyses of Studies That Evaluate Healthcare
Interventions: Explanation and Elaboration. BMJ 2009, 339, b2700. [CrossRef]

19. Rossow, L.M.; Fahs, C.A.; Loenneke, J.P.; Thiebaud, R.S.; Sherk, V.D.; Abe, T.; Bemben, M.G. Cardiovascular and Perceptual
Responses to Blood-Flow-Restricted Resistance Exercise with Differing Restrictive Cuffs. Clin. Physiol. Funct. Imaging 2012,
32, 331–337. [CrossRef] [PubMed]

78



J. Clin. Med. 2023, 12, 7602

20. Figueroa, A.; Vicil, F. Post-Exercise Aortic Hemodynamic Responses to Low-Intensity Resistance Exercise with and without
Vascular Occlusion. Scand. J. Med. Sci. Sports 2011, 21, 431–436. [CrossRef] [PubMed]

21. Tai, Y.L.; Marshall, E.M.; Parks, J.C.; Kingsley, J.D. Hemodynamic Response and Pulse Wave Analysis after Upper- and Lower-
Body Resistance Exercise with and without Blood Flow Restriction. Eur. J. Sport Sci. 2022, 22, 1695–1704. [CrossRef]

22. Tai, Y.L.; Marshall, E.M.; Glasgow, A.; Parks, J.C.; Sensibello, L.; Kingsley, J.D. Pulse Wave Reflection Responses to Bench Press
with and without Practical Blood Flow Restriction. Appl. Physiol. Nutr. Metab. 2019, 44, 341–347. [CrossRef]

23. Clark, B.C.; Manini, T.M.; Hoffman, R.L.; Williams, P.S.; Guiler, M.K.; Knutson, M.J.; McGlynn, M.L.; Kushnick, M.R. Relative
Safety of 4 Weeks of Blood Flow-Restricted Resistance Exercise in Young, Healthy Adults. Scand. J. Med. Sci. Sports 2011,
21, 653–662. [CrossRef]

24. Fahs, C.A.; Rossow, L.M.; Thiebaud, R.S.; Loenneke, J.P.; Kim, D.; Abe, T.; Beck, T.W.; Feeback, D.L.; Bemben, D.A.; Bemben,
M.G. Vascular Adaptations to Low-Load Resistance Training with and without Blood Flow Restriction. Eur. J. Appl. Physiol. 2014,
114, 715–724. [CrossRef]

25. Yasuda, T.; Fukumura, K.; Fukuda, T.; Uchida, Y.; Iida, H.; Meguro, M.; Sato, Y.; Yamasoba, T.; Nakajima, T. Muscle Size and
Arterial Stiffness after Blood Flow-Restricted Low-Intensity Resistance Training in Older Adults. Scand. J. Med. Sci. Sports 2014,
24, 799–806. [CrossRef]

26. Yasuda, T.; Fukumura, K.; Iida, H.; Nakajima, T. Effects of Detraining after Blood Flow-Restricted Low-Load Elastic Band Training
on Muscle Size and Arterial Stiffness in Older Women. SpringerPlus 2015, 4, 348. [CrossRef]

27. Yasuda, T.; Fukumura, K.; Tomaru, T.; Nakajima, T. Thigh Muscle Size and Vascular Function after Blood Flow-Restricted Elastic
Band Training in Older Women. Oncotarget 2016, 7, 33595–33607. [CrossRef]

28. McEniery, C.M.; Yasmin; Hall, I.R.; Qasem, A.; Wilkinson, I.B.; Cockcroft, J.R.; ACCT Investigators. Normal Vascular Aging:
Differential Effects on Wave Reflection and Aortic Pulse Wave Velocity: The Anglo-Cardiff Collaborative Trial (ACCT). J. Am. Coll.
Cardiol. 2005, 46, 1753–1760. [CrossRef] [PubMed]

29. Baumgartner, L.; Weberruß, H.; Oberhoffer-Fritz, R.; Schulz, T. Vascular Structure and Function in Children and Adolescents:
What Impact Do Physical Activity, Health-Related Physical Fitness, and Exercise Have? Front. Pediatr. 2020, 8, 103. [CrossRef]
[PubMed]

30. Cornelissen, V.A.; Fagard, R.H.; Coeckelberghs, E.; Vanhees, L. Impact of Resistance Training on Blood Pressure and Other
Cardiovascular Risk Factors: A Meta-Analysis of Randomized, Controlled Trials. Hypertension 2011, 58, 950–958. [CrossRef]

31. Horiuchi, M.; Okita, K. Blood Flow Restricted Exercise and Vascular Function. Int. J. Vasc. Med. 2012, 2012, 543218. [CrossRef]
[PubMed]

32. Miyachi, M.; Kawano, H.; Sugawara, J.; Takahashi, K.; Hayashi, K.; Yamazaki, K.; Tabata, I.; Tanaka, H. Unfavorable Effects
of Resistance Training on Central Arterial Compliance: A Randomized Intervention Study. Circulation 2004, 110, 2858–2863.
[CrossRef] [PubMed]

33. Karabulut, M.; Abe, T.; Sato, Y.; Bemben, M.G. The Effects of Low-Intensity Resistance Training with Vascular Restriction on Leg
Muscle Strength in Older Men. Eur. J. Appl. Physiol. 2010, 108, 147–155. [CrossRef] [PubMed]

34. Park, J.H.; Moon, J.H.; Kim, H.J.; Kong, M.H.; Oh, Y.H. Sedentary Lifestyle: Overview of Updated Evidence of Potential Health
Risks. Korean J. Fam. Med. 2020, 41, 365–373. [CrossRef]

35. Takarada, Y.; Nakamura, Y.; Aruga, S.; Onda, T.; Miyazaki, S.; Ishii, N. Rapid Increase in Plasma Growth Hormone after
Low-Intensity Resistance Exercise with Vascular Occlusion. J. Appl. Physiol. 2000, 88, 61–65. [CrossRef]

36. Fry, C.S.; Glynn, E.L.; Drummond, M.J.; Timmerman, K.L.; Fujita, S.; Abe, T.; Dhanani, S.; Volpi, E.; Rasmussen, B.B. Blood
Flow Restriction Exercise Stimulates mTORC1 Signaling and Muscle Protein Synthesis in Older Men. J. Appl. Physiol. 2010,
108, 1199–1209. [CrossRef] [PubMed]

37. Takano, H.; Morita, T.; Iida, H.; Asada, K.; Kato, M.; Uno, K.; Hirose, K.; Matsumoto, A.; Takenaka, K.; Hirata, Y.; et al.
Hemodynamic and Hormonal Responses to a Short-Term Low-Intensity Resistance Exercise with the Reduction of Muscle Blood
Flow. Eur. J. Appl. Physiol. 2005, 95, 65–73. [CrossRef]

38. Nascimento, D.D.C.; Rolnick, N.; Neto, I.V.D.S.; Severin, R.; Beal, F.L.R. A Useful Blood Flow Restriction Training Risk Stratification
for Exercise and Rehabilitation. Front. Physiol. 2022, 13, 808622. [CrossRef]

39. Karabulut, M.; Esparza, B.; Dowllah, I.M.; Karabulut, U. The Impact of Low-Intensity Blood Flow Restriction Endurance Training
on Aerobic Capacity, Hemodynamics, and Arterial Stiffness. J. Sports Med. Phys. Fitness 2021, 61, S0022–S4707. [CrossRef]

40. Pinto, R.R.; Karabulut, M.; Poton, R.; Polito, M.D. Acute Resistance Exercise with Blood Flow Restriction in Elderly Hypertensive
Women: Haemodynamic, Rating of Perceived Exertion and Blood Lactate. Clin. Physiol. Funct. Imaging 2018, 38, 17–24. [CrossRef]

41. Hollander, D.B.; Reeves, G.V.; Clavier, J.D.; Francois, M.R.; Thomas, C.; Kraemer, R.R. Partial Occlusion during Resistance Exercise
Alters Effort Sense and Pain. J. Strength Cond. Res. 2010, 24, 235–243. [CrossRef] [PubMed]

42. Staunton, C.A.; May, A.K.; Brandner, C.R.; Warmington, S.A. Haemodynamics of Aerobic and Resistance Blood Flow Restriction
Exercise in Young and Older Adults. Eur. J. Appl. Physiol. 2015, 115, 2293–2302. [CrossRef] [PubMed]

43. Cristina-Oliveira, M.; Meireles, K.; Spranger, M.D.; O’Leary, D.S.; Roschel, H.; Peçanha, T. Clinical Safety of Blood Flow-Restricted
Training? A Comprehensive Review of Altered Muscle Metaboreflex in Cardiovascular Disease during Ischemic Exercise. Am. J.
Physiol. Heart Circ. Physiol. 2020, 318, H90–H109. [CrossRef] [PubMed]

44. Loenneke, J.P.; Fahs, C.A.; Thiebaud, R.S.; Rossow, L.M.; Abe, T.; Ye, X.; Kim, D.; Bemben, M.G. The Acute Hemodynamic Effects
of Blood Flow Restriction in the Absence of Exercise. Clin. Physiol. Funct. Imaging 2013, 33, 79–82. [CrossRef] [PubMed]

79



J. Clin. Med. 2023, 12, 7602

45. Yasuda, T.; Meguro, M.; Sato, Y.; Nakajima, T. Use and Safety of KAATSU Training: Results of a National Survey in 2016. Int. J.
KAATSU Train. Res. 2017, 13, 1–9. [CrossRef]

46. Ozawa, Y.; Koto, T.; Shinoda, H.; Tsubota, K. Vision Loss by Central Retinal Vein Occlusion After Kaatsu Training: A Case Report.
Medicine 2015, 94, e1515. [CrossRef]

47. Patterson, S.D.; Hughes, L.; Warmington, S.; Burr, J.; Scott, B.R.; Owens, J.; Abe, T.; Nielsen, J.L.; Libardi, C.A.; Laurentino, G.; et al.
Blood Flow Restriction Exercise: Considerations of Methodology, Application, and Safety. Front. Physiol. 2019, 10, 533. [CrossRef]

48. Paula, S.M.; Fernandes, T.; Couto, G.K.; Jordão, M.T.; Oliveira, E.M.; Michelini, L.C.; Rossoni, L.V. Molecular Pathways Involved
in Aerobic Exercise Training Enhance Vascular Relaxation. Med. Sci. Sports Exerc. 2020, 52, 2117–2126. [CrossRef]

49. Vlachopoulos, C.; Aznaouridis, K.; Stefanadis, C. Prediction of Cardiovascular Events and All-Cause Mortality with Arterial
Stiffness: A Systematic Review and Meta-Analysis. J. Am. Coll. Cardiol. 2010, 55, 1318–1327. [CrossRef]

50. Rodrigues Neto, G.; Silva, J.C.G.D.; Freitas, L.; Silva, H.G.D.; Caldas, D.; Novaes, J.D.S.; Cirilo-Sousa, M.S. Effects of Strength
Training with Continuous or Intermittent Blood Flow Restriction on the Hypertrophy, Muscular Strength and Endurance of Men.
Acta Sci. Health Sci. 2019, 41, 42273. [CrossRef]

51. Freitas, E.D.S.; Miller, R.M.; Heishman, A.D.; Ferreira-Júnior, J.B.; Araújo, J.P.; Bemben, M.G. Acute Physiological Responses to
Resistance Exercise with Continuous Versus Intermittent Blood Flow Restriction: A Randomized Controlled Trial. Front. Physiol.
2020, 11, 132. [CrossRef]

52. Neto, G.R.; Sousa, M.S.C.; Costa, P.B.; Salles, B.F.; Novaes, G.S.; Novaes, J.S. Hypotensive Effects of Resistance Exercises with
Blood Flow Restriction. J. Strength Cond. Res. 2015, 29, 1064–1070. [CrossRef]

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.

80



Citation: Gyöngyösi, H.; Szőllősi,
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Abstract: Early vascular ageing contributes to cardiovascular (CV) morbidity and mortality. There
are different possibilities to calculate vascular age including methods based on CV risk scores, but
different methods might identify different subjects with early vascular ageing. We aimed to compare
SCORE and Framingham Risk Score (FRS)-based vascular age calculation methods on subjects that
were involved in a national screening program in Hungary. We also aimed to compare the distribution
of subjects identified with early vascular ageing based on estimated pulse wave velocity (ePWV).
The Three Generations for Health program focuses on the development of primary health care in
Hungary. One of the key elements of the program is the identification of risk factors of CV diseases.
Vascular ages based on the SCORE and FRS were calculated based on previous publications and
were compared with chronological age and with each other in the total population and in patients
with hypertension or diabetes. ePWV was calculated based on a method published previously.
Supernormal, normal, and early vascular ageing were defined as <10%, 10–90%, and >90% ePWV
values for the participants. In total, 99,231 subjects were involved in the study, and among them,
49,191 patients had hypertension (HT) and 15,921 patients had diabetes (DM). The chronological
age of the total population was 54.0 (48.0–60.0) years, while the SCORE and FRS vascular ages were
59.0 (51.0–66.0) and 64.0 (51–80) years, respectively. In the HT patients, the chronological, SCORE,
and FRS vascular ages were 57.0 (51.0–62.0), 63.0 (56.0–68.0), and 79.0 (64.0–80.0) years, respec-
tively. In the DM patients, the chronological, SCORE, and FRS vascular ages were 58.0 (52.0–62.0),
63.0 (56.0–68.0), and 80.0 (76.0–80.0) years, respectively. Based on ePWV, the FRS identified patients
with an elevated vascular age with high sensitivity (97.3%), while in the case of the SCORE, the
sensitivity was much lower (13.3%). In conclusion, different vascular age calculation methods can
provide different vascular age results in a population-based cohort. The importance of this finding
for the implementation in CV preventive strategies requires further studies.

Keywords: vascular age; risk scores; estimated pulse wave velocity

1. Introduction

Cardiovascular (CV) diseases are still the leading cause of global morbidity and
mortality. Proper medication and lifestyle changes can lead to a reduction in their adverse
impacts, in particular in the case of hypertension [1]. The cornerstone of primary prevention
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is to identify high-risk patients. The calculation of CV risk and its communication by the
physician may make patients aware of the possible consequences, and they can become
more motivated about healthy lifestyles and the long-term use of proper medication.
Demonstration of the absolute CV risk is not always convincing as the numeric value that
represents this risk in percentage can be relatively low with the risk of misinterpretation.
The concept of vascular age was created to demonstrate if the patient’s vasculature is older
than their chronological age, which might be more convincing for long-term adherence [2].

The Framingham Risk Score (FRS), which is a widely used method for stratifying
CV risk, was introduced in 2008. It was derived from the data of 8491 participants in the
Framingham study [2]. Over a 12-year follow-up period, 1174 participants experienced
their first CV event. FRS offers sex-specific estimates of an individual’s 10-year risk of
developing a fatal or non-fatal CV event. The paper that introduced FRS also presented the
concept of vascular age calculation. This approximation is based on first the calculation of
the FRS for an individual and then determining the age of a person with the same predicted
risk but with all other risk factors falling within the normal ranges [2].

The Systematic Coronary Risk Evaluation (SCORE) is also a commonly used tool for
estimating the 10-year risk of fatal CV events. This estimation is based on a combined
database from 12 European cohort studies, primarily conducted in the general population.
The database includes 205,178 subjects, corresponding to 2.7 million person–years of
follow-up, during which 7934 CV deaths occurred, including 5652 from coronary heart
disease [3]. Additionally, a method for calculating vascular age based on the SCORE was
also published [4]. The definition of vascular age in the SCORE shows similarities with the
vascular age concept in the FRS. In both cases, it represents the age of a person with the
same CV risk but with all risk factors falling within the normal ranges. Essentially, this
represents a CV risk solely attributed to age and gender [4].

Aortic stiffness, as measured by carotid–femoral pulse wave velocity, is a standalone
predictor of future events in individuals with hypertension In the Systolic Blood Pressure
Intervention Trial (SPRINT) population, estimated pulse wave velocity (ePWV) was a
reliable predictor of the primary outcome and all-cause death, independently of the FRS [5].

There are previous studies which have investigated the differences between the cal-
culated vascular ages evaluated with CV risk-based methods. In one of our previous
papers published in the topic and evaluating 172 participants, significant differences were
observed in the vascular age values calculated with the FRS or SCORE, as well as in the
proportion of individuals with impaired vascular age when assessed with the measured
PWV, FRS, or SCORE [6].

The aim of our study was to compare SCORE and FRS-based vascular age calculation
methods and their relation to early vascular ageing based on ePWV on a huge population-
based sample in Hungary.

2. Materials and Methods

2.1. Three Generations for Health Program

The Three Generations for Health program is organized by the National Directorate
General for Hospitals in partnership with the Gottsegen György National Cardiovascular
Center of Hungary. The main objectives of the program focus on reducing mortality rates
related to coronary heart disease and CV ailments, exhibiting a seamless alignment with
Health Sector Strategy of Hungary’s goals [7]. The main goals of the Three Generations for
Health program are the evolution of primary health care and collaboration between the
participants involved in general practitioners’ services through cooperation with the health
promotion offices and also local governments [7]. Alongside evaluating the population’s
CV risk, another goal of this program is to introduce healthy lifestyle practices and tools of
primary prevention. The program involves 806 general practitioner practices across the
country; the initiative targets three generations of participants (0–18 years, 40–65 years, and
65+ years) and aims to reduce mortality from coronary heart disease and CV diseases in
alignment with Hungary’s Health Sector Strategy. Therefore, this initiative embodies a com-

82



J. Clin. Med. 2024, 13, 205

prehensive strategy for assessing cardiovascular risk, combining medical methodologies,
technological advancements, and strategic alignment with national health goals.

The study was performed in respect of the guidelines of the Declaration of Helsinki
with the respect of the Regulation 2016/679—Protection of natural persons regarding the
processing of human data. All participants enrolled in the Three Generations for Health
program provided their informed consent. According to the Medical Research Council,
no approval from an ethics committee was needed as all procedures were performed in
compliance with the applicable standards and regulations, paying full regard to the decision
made by the government.

2.2. Calculation of Vascular Age Using the Framingham Risk Score

The calculation of vascular age using the FRS was carried out following the methods of
D’Agostino et al., which details the process of FRS calculation [2]. The calculation provides
sex-specific results and considers age, total cholesterol, high density lipoprotein cholesterol
(HDL), brachial systolic blood pressure, ongoing smoking, and the presence of diabetes
or treated hypertension. The original publication also provides an estimation of vascular
age, first with FRS calculation and next with the calculation as the age of a subject with the
same risk but with all risk factor levels in the normal ranges [2]. In the FRS vascular age
calculation, the highest value is designated as ‘80+’ but in our calculations, we considered
the age of 80 years for these participants.

2.3. Calculation of Vascular Age Using the Systematic Coronary Risk Evaluation (SCORE)
Risk Score

The SCORE risk score calculation considers age, sex, smoking status, brachial systolic
blood pressure, and total cholesterol, and it is different in low and high CV risk European
countries [3]. The procedure for estimating vascular age using the SCORE framework
shows similarities with the FRS-based method, as the vascular age of the subject is equal
to the age of somebody with the same CV risk but without any risk factors, meaning
a risk only due to gender and age. The calculated vascular ages with the two SCORE
charts (designed for high- and low-risk countries) were in high agreement, suggesting the
widespread applicability of this concept [4].

2.4. Calculation of ePWV

The equation of the ePWV was described in the study of Greve et al. [8] and was
derived by the Reference Values for Arterial Stiffness’ Collaboration [9]. Age and MBP
were used to evaluate ePWV following the formula:

ePWV = 9.587 − 0.402 × age + 4.560 × 10−3 × age2 − 2.621 × 10−5 × age2 × MBP + 3.176 × 10−3 × age × MBP − 1.832 × 10−2 × MBP.

The mean BP was calculated as diastolic BP (DBP) + 0.4 (SBP − DBP).

2.5. Supernormal, Normal, and Early Vascular Ageing

Supernormal, normal, and early vascular ageing were defined as <10%, 10–90%, and
>90% ePWV values for the participants, following the study of Bruno RM et al. [10].

2.6. Statistical Analysis

Categorical data are presented as frequencies and as medians and interquartile ranges
for data measured on a continuous scale. Data analysis was performed using chi-squared
tests for categorical variables. Data measured on a continuous scale were analyzed using
Kruskal–Wallis tests due to the non-symmetric distribution of the data in all cases. The
p-values from statistical analyses were considered significant if the p-values from the proce-
dure were less than 0.05. Stata Statistical Software (version 13.0, Stata Corp, College Station,
TX, USA) was used for the statistical analysis, and p < 0.05 was considered significant.
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3. Results

During the data collection period between January 2019 and January 2022,
99,231 subjects were involved in the study, and among them, 49,191 patients had hy-
pertension (HT) and 15,921 patients had diabetes (DM). Table 1 provides the demographic
data and baseline laboratory parameters.

Table 1. Demographic data and baseline laboratory parameters. Data are presented as the median
(interquartile ranges). BP, blood pressure, ePWV, estimated pulse wave velocity, and HDL-cholesterol,
high-density lipoprotein cholesterol.

n 99,231
Age (years) 54.0 (48.0–60.0)

Men (%) 40,443 (40.8)
Women (%) 58,788 (59.2)

Hypertension (%) 49,191 (49.6)
Diabetes (%) 15,921 (16.0)
Smoking (%) 28,956 (29.2)

Systolic BP (mmHg) 130.0 (122.0–130.0)
Diastolic BP (mmHg) 80.0 (76.0–86.0)

ePWV (m/s) 9.0 (8.1–10.0)
Cholesterol (mmol/L) 5.4 (4.7–6.2)

HDL-cholesterol (mmol/L) 1.4 (1.2–1.7)

The median chronological age in the whole cohort was 54.0 (48.0–60.0) years, the
median vascular ages calculated with the SCORE and FRS were 59.0 (51.0–66.0) and
64.0 (51.0–80.0) years, respectively. In the HT patients, the chronological, SCORE, and FRS
vascular ages were 57.0 (51.0–62.0), 63.0 (56.0–68.0), and 79.0 (64.0–80.0) years, respectively
(p < 0.05). In the DM patients, the chronological, SCORE, and FRS vascular ages were
58.0 (52.0–62.0), 63.0 (56.0–68.0), and 80.0 (76.0–80.0) years, respectively (p < 0.05). In
participants without HT or DM, the chronological, SCORE, and FRS vascular ages did not
differ in clinically significant manner (51.0 (45.0–57.0), 54.0 (47.0–62.0), and 51.0 (45.0–64.0),
respectively). Figure 1 demonstrates the chronological and vascular ages calculated with
the SCORE and FRS in the whole group, in HT patients, in DM patients, and in participants
without HT or DM.

Based on our previous publication [6], groups of subjects were created based on the
arbitrary threshold of a 2-year difference between SCORE vascular age or FRS vascular age,
compared with chronological age defining the following groups:

- Age difference < −2 years: SCORE−, FRS−: supernormal vascular ageing;
- Age difference between −2 and 2 years: SCORE normal, FRS normal: normal

vascular ageing;
- Age difference > 2 years: SCORE+, FRS+: early vascular ageing.

Based on this definition, 17,210 (17.3%) and 10,608 (10.7%) of the patients fell into the
normal vascular ageing category according to the SCORE and FRS, respectively. A total of
57,433 (57.9%) subjects were SCORE− and 24,588 (24.5%) subjects were SCORE+. Based
on FRS vascular age calculation, 18,659 (18.8%) patients were FRS− and 69,964 (70.5%)
patients were FRS+.

The ePWV in the total population, HT patients, and DM patients was 9.0 (8.1–10.0) m/s,
9.6 (8.7–10.3) m/s, and 9.7 (8.8–10.4) m/s, respectively. Table 2. describes the characteristic
of the supernormal, normal, and early vascular ageing patients based on ePWV. In all
ePWV-based vascular ageing categories, FRS vascular age was higher compared with
SCORE vascular age (p < 0.05). Among the patients with early vascular aging, 2718 (27.7%)
had neither HT nor DM.
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Figure 1. The chronological age and the vascular age calculated based on the Systematic Coronary
Risk Evaluation (SCORE vasc. age) and the vascular age calculated based on the Framingham Risk
Score (FRS vasc. age) in the total population (A), patients with hypertension (B), patients with
diabetes (C), and patients without diabetes or hypertension (D). Data are presented as the median
(interquartile ranges in error bars). * p < 0.05 compared with chronological age; # p < 0.05 compared
with SCORE vasc. Age.

Table 2. Characteristics of the study participants in relation to their ePWV-based vascular ageing
status. Data are presented as the median (interquartile ranges) SCORE vascular age and vascular
age based on the Systematic Coronary Risk Evaluation method and FRS vascular ag based on
the Framingham Risk Score method. ePWV, estimated pulse wave velocity, and HDL-cholesterol,
high-density lipoprotein cholesterol.

Supernormal Vascular Aging Normal Vascular Aging Early Vascular Aging

N (%) 10,557 (10.6) 78,855 (79.5) 9819 (9.9)
Men (%) 2671 (25.3) 32,703 (41.5) 5069 (51.6)

Women (%) 7886 (74.7) 46,152 (58.5) 4750 (48.4)
Chronological age (years) 51.0 (45.0–60.0) 54.0 (48.0–61.0) 57.0 (48.0–62.0)

SCORE vascular age (years) 52.0 (46.0–60.0) 59.0 (51.0–66.0) 67.00 (58.0–74.0)
FRS vascular age (years) 59.0 (48.0–80.0) 64.0 (51.0–80.0) 80.0 (68.0–80.0)

ePWV (m/s) 7.80 (6.9–8.7) 9.0 (8.2–9.9) 10.6 (9.80–11.5)
Hypertension (%) 2892 (27.4) 39,436 (50.0) 6863 (69.9)

Diabetes (%) 935 (8.9) 12,936 (16.4) 2050 (20.9)
No hypertension or diabetes (%) 7375 (69.8) 36,757 (46.6) 2718 (27.7)

Smoking (%) 2844 (26.9) 22,851 (29.0) 3261 (33.2)
Systolic BP (mmHg) 115.0 (110.0–120.0) 130.0 (125.0–140.0) 157.0 (150.0–167.0)
Diastolic BP (mmHg) 70.0 (67.0–72.0) 80.0 (78.0–85.0) 95.00 (90.0–100.0)
Cholesterol (mmol/L) 5.3 (4.6–6.1) 5.4 (4.7–6.2) 5.60 (4.81–6.40)

HDL-cholesterol (mmol/L) 1.5 (1.2–1.8) 1.40 (1.2–1.7) 1.4 (1.2–1.7)

Table 3 demonstrates the overlap between participants identified as having supernor-
mal, normal, and early vascular ages with the three different methods. The FRS identified
patients with EVA based on ePWV with higher sensitivity (97.3%) compared to the SCORE
(13.3%); however, the ratio of the FRS+ patients was high in all vascular ageing categories.
Differences between the SCORE and FRS-based vascular ageing categories were significant
in all settings (p < 0.05).
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Table 3. Overlap between participants identified as having supernormal, normal, or early vascular
ageing with the different methods. Data are presented as the median (interquartile ranges); categorical
parameters are presented as n (%). SCORE- and FRS- were defined as >2 years younger compared
with chronological age. Those between −2–+2 years were defined as normal and those >2 years older
were defined as SCORE+ and FRS+.

Supernormal
Vascular Aging

Normal Vascular
Aging

Early Vascular Aging

FRS− (n %) 5521 (52.3) 13,077 (16.6) 61 (0.1)
FRS normal (n %) 1554 (14.7) 8854 (11.2) 200 (0.6)

FRS+ (n %) 3482 (33) 56,924 (72.2) 9558 (97.3)
SCORE− (n %) 2776 (26.3) 47,742 (60.5) 6915 (70.4)

SCORE normal (n %) 1868 (17.7) 13,742 (17.4) 1600 (16.3)
SCORE+ (n %) 5913 (56.0) 17,371 (22.1) 1304 (13.3)

Elevated vascular age was determined based on the SCORE and FRS in 24.8%, and
70.5%, respectively. However, only 3.9% of the FRS+ patients were SCORE+ as well, and
in SCORE+ patients, the overlap with FRS+ was 11%. Approximately 13.7% of the FRS+
patients were found to have early vascular ageing based on ePWV, and only 5.3% of the
SCORE+ patients were confirmed by ePWV. Approximately 97.3% of the ePWV+ patients
were FRS+; on the other hand, only 13.3% of the ePWV+ subjects were SCORE+. With all
three methods, only 1.1% of the subjects were found to be older than their chronological
age. Figure 2 demonstrates the overlap between subjects identified with early vascular
ageing through the use of different methods.

Figure 2. Overlap between subjects identified with early vascular ageing as having more than 2 years
of difference compared to their chronological age with the Framingham Score-based method (FRS+),
the SCORE-based method (SCORE+), or above 90% with estimated pulse wave velocity (ePWV+).
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4. Discussion

This is the first study, which confirmed our previous findings in a population-based
cohort using SCORE and FRS-based vascular age calculation methods, to identify different
patients with early vascular ageing. Marked differences were found between the vascular
age values calculated with the FRS or SCORE in patients with diabetes and hypertension,
suggesting that in these conditions, the FRS-based method could be more convincing in
risk communication. Based on ePWV, subjects with early vascular ageing were identified
with high sensitivity using the FRS-based method, while only a small proportion of the
participants were identified by the SCORE.

Our findings about the differences between FRS-based and SCORE-based vascular
age calculation methods in patients with treated hypertension or diabetes are in line
with previous findings. The FRS-based method resulted in a markedly higher vascu-
lar age in those treated for hypertension and diabetes in two of our previous studies,
with 172 and 241 subjects involved [6,11], and in the study of Kozakova et al. including
528 participants [12]. In that study, the FRS vascular age was higher compared to the
SCORE vascular age in the early vascular ageing group which was based on the common
carotid artery distensibility coefficient [12]. The present, population-based study also con-
firms these findings, suggesting that in these conditions, the FRS-based method might be
more convincing in CV risk communication than the SCORE-based method. In subjects free
of hypertension or diabetes, however, there were significant differences between the groups,
but the clinical significance is moderate, so the two methods might be used interchangeably.

In our present, population-based study, only minor overlap was found between
patients with early vascular ageing evaluated with the different methods. This finding
is in line with two of our previous studies. Vecsey-Nagy et al. found that 83.4% and
93.8% of the population had an elevated vascular age based on the FRS and SCORE,
respectively, while only 42.3% had an elevated vascular age based on CACS. Approximately
38.2% of the patients were found to be older than their chronological age with all three
methods [11]. In the other previous study of our lab, 78.5% and 32% of the population
were found to be FRS+ and SCORE+ and 40.1% were PWV+. Approximately 9.3% of the
subjects’ vascular ages were found to be higher than their chronological age with all three
methods [6]. These findings confirm marked differences between the identified patients
with early vascular ageing and warrants further studies and consensus to overcome these
methodological differences.

Vascular age calculation methods can also be divided into functional and morpho-
logical measurement-based categories, besides risk score-based ones. In line with our
findings, recent publications have discovered marked differences between functional and
morphological methods as well. Both in the study of Yurdadogan T et al. and Sigl M et al.,
in a high proportion of subjects, significant differences were found between the PWV-based
(functional) and carotid artery intima–media thickness-based (morphological) methods
in the identification of early vascular ageing [13,14]. Besides these emerging problems,
the hypothesis that vascular ageing communication is superior to communication of the
absolute CV risk in percentage has not been proven yet. Moreover, in low-risk patients, an
internet-based survey with a short-term follow-up (2 weeks) failed to prove the superior
effectiveness of vascular age communication on the intention to change one’s lifestyle [15].
However, a recent review paper nicely summarizes the clinical potential of the vascular age-
ing concept and the added value of vascular ageing biomarkers to established biomarkers
in the prediction of CV outcomes [16].

In contrast with the clinical use of risk scores, namely SCORE2 and SCORE2-OP, which
are strongly recommended (class of recommendation: I, level of evidence: B) both in the
recent CV prevention and hypertension guidelines [17,18], the use of vascular age as an
alternative risk communication strategy is not involved in guidelines. Maybe by fulfilling
the gaps in evidence and confirming the effectiveness of the clinical utility of different
methods, the vascular age concept could have a place in future guidelines.
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The marked differences between the calculated vascular ages can rely on the method-
ological characteristics. The SCORE risk calculator includes a lower number of risk factors
compared with the FRS and considers the risk of 10-year CV mortality, which might under-
estimate the absolute risk of a young patient with several CV risk factors [4]. Otherwise, the
FRS integrates treated risk factors as well, like hypertension and diabetes, and, in contrast
with SCORE populations, patients with diabetes were also involved in the Framingham
study and the factor of treated hypertension was also registered. Additionally, FRS predicts
non-lethal CV events besides CV mortality [2,3]. The differences between the SCORE- and
FRS-derived vascular ages in hypertensive and diabetic patients could be explained by
these facts. In the case of ePWV, in contrast with risk score-based methods, its calculation is
more dependent on the measured blood pressure, so it is more measurement-based, similar
to PWV and CACS.

It is also worth mentioning that ePWV is only an estimation, which means that it
cannot totally substitute the measurement. Moreover, there are different methods for
ePWV calculation as well, with their own limitations. In the Mobil-O-Graph device, the
ARCSolver method is used for PWV estimation [19], which is a predictor of CV outcome in
patients with suspected coronary artery disease (in line with the ePWV method applied in
our present study) [20], but it did not work well in patients with Marfan syndrome [21].
Additionally, in the MORGAM Project which included 107,599 subjects in 38 cohorts from
11 countries, ePWV (the same method like in our present paper) was only associated with
all-cause mortality and not CV mortality after adjustment for traditional CV risk factors [22].
These results suggest that in the case of ePWV, similar to vascular age calculation methods,
more work is needed to describe its strengths and limitations before its routine use in
clinical practice.

This study has limitations that should be considered. This was a cross-sectional study
which does not allow us to draw conclusions about the outcome of patients with different
vascular age results. Prospective data and head-to-head comparison of different preventive
strategies based on different vascular age calculation methods are necessary to clarify
which method is the most effective. Additionally, when we determined the vascular age
categories, we chose an arbitrary threshold of 2 years’ difference, which is not based on
consensus but was previously used in one of our studies [6].

5. Conclusions

We confirmed our previous results [6], in a population-based cohort, that different
vascular age calculation methods can provide different vascular age results and identify
different subjects with early vascular ageing. The importance of this finding for implemen-
tation in CV preventive strategies requires further studies.
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Abstract: Atrial fibrillation (AF), the most common cardiac arrhythmia, is associated with adverse
CV outcomes. Vascular aging (VA), which is defined as the progressive deterioration of arterial
function and structure over a lifetime, is an independent predictor of both AF development and CV
events. A timing identification and treatment of early VA has therefore the potential to reduce the
risk of AF incidence and related CV events. A network of scientists and clinicians from the COST
Action VascAgeNet identified five clinically and methodologically relevant questions regarding the
relationship between AF and VA and conducted a narrative review of the literature to find potential
answers. These are: (1) Are VA biomarkers associated with AF? (2) Does early VA predict AF
occurrence better than chronological aging? (3) Is early VA a risk enhancer for the occurrence of CV
events in AF patients? (4) Are devices measuring VA suitable to perform subclinical AF detection?
(5) Does atrial-fibrillation-related rhythm irregularity have a negative impact on the measurement
of vascular age? Results showed that VA is a powerful and independent predictor of AF incidence,
however, its role as risk modifier for the occurrence of CV events in patients with AF is debatable.
Limited and inconclusive data exist regarding the reliability of VA measurement in the presence
of rhythm irregularities associated with AF. To date, no device is equipped with tools capable of
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detecting AF during VA measurements. This represents a missed opportunity to effectively perform
CV prevention in people at high risk. Further advances are needed to fill knowledge gaps in this field.

Keywords: vascular aging; atrial fibrillation; arteriosclerosis; cardiovascular disease; endothelial
dysfunction; arterial stiffness; pulse wave velocity; flow mediated dilation

1. Introduction

Atrial fibrillation (AF), the most common sustained cardiac arrhythmia, is associated
with a high burden of cardiovascular (CV) morbidity and mortality, mainly related to an
increased risk of cardioembolic stroke and heart failure [1]. The global cumulative mortality
attributed to AF was 0.51% in 2017, reflecting an 81% relative increase over the past two
decades [1]. The prevalence of AF is currently increasing and is expected to rise in the
coming years across all age groups and regions [2]. This is primarily attributed to the
growing burden of comorbidities, socioeconomic deprivation and AF risk factors such as
hypertension, obesity, diabetes and ischemic heart disease [3].

From a pathophysiological point of view, AF is defined as a supraventricular tach-
yarrhythmia marked by uncoordinated atrial electrical activation, leading to ineffective
atrial contraction and causing an irregular heart rhythm. From a clinical perspective, AF is
classified as paroxysmal (PAF, episodes lasting less than one week), persistent (continuously
sustained beyond 7 days, including episodes terminated by cardioversion) or permanent
(stable AF rhythm with no further attempts to restore/maintain sinus rhythm) [4]; long-
standing persistent AF (continuously sustained for an extended period, typically lasting
beyond 12 months); valvular/non-valvular AF (valvular AF indicates the presence of mod-
erate/severe mitral stenosis or a mechanical prosthetic heart valve(s)). The classification
of lone AF, referring to AF without any other cardiorespiratory diseases or risk factors, is
now dismissed.

Notably, asymptomatic AF poses a challenge to clinicians, potentially causing delays
in establishing preventive strategies [5]. It is estimated that one out of ten ischemic strokes
is related to a previously unknown history of AF [6]. This could be prevented by imple-
menting digital systems and mobile health technologies for AF screening and detection,
especially in individuals at risk [7].

The term vascular aging (VA) is commonly used to describe the deterioration of
both structural and functional components of the arterial tree, although a universally
acknowledged definition is still lacking [8].

1.1. Structural Arterial Properties: The Arterial Stiffness

At a structural level, the process of VA is identified with the progressive stiffening
of the arterial tree, namely arterial stiffness (AS). This process mainly occurs at the level
of large elastic arteries such as the aorta and the carotid arteries, where a mechanical
remodeling of the arterial wall is observed [9]. The most commonly used method for
the non-invasive estimation of arterial stiffness is the measure of the pulse wave velocity
(PWV), which represents the velocity of the pressure waves generated from the systolic
contraction along a defined arterial segment. Most commonly, the carotid–femoral PWV
(cfPWV) is used as a marker of aortic stiffness. CfPWV has been associated with adverse
clinical outcomes in several population settings [10], and predicts CV outcome better than
chronological aging [11,12]. Several other methods used for arterial stiffness estimation are
summarized in Table 1.
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Table 1. Description of vascular aging biomarkers.

Vascular Aging Biomarker Method of Measurement

Carotid–femoral pulse wave velocity (cfPWV)

Ratio of traveled distance between the carotid and femoral pulse site and
transit time between common carotid and common femoral artery; based on
tonometers, piezoelectronic sensors, cuffs or Doppler ultrasound, either
simultaneously or sequentially, using ECG for gating.

Heart–femoral pulse wave velocity (hfPWV)
Ratio of traveled distance between the heart and femoral pulse sites and
transit time starting from second heart sound; based on tonometers,
ECG and microphones.

Brachial–ankle pulse wave velocity (baPWV)
Ratio between traveled distance and transit time calculated with occlusive
cuffs placed at brachial artery and ankle; cardio-ankle vascular index is a
variation using a phonocardiogram and occlusive cuffs.

Arterial stiffness index (ASI) Marker of arterial stiffness calculated by dividing height by the timing of
reflected waves from finger photoplethysmography

Cardio-ankle vascular index (CAVI) Marker of arterial stiffness based on the stiffness parameter β, reflecting
arterial properties from origin of the ascending aorta to the ankle.

Brachial pulse pressure (PP) Measured using validated sphygmomanometers; brachial pulse pressure
defined as systolic minus diastolic BP.

Central pulse pressure (cPP)
Central pulse pressure based on waveforms recorded at the radial, brachial or
carotid artery, mainly using tonometers or cuffs; waveforms are calibrated with
measured brachial BP leading to central systolic BP and pulse pressure.

Augmentation index (AIx) The ratio between central augmented pressure and pulse pressure, as a
surrogate indicator of wave reflections and left ventricular loading.

Pulse pressure amplification (PPA)
Central to peripheral pulse pressure amplification (peripheral PP/central PP)
is due to both cardiac and arterial factors: ventricular ejection, arterial stiffness,
amplitude and timing of wave reflection. VA reduces PPA values.

Brachial artery flow-mediated dilation (FMD)

Flow-mediated dilation induces the release of nitric oxide, resulting in
vasodilation that can be measured by ultrasound imaging of the diameter of
the brachial artery after an ischemia induced by arterial occlusion using a cuff,
which is released after 5 min, leading to reactive hyperemia.

Aortic distensibility
Measure of aortic elasticity estimated by the relative change in diameter, area
or volume divided by the pulse pressure generating this change; may be
measured by echocardiography or by MRI.

Carotid artery distensibility
Measure of carotid artery elasticity estimated by the ratio between relative
change in diameter or volume and the pulse pressure generating this change;
usually measured by carotid ultrasound.

1.2. Functional Arterial Properties: The Endothelial Dysfunction

At a functional level, the hallmark of VA is the impairment of endothelial function,
which is the result of a decrease in nitric oxide synthase (eNOS) expression in endothe-
lial cells and that, in turn, promotes the development of a prothrombotic state [13] and
atherosclerosis [9]. This process, namely the endothelial dysfunction (ED), is hastened by
oxidative stress and occurs in response to both physiological aging and systemic inflam-
mation [14,15]. Flow-mediated dilation (FMD), usually assessed at the brachial artery, has
been established as a reliable and reproducible technique for assessment of ED [16,17], and
has been independently associated with vascular disease and adverse CV events [18].

The exposure to CV risk factors, including smoking, obesity, hypertension, diabetes
and hypercholesterolemia, promotes the development of both early VA and AF. Therefore,
measurement of VA biomarkers such as PWV and brachial FMD in people with AF, or at
risk for it, has a strong rationale and large expected impact on clinical practice to better
characterize the individual CV risk and to provide targeted interventions.

However, there are some issues undermining the measurement of VA biomarkers,
especially in patients with AF. First, the changing of heart period and stroke volume brings
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questions regarding the accuracy of measurement of VA biomarkers. The measure of PWV
by sequential tonometry in a given arterial segment is exposed to an increased variability in
the time it takes for the pressure wave to travel between two points. Additionally, changes
in stroke volume can also affect measurements based on pulse volume and flow detection,
such as FMD. For this reason, measurement of VA in patients with AF is underused and
little is known about the prognostic value of VA biomarkers in patients with AF.

With all these premises, a network of scientists and clinicians from the COST Action
VascAgeNet (CA18216) [19] identified a list of five clinical and practical key questions
regarding the relationship between VA biomarkers and AF and critically reviewed the
literature, with a special focus on studies using PWV and ED measures as reference methods
for the evaluation of structural and functional arterial properties, in order to find potential
answers. The list of question is the following:

1. Are VA biomarkers associated with AF?
2. Does early VA predict AF occurrence better than chronological aging?
3. Is early VA a risk enhancer for the occurrence of CV events in AF patients?
4. Are devices measuring VA suitable to perform subclinical AF detection?
5. Is the measurement of VA negatively influenced by AF-related rhythm irregularities?

2. Materials and Methods

The search was performed using PubMed/MEDLINE databases with relevant key-
words on the topics. We selected peer-reviewed articles published from inception to 31
December 2023. Papers written in languages other than English, not pertinent to the
present review or whose full text was not available were excluded. The complete search
string incorporated inclusive keywords on VA (e.g., “vascular ageing”, “vascular aging”,
“vascular senescence”), arterial stiffness (e.g., “arterial stiffness”, “arterial compliance”,
“pulse wave velocity”, “PWV”, “augmentation index”, “AIx”, “central blood pressure”,
“pulse pressure”), subclinical atherosclerosis (“carotid intima-media thickness”), ED (“flow
mediated dilation”) and inclusive keywords on AF (“atrial fibrillation”, “paroxysmal atrial
fibrillation”, “persistent atrial fibrillation”). The pertinent papers were evaluated and
eventually included in the final manuscript. We considered all papers in open-access
and non-open-access journals. A flow chart of the review process, the search strategy
summary and the checklist for the narrative review are provided in Figure 1 and Table S1
(Supplementary Materials).
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Figure 1. Flow chart of the review process.

3. Results

From the 203 papers identified, we included 37 papers, offering an overview of the
current literature. Practical recommendations for the use of VA measures in the context of
AF were formulated in agreement between the authors and are presented in italics at the
beginning of each paragraph.

The included studies are organized in Table 2, and their results according to method
are summarized in Figure 2. For more clarity, a detailed description of each VA biomarker
included in the present study is provided in Table 2.
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Figure 2. Results of included studies according to methods and the five questions considered in the
paper.

3.1. Question 1—Are VA Biomarkers Associated with AF?

Answer: There is substantial evidence, although partly derived from small studies, that subjects
with AF have early VA compared to subjects in sinus rhythm. This association is largely explained
by concomitant CV risk factors, such as hypertension, dyslipidemia and diabetes mellitus, which are
often present in people with AF. However, at least for measures of AS, there is also evidence that this
association remains significant after multiple adjustment.

In a case–control study, 76 patients with either permanent or paroxysmal AF were
compared to a control group of 75 healthy individuals. Compared to patients in sinus
rhythm, patients with AF had higher PWV (8.0 m/s vs. 7.2 m/s, p < 0.001), central SBP
(118 mm Hg vs. 114 mm Hg, p = 0.033), central PP (39 mm Hg vs. 37 mm Hg, p = 0.035)
and lower PP amplification (PPA), measured as the ratio between peripheral and central
PPs (1.24 vs. 1.30, p = 0.015). The relationship between cfPWV and AF remained significant
after adjustment for age, sex, heart rate, weight, MAP and glomerular filtration rate [44].
In a large cross-sectional study conducted on Japanese men and women (n = 4264, age
range 40–79 years), the PPA was negatively associated with the prevalence of AF and total
arrhythmia, independently of CV risk factors. In a multivariate model adjusted for age,
sex, BMI, heart rate, SBP, smoking, alcohol consumption, serum total and HDL cholesterol,
triglycerides, diabetes mellitus and use of antihypertensive and lipid-lowering medications,
as compared with subjects in the highest tertile of PPA, subjects in the lower tertile of PPA
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showed higher odds of having AF (OR 3.4, 95%CI 1.4–8.6). No significant associations
between either brachial or central PP and AF prevalence were reported [45].

In a study by Doi et al., 122 patients with PAF were compared with 122 age- and
sex-matched controls without PAF. All subjects were in sinus rhythm. AIx was calculated
from the radial artery waveform using applanation tonometry. After adjustment for age,
sex, heart rate and medications, AIx was significantly higher in patients with than without
PAF (89 ± 1.0 vs. 82 ± 1.0%, p < 0.001). Each 10% increase in AIx was associated with
higher odds of PAF (OR 1.6, 95%CI 1.13–2.25) [46]. These data suggest that AF remains
associated with increased arterial stiffness even after restoration of sinus rhythm.

Similarly, other measures of AS, such as baPWV and heart–femoral PWV (hfPWV),
were found to be higher in subjects with AF than in controls, independently of confounders.
The former (baPWV) was evaluated in a population of 132 patients with hypertension and
AF (78 with PAF and 84 with persistent AF) compared to 136 patients with hypertension
in sinus rhythm. In a multivariate logistic regression model adjusted for multiple CV risk
factors, each unit increase in baPWV corresponded to 10.4% increased risk of having AF.
Interestingly, this association was no longer significant after further adjustment for uric
acid, suggesting that this factor could be implicated in the mechanism of AF development
in the presence of early VA [47]. The latter (hfPWV) was found to be higher in 35 subjects
with AF compared to 33 subjects in sinus rhythm (1028 ± 222 vs. 923 ± 110 cm/s, p = 0.03).
Together with age and systolic BP, the presence of AF was an independent predictor of
increased hfPWV [48].

AS, measured by CAVI, also showed an association with AF. When 91 patients with
PAF, after restoring sinus rhythm, were compared with 90 age- and sex-matched subjects
without PAF, CAVI was significantly higher in the former compared to the latter group
(9.0 ± 1.0 vs. 8.7 ± 0.8, p < 0.01). This difference, even if clinically small, remained
significant after adjustment for age, gender, heart rate and use of antihypertensive and
antiarrhythmic drugs [49]. In a study conducted in 33 subjects (mean age 73 ± 12 years)
with persistent AF undergoing external cardioversion, CAVI was inversely correlated
with AF duration, independently of age and cardiac chamber dimensions [50]. CAVI also
showed a correlation with AF in large cross-sectional studies, such as the study by Chung
et al. that enrolled 8048 subjects screened for CV disease who underwent electrocardiogram
and CAVI. The prevalence of AF was significantly higher in the high group (2.2% in subjects
with CAVI ≥ 8) compared with the low group (1% in subjects with CAVI < 8, p < 0.001).
Multivariate analysis further depicted the association of CAVI ≥ 8 with AF prevalence
as independent of age, sex and CV risk factors (OR = 2.06, 95%CI 1.40–3.05, p < 0.001).
The association of CAVI with AF was also evaluated in subgroups stratified according to
the Framingham risk score. Higher odds were found in people at intermediate (OR 3.06,
95%CI 1.39–6.74) and high (OR 3.88, 95%CI 1.14–13.17) CV risk [51]. In 164 subjects with
AF, compared to 652 controls after propensity score matching, significantly higher odds of
AF were found at each 1-unit increase in CAVI (OR 1.37, 95%CI 1.08–1.22, p = 0.008) [30].

Several studies focused on the association between ED and AF. Subjects younger
than 60 years with AF and without any other CV risk factor (defined as lone AF, n = 43),
compared to age- and sex-matched controls (n = 51), showed significantly lower val-
ues of FMD (5.8 ± 3.9% vs. 7.6 ± 4.4%, p = 0.04) [52]. In subjects with AF undergoing
restoration of regular sinus rhythm, brachial FMD did significantly improve after car-
dioversion (0.32 ± 0.07 mm during AF, 0.42 ± 0.08 mm after cardioversion, p < 0.01). In
10 patients who underwent a further AF relapse, FMD returned to pre-cardioversion values
(0.33 ± 0.07 mm, p < 0.05 vs. post-cardioversion) [53]. Another study observed a short-term
improvement in FMD, which was observed in 32 patients after 24 h of restoration of sinus
rhythm (FMD during AF rhythm 8.4 ± 3.8%, FMD after 24 h of sinus rhythm restoration
10.7 ± 3.9%, p < 0.001) [21].

Although these findings support the hypothesis of an independent association between
ED and AF, they are, however, counterbalanced by results from other studies. Indeed,
in a large cohort study conducted in a sample of 15,010 individuals from the general

102



J. Clin. Med. 2024, 13, 1207

population, the odds of having reduced FMD in patients with AF (n = 466, 3.1% of the
population) was no longer significant after multiple adjustment to age, sex, heart rate, BMI,
diabetes, smoking status, LDL/HDL cholesterol ratio and SBP (OR 1.03, 95%CI 0.88–1.21,
p = 0.59) [54].

Long duration of arrythmia and the frequency of AF episodes showed, in some studies,
some degree of association with worsening endothelial function. In a study by Khan
et al. [55], ED measured by brachial FMD was significantly different between 30 subjects
with permanent AF vs. 31 subjects with PAF (3.1% vs. 5.9%, p = 0.02). Contrary to FMD,
nitroglycerine-mediated vasodilation (NMD), a measure of endothelium-independent
vasoreactivity, seems not to be affected by AF. In 38 subjects with lone AF compared to
28 healthy controls matched by age, gender and atherosclerotic risk factors, no difference
between groups were found in terms of NMD [56]. Similar results were observed in another
study where endothelium-independent vasodilation did not change after sinus rhythm
restoration by cardioversion in 46 patients with AF [21].

3.2. Question 2—Does VA Predict the Occurrence of AF Better Than Chronological Aging?

Answer: The role of arterial stiffness as an independent predictor of AF incidence is supported
by the results of large-scale prospective observational studies and Mendelian randomization studies.
A variety of markers of VA, including cfPWV, augmentation pressure and AIx, CAVI, elevated cen-
tral and peripheral PP and aortic and carotid distensibility, showed (chronological) age-independent
associations with the future occurrence of AF. In many cases, however, this association was mediated
by increased BP levels which could, at least in part, confound the association between VA and AF.
Arterial stiffness was also an independent predictor of AF recurrences after restoration of sinus
rhythm. Associations were also found between arterial stiffness and features of cardiac remodeling,
such as left atrial enlargement, pathophysiologically linked to a higher risk of AF incidence. The
evidence in favor of FMD as a risk factor for AF incidence is weaker and partly counterbalanced by
negative findings.

Results from three large-scale, population-based, cohort studies (the Atherosclerosis
Risk in Communities, ARIC, Study, n = 13,907, the Multi-Ethnic Study of Atherosclerosis,
MESA, n = 6640, and the Rotterdam Study, n = 5220) investigated the prognostic ability of
measures of VA in predicting the future occurrence of AF [27]. All these studies adopted
carotid distensibility as a marker of AS. In the Rotterdam Study and in a subcohort of the
ARIC study, measures of cfPWV were also available. Concerning carotid distensibility,
in multivariate models adjusted for multiple confounders including age, ethnicity, use
of antihypertensive medication, current smoking, diabetes, history of heart failure and
history of myocardial infarction, the hazard ratios (HR) associated with a 1 SD increase in
carotid distensibility were 0.90 (95%CI 0.83–0.97, p < 0.001) in the ARIC Study and 0.83
(95%CI 0.70–0.98, p < 0.001) in the MESA. However, the results became not significant when
height, weight, systolic and diastolic BP were included in the models (both p > 0.05). In
the Rotterdam Study, the HR of AF associated with carotid distensibility was no longer
significant after multiple adjustment (0.98, 95%CI 0.83–1.15, p = 0.78). In both cases, the
loss of significance in multivariate models after adjustment for BP could be attributed to
the functional influence of BP values on PWV. Indeed, PWV is consistently dependent on
the wall stretch caused by the distending pressure and the passive loss of compliance of
the arterial wall [57].

Similarly, cfPWV in the Rotterdam Study showed an independent association with
AF incidence (HR 1.15, 95%CI 1.03–1.29, p = 0.016 per 1 SD increase in cfPWV), which was
lost when the model was adjusted for BP [56]. In the ARIC Study, cfPWV demonstrated a
U-shaped association with AF risk: in Cox regression models adjusted for age, race, center,
sex, education levels and hemodynamic and clinical factors, the HR for incident AF in the
first, third and fourth quartiles were 1.49 (95%CI 1.06–2.10), 1.59 (95%CI 1.14–2.10) and 1.56
(95%CI 1.10–2.19), respectively, compared to those in the second quartile, which was taken
as a reference [28].
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The predictive role of arterial stiffness for AF incidence was also analyzed in the
Framingham Heart Study offspring and third-generation cohorts. Among 5797 participants
(mean age 61 ± 10 years) followed up for an average period of 7.1 years, cfPWV, AIx
and cPP were all univariately associated with increased risk of AF incidence [29]. In fully
adjusted models, only AIx remained significantly associated with AF incidence (HR 1.16,
95%CI 1.02–1.32).

In a cohort study conducted in a Japanese population (n = 5418), baseline CAVI
values ≥ 8.0, along with age ≥ 65 years and male sex, were found to independently predict
the incidence of AF (n = 22, 0.41%) over 4 years (HR 5.27, 95%CI 1.6–17.3) [30].

In a subcohort of the MESA (3441 participants aged 45–84 years followed up for
7.8 years), high pulse pressure and low aortic distensibility measured by magnetic reso-
nance imaging (MRI) were both univariately associated with the development of AF. In
a multivariate analysis, after adjustment for age, sex, ethnicity, education, height, body
mass index, smoking status, antihypertensive treatment, diabetes, left ventricular mass,
heart rate and MAP, and after excluding aortic distensibility outliers, only PP remained
significantly associated with AF risk, whereas aortic distensibility lost its significance. Each
1 SD increase in PP was independently associated with a 45% increased risk of AF (HR 1.45
95%CI: 1.13–1.87, p = 0.004) [31]. Increased PP independently predicted incident AF also in
350 patients with type 2 diabetes who were free from AF at baseline who were followed
up for 10 years (adjusted OR: 1.76 for each SD increment, 95%CI 1.1–2.8, p = 0.01) [29].
The Losartan Intervention for Endpoint Reduction in Hypertension Study (LIFE Study) in-
cluded 9193 patients with essential hypertension and electrocardiographic LV hypertrophy
followed up for a period of 5 years. Increased brachial PP, either baseline or in treatment,
was independently associated with a higher risk of new-onset AF in multivariate Cox
regression analysis (HR per 10 mmHg baseline PP increase: 1.24, 95%CI 1.14–1.35, HR per
10 mmHg in-treatment PP increase 1.21, 95%CI 1.11–1.33 for in-treatment PP, both p < 0.001).
PP was equivalent to SBP and DBP in predicting new-onset AF, but when included in the
same statistical model, PP was demonstrated to be the strongest predictor [33]. In another
study from the Framingham Heart Study cohort, the predictive power of increased PP
for AF incidence was evaluated in a large general population including 5331 individuals
followed for 12 years. After adjustment for a substantial number of confounders, the hazard
ratio of new-onset AF associated with a 20 mmHg PP increase was 1.26 (95%CI 1.12–1.43,
p < 0.001) [32]. It is worth noting that: (i) the increase in PP is dependent on both the
physiological aging process and the associated increase in arterial stiffness induced by CV
risk factors; (ii) an increase of 20 mmHg in PP can be observed over the lifespan only after
several decades [58].

The prognostic superiority of central over peripheral BP measurement in incident AF
was also observed in a predominantly older population-based cohort including 769 par-
ticipants in sinus rhythm with no history of AF or stroke (mean age 70.5 years). Over
9.5 years, AF occurred in 83 participants. No peripheral BP value showed a significant
association with incident AF. By contrast, after adjustment for age, sex, race and the number
of antihypertensive drugs, both central SBP (HR 1.12 for 10 mmHg increment, 95%CI
1.00–1.25, p = 0.047) and central PP (HR 1.16 for 10 mmHg increment, 95%CI 1.00–1.34,
p = 0.048) showed predictive value for AF incidence [34]. These results are of importance
given that central PP, rather than peripheral PP, is more strongly linked to the age-related
stiffening of large arteries [59].

In a cohort of 151 patients (mean age 71.9 years, mean follow-up 21 months) with
AF, who restored sinus rhythm after pulmonary vein isolation, AS, evaluated by aortic
distensibility (AD) of the descending aorta using transesophageal echocardiography, was
found to be an independent predictor of AF recurrence (OR 3.6, 95%CI 2.8–4.1) [36]. In
a study including 68 patients with AF who underwent a successful catheter ablation
procedure, higher AF recurrence rates during a mean follow-up of 3 years were found
in patients with higher values of peripheral PP, central PP and augmented pressure [37].
Among 31 older patients (mean age 78 ± 7 years) undergoing electrical cardioversion,
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CAVI was directly related to the risk of AF recurrence: for each one-unit increase in CAVI,
the HR for AF recurrence was 2.31 (95%CI 1.01–5.25) [38]. However, in these two latter
cases, the regression models were not adjusted for relevant confounders (e.g., age).

In a cohort of 103 patients with PAF, compared to age- and sex-matched controls,
left atrial diameter was significantly correlated with augmented pressure and AIx (both
p < 0.001). Interestingly, left atrial diameter was the only independent predictor of AF
recurrences following cardiac ablation over a follow-up period of 6 months [39].

A genome-wide association study, with Mendelian randomization including 225,636 par-
ticipants from the UK Biobank, demonstrated a significant association between genetically
determined increased levels of a photoplethysmography-derived arterial stiffness index
(ASI) and the incidence of AF (OR, 1.8 per SD ASI phenotype, 95%CI, 1.4–2.2) [40]. This
Mendelian randomization approach provides evidence of the causal inference between
arterial stiffness and AF.

Indirect Markers of AF

AS was frequently found to be associated to well-established cardiac markers associ-
ated with increased risk of developing AF, such as LV hypertrophy, LV diastolic dysfunction
and elevated LV filling pressure that, in turn, can result in an elevated left atrial pressure
leading to left atrial dilation. In a study including 43 younger patients (aged 46 ± 8 years),
with moderate to severe obstructive sleep apnea, a cfPWV > 10 m/s significantly correlated
with left atrial diameter (r = 0.45; p < 0.001) both in univariate and multivariate analysis [41].
In a study conducted on 310 middle-aged hypertensive patients, cfPWV and elevated PP
measured over 24 h were significantly and directly associated with left atrial diameter
(r = 0.27 and r = 0.32, respectively, both p < 0.001) even after adjustment for age, sex, body
mass index, indexes of LV structure and geometry and filling pressure [42]. However,
regarding the limitations of echocardiographic assessment, which is prone to measurement
errors, we should consider that the LA overload is reasonably mediated by LV alterations.

The role of ED in predicting AF incidence was evaluated in a subcohort of 3921 (mean
age 58 ± 9 years) participants of the Framingham Heart Study. In this study, FMD was
negatively associated with the future occurrence of AF in univariate and multivariate
analyses (adjusted HR 0.79, 95%CI 0.63–0.99) [27]. Contrasting results were observed in
a cohort of 2027 old individuals enrolled in the Cardiovascular Health Study (mean age
78.3 years). Over a median follow-up of 11 years, 754 incident AF cases occurred. After
adjustment for age, sex, race, height, weight, CV disease, cigarette smoking, hypertension,
diabetes, kidney function, C-reactive protein, physical activity, alcohol consumption and
statins, the risk of AF did not differ according to baseline FMD (HR per FMD unit increment
1.01, 95%CI 0.97–1.05) [43]. Therefore, in comparison to positive findings observed in
the Framingham Heart Study, results from this study suggested that, at least in older
individuals, the utility of brachial FMD as a risk marker for AF was minimal.

3.3. Question 3—Is Early VA a Risk Enhancer for the Occurrence of CV Events in AF Patients?

Answer: The prognostic impact of measures of VA on future CV events in patients with
AF has been tested only in small-scale, short-term, longitudinal studies and remains a matter of
investigation. Data are also limited concerning the role of ED as a risk enhancer for adverse CV
events in AF patients. Data from studies using changes in surrogate markers of CV prognosis as the
primary endpoint are also extremely scarce.

Chen et al. assessed arterial stiffness by measuring brachial–ankle PWV (baPWV) in
167 patients with persistent AF. After a median follow-up of 26 months, the authors found
that high baPWV was independently associated with an increased risk of a composite out-
come including CV death, non-fatal stroke and myocardial infarction and hospitalization
for heart failure. This association remained significant after adjusting for multiple CV risk
factors (HR = 1.150; 95%CI: 1.034–1.279, p = 0.01). Most importantly, they demonstrated that
baPWV had an incremental value in CV outcome prediction, pointing towards the useful-
ness of this marker in the risk stratification of these patients [22]. In another study, arterial
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stiffness was assessed by aortic distensibility during transesophageal echocardiography in
151 patients with AF before successful restoration of sinus rhythm with pulmonary vein
isolation. Fifty-four controls with similar CV risk profile were also enrolled in the study.
Results showed that, after a median follow-up of 21 months, decreased aortic distensibility
was univariately associated with a composite endpoint that included AF recurrences, stroke,
acute decompensated heart failure, cardiovascular and all-cause hospitalizations. Subjects
in the lowest quartile of aortic distensibility showed an increased number of composite
events as compared to those in the third quartile (p = 0.03) and in the fourth quartile
(p = 0.001) [23].

The association between arterial stiffness and future CV event was also assessed using
indirect descriptors of future CV events in AF. In a cohort of 117 patients with paroxysmal or
persistent AF compared to 274 controls, cfPWV was independently associated with plasma
N-terminal pro-B-type natriuretic peptide (NT-proBNP), which is considered a surrogate
marker of CV prognosis (β = 0.234; 95%CI: 0.100–0.367, p = 0.001). Interestingly, only in
patients with paroxysmal or persistent AF were increased values of cfPWV related to greater
NT-proBNP plasma levels, whereas this was not observed in the control group, suggesting
a relationship between AF, increased arterial stiffness and adverse CV outcomes [24].

The prognostic significance of ED, measured by FMD, in AF patients was evaluated in
a cohort of 514 individuals with AF followed up for an average period of 24 months. A
composite endpoint of CV events, defined as the occurrence of stroke/transient ischemic
attack, myocardial infarction, urgent revascularization and CV death, occurred in 44 pa-
tients. In a Cox proportional hazards analysis, after multiple adjustment for other CV risk
factors such as MI, history of stroke/TIA, heart failure, treatment with statins, smoking
habits, gender and age, individuals with an FMD below 4.6% were at increased risk of
CV events (HR 2.20 95%CI 1.13–4.28, p = 0.020) [25]. In another prospective observational
study, FMD was measured by ultrasound in 291 patients with a positive history of PAF
lasting no longer than six months. After a mean follow up of 33 months, subjects with
FMD lower than 5.9% showed a doubled rate of composite adverse CV events, which
included cardiovascular death, non-fatal myocardial infarction, stroke and heart failure
hospitalization (37.1% versus 18% in patients with FMD > 5.9%, p < 0.001), which remained
significant after adjustment for classical CV risk factors (HR: 3.036, 95%CI 1.546–5.963,
p = 0.01) [26].

3.4. Question 4—Are Devices Measuring VA Suitable to Perform Subclinical AF Detection?

Answer: The implementation of AF screening in the VA diagnostic approach remains an
unmet need.

For many patients, measurement of VA biomarkers with automated devices might
represent a unique opportunity to effectively diagnose AF. It could be supposed that
individuals currently prescribed VA assessment for clinical purposes are individuals with a
high burden of CV risk factor and therefore at high risk of developing AF. In these patients,
targeted AF screening and early AF detection could potentially prevent the risk of ischemic
stroke and AF-related complications [4]. Despite the potential benefits and the relatively
simple technological advances needed for implementation, there are no data regarding the
performance of devices measuring VA in AF detection.

Photopletysmogram (PPG) signals are proposed as promising tools to assess VA.
Indeed, the time taken for the PPG pulse wave to travel the arterial tree is a function of AS.
Moreover, pulse wave shapes could reflect changes in VA [60]. Noteworthily, the detection
of rhythm irregularities through the analysis of peripheral PPG signals is a promising
application for AF detection in patients at risk [61]. However, at present, there is no device
that combines these two technologies into a single apparatus.

Devices using oscillometric techniques may also contribute to AF screening. Blood
pressure monitors which detect AF from oscillometry-based algorithms have been in the
market for a few years, with very high sensitivity and specificity rates, ranging from 90 to
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100% [62]. The algorithm for diagnosis, based on pulse irregularity, could be implemented
in devices measuring central blood pressure or pulse wave velocity from oscillometric cuffs.

3.5. Question 5—Does Atrial-Fibrillation-Related Rhythm Irregularity Have a Negative Impact on
the Measurement of Vascular Age?

Answer: From these limited available data (two studies), measurements of biomarkers of arterial
structure during AF appear reliable. Results about reliability of FMD measurement during AF are,
to date, inconclusive.

In a clinical study, cfPWV and cPP assessed by applanation tonometry were estimated
in 34 patients with AF before and after successful electrical cardioversion [20]. After
adjustment for post-procedural changes in mean arterial pressure (MAP) and heart rate,
the intra-class correlation coefficient for both cfPWV and cPP was 0.89 (95%CI 0.79–0.95 for
cfPWV, 0.72–0.95 for cPP), consistent with good reliability [63]. By contrast, measures of
wave reflection such as central augmentation index (AIx) showed only moderate reliability
(ICC = 0.59; 95%CI 0.17–0.80).

The reliability of FMD measurement was assessed in 32 patients with AF by comparing
measures obtained before and 24 h after successful electrical cardioversion [21]. In this study,
reliability was not formally tested using ICC but using a 2-sided t-test for independent
samples, with further calculation of 95% confidence intervals from a Bland–Altman plot.
As compared with FMD measurement taken during AF rhythm, FMD 24 h after restoration
of sinus rhythm was, on average, significantly higher and showed high heterogeneity
(FMD during AF rhythm 8.4 ± 3.8%, FMD 24 h after sinus rhythm restoration 10.7 ± 3.9%,
p < 0.001, 95%CI for mean difference 1.15–3.65). The lack of appropriate statistics to assess
reliability and the large time difference do not allow making definite conclusions about
reliability of FMD during AF rhythm.

4. Discussion

In this paper, we aimed to review and summarize state-of-the-art data from the lit-
erature exploring the potential link between mechanical and functional biomarkers of
VA and the presence and severity of AF. We aimed to find answers to five clinically and
methodologically relevant questions and identify open and unanswered issues, including
the cross-sectional association between VA and AF, the predictive role of VA for AF inci-
dence, the role of VA as a risk enhancer for CV events in AF patients, the accuracy of VA
measurement in AF rhythm and the performance of devices measuring VA in detecting
AF rhythm.

This review was conceived as part of the work plan of the VascAgeNet COST action
(COST Action CA18216) which is to refine, harmonize and promote the VA concept, to
bring innovations in CV research from bench to bedside and to establish assessment of VA
in clinical practice [19].

Our results showed that VA has a cross-sectional relationship with AF and is also
independently associated with increased risk of incident AF. This was found for several
biomarkers of arterial structure, such as PWV as a proxy measure of AS, wave reflection,
arterial distensibility and VA-related measures of central hemodynamics such as central PP.
A visual summary of the degree of the association between each measure of VA according
to methodology questions is provided in Figure 2. Although less pronounced, there is
substantial evidence of an independent link between VA biomarkers related to arterial
function, such as brachial FMD, and AF.

The relationship between VA and AF has a profound rationale and is supported by
shared common etiological mechanisms, such as elevated BP values and several other CV
risk factors. Since BP is a surrogate marker of cardiac and arterial load, it is important to
identify which temporal relationship exists between increased AS, elevated BP and AF
and whether or at which level this process could be reverted by therapeutic approaches.
There is robust evidence to support the hypothesis that increased arterial stiffness could
precede the pathogenesis of elevated BP [64]. Therefore, measurement of arterial stiff-
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ness and VA in clinical practice could be the first ideal screening step to tackle the AF
burden by identifying and targeting interventions in individuals with elevated AS at risk
of developing hypertension and subsequent CV events, including AF. A further factor
possibly influencing the link between FA and arterial stiffness is that both contribute to
blood pressure variability, which is a potential independent risk factor for cardiovascular
complications. Both the fluctuations of blood pressure induced by FA and the aging of
vessels may cause an increased blood pressure variability in the short term [65]. In turn, an
increased blood pressure variability is associated with an increased incidence of FA [66]
and with cardiovascular outcomes among patients with FA [67], making this association a
topic of major interest for future research.

The promotion of a healthier lifestyle early in life through increasing physical activity,
healthy diet, smoking cessation, weight control, lowering stress and normalization of
sleep patterns was found to be associated with lower levels of arterial stiffness [61]. There
is also strong evidence that AF has an independent association with ED, measured by
FMD of the brachial artery. However, this association seems to be largely explained by
concomitant CV risk factors, such as hypertension, dyslipidemia and diabetes, which are
known to negatively affect the endothelial function, and it is currently unknown whether
ED could be reverted by therapeutic approaches. However, to our knowledge, no study
has investigated the role of more stringent therapeutic goals aiming at a better VA control
on AF-related outcomes.

Even though increased arterial stiffness has been described as a predictor of AF, avail-
able evidence regarding its prognostic value for CV events in patients with AF is far from
conclusive. This is due to the lack of relevant data, often originating from underpow-
ered studies with high heterogeneity in terms of arterial stiffness markers, as well as to
the methods for assessing AS. To this end, larger, prospective, community-based cohorts
with longer follow-up periods are needed. The prognostic value of ED for future CV
events is understudied in AF patients and further studies are needed specifically targeting
this population.

At the methodological level, there are still few data regarding the performance of
devices measuring arterial stiffness in detecting AF. Given that a considerable proportion
of patients with AF are undiagnosed, developing technology would help increase the
screening and the detection rates of this condition. The potential outcome of combining
screening approaches for the evaluation of VA and AF detection into one single device
needs therefore to be tested in future dedicated studies. The measurement of VA biomarkers
during irregular cardiac rhythm, as observed in AF with irregular response rate, represents
a practical challenge that is not fully overcome. As a consequence, AF patients are often
excluded from clinical trials with VA assessment. We showed that, despite preliminary
promising results provided by a few methodological studies, substantial research should
focus on technological solutions addressing this issue.

5. Conclusions

In conclusion, given the close pathophysiological link between VA and AF, it is reason-
able that measurements of arterial stiffness should be implemented in clinical practice in
all individuals at risk of developing AF and its adverse consequences to better stratify their
risk. The predictive role of both arterial stiffness and ED as CV risk factors in AF patients
still needs to be proven in dedicated studies. Future studies and upcoming technologies
will be helpful to address the gap of knowledge in this field.
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Abstract: Cardiovascular diseases affect kidney function. The aim of this study was to investigate the
possible associations between hemodynamic parameters and change in kidney function in individuals
aged 75 years and older. Data on hemodynamics and blood and urine samples were collected at
baseline and during one-year visits. Hemodynamics were split into two groups based on median
values. Changes in the estimated glomerular filtration rate (eGFR) were investigated between low
and high groups for each hemodynamic parameter using analysis of variance. Changes in the
albumin–creatinine ratio (ACR) were examined as binary outcomes (large increase vs. stable) using
logistic regression. The population consisted of 252 participants. Participants in the high central
systolic blood pressure (cSBP) group had a greater decline in eGFR than participants in the low cSBP
group (−6.3% vs. −2.7%, p = 0.006). Participants in the high aortic pulse wave velocity (aPWV)
group had a greater decline in eGFR than those in the low aPWV group (−6.8% vs. −2.5%, p = 0.001).
Other hemodynamic parameters were not associated with eGFR changes. Hemodynamics were not
associated with changes in the ACR; aPWV and cSBP appear to be predictors for eGFR decline in
older age; monitoring and treatment of elevated stiffness might be helpful in order to prevent kidney
function decline.

Keywords: hemodynamics; arterial stiffness; aortic pulse wave velocity; blood pressure; aging;
chronic kidney disease; kidney function; cardiovascular disease

1. Introduction

Chronic kidney disease (CKD) is a common finding in older individuals and is associ-
ated with increased risk of morbidity and mortality [1,2]. Individuals in late life, especially
those with CKD, are more likely to develop cardiovascular diseases. Several risk factors
are known to cause kidney function decline, such as aging, hypertension and diabetes
mellitus [1]. In contrast to age, these cardiovascular risk factors are modifiable and therefore
important factors in screening and treatment for CKD [2,3].

Relevant cardiovascular age-related changes are decline in cardiac output and stroke
volume [4]. Aging also causes changes in vascular walls, which leads to a decrease in the
elasticity of the vessels [5]. As a result, vascular resistance and arterial stiffness will increase.
These age-related processes can be accelerated by different risk factors like hypertension,
hypercholesterolemia and diabetes mellitus [6]. In addition, these age-related changes
might also affect the kidney in several ways. Lower cardiac output and stroke volume can
alter the renal blood flow, whereas vascular stiffening can expose the microcirculation to
hemodynamic stress. Both processes could eventually lead to damage in the kidneys [7,8].
Also, kidney function decline can influence bone mineralization and promotes vascular
calcification [9]. This makes cardiovascular diseases both a cause and consequence of
kidney function decline.
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The association between cardiovascular condition and CKD in older individuals
has been investigated. However, the results are conflicting and the possible association,
especially in the oldest populations, remains unclear [8,10–14]. The aim of this study was
to investigate the effect of hemodynamic parameters on the changes in kidney function
within one year in older individuals. We hypothesized that older individuals with poor
hemodynamics at baseline would have a greater decline in kidney function during follow
up than those with favorable hemodynamics.

2. Materials and Methods

2.1. Study Population

The present study was conducted within the framework of the “Screening for Chronic
kidney disease among Older People across Europe” (SCOPE) study, an international,
observational and prospective cohort study [15]. A detailed description of the study
protocol can be found elsewhere [15]. A comprehensive geriatric assessment (CGA) was
performed at baseline and during follow-up visits. Inclusion criteria of the SCOPE study
were as follows: participants had to be 75 years or older and had to attend outpatient
services or clinics. Patients with end-stage renal disease (ESRD; estimated Glomerular
Filtration Rate (eGFR) < 15 mL/min/1.73 m2) or renal dialysis, end-stage heart failure
(New York Heart Association Classification (NYHA) class IV), a history of solid organ or
bone marrow transplantation, an active malignancy of metastatic cancer within 24 months
prior to the visit, a life expectancy of less than 6 months, a severe cognitive impairment
(Mini-Mental State Examination (MMSE) < 10/30) or patients unwilling to provide consent
were ineligible for the study.

The subgroup used for the present study consisted of 301 participants enrolled in the
Netherlands. In this subset, data from baseline and one-year follow-up visits were used.
Participants who could not be followed up and whose hemodynamic or kidney function
parameters could not be collected were excluded from the present study. The Medical
Ethics Committee of the Erasmus Medical Center in Rotterdam reviewed and approved the
SCOPE study. All participants provided written informed consent.

2.2. Hemodynamics and Kidney Function

Blood and urine samples were collected at baseline and after one year of follow up.
The BIS 1 (Berlin Initiative study) equation was used to determine kidney function [16].
This creatinine-based formula is accurate for estimating the GFR of older individuals.
Calculation of eGFR-BIS1 was performed by using serum creatinine, age and sex of the
participants. Also, albuminuria was measured to assess kidney function. Consistent
with previous literature, we defined a large increase in the urine Albumin-to-Creatinine
Ratio (UACR) as a 2-fold increase in UACR during follow up, the development of a
UACR ≥ 2.5 g/mol for men who had UACR < 2.5 at baseline or the development of a
UACR ≥ 3.5 g/mol for women who had UACR < 3.5 at the first visit [11].

Hemodynamic parameters were determined with the Mobil-O-Graph (IEM, Rheinland,
Germany) [17]. The Mobil-O-Graph is a non-invasive device for the analysis of peripheral
systolic and diastolic blood pressure, mean arterial pressure, pulse pressure and heart
rate [18,19]. The software of this device has the ability to analyze these measurements
and is able to calculate central blood pressure, aortic pulse wave velocity (aPWV) and
the augmentation index. With the software, other hemodynamic parameters were also
assessed. These parameters included cardiac output, stroke volume, cardiac index and total
peripheral resistance [20].

The parameters used in this study include the following: (central) systolic blood
pressure (cSBP), in mmHg; (central) diastolic blood pressure (cDBP) in mmHg; stroke
volume, in mL, cardiac output (CO), in L/min; cardiac index a (CI) in L/min/m2); total
peripheral resistance (TPR) in s·mmHg/mL); central pulse pressure (cPP) in mmHg; aortic
pulse wave velocity (aPWV) in m/s b.
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a Cardiac index assesses cardiac output values based on body size. It is denoted in
liters/minute/body surface area measured in meters squared.

b Pulse wave velocity is the velocity of the pulse wave to travel between two points in
the arterial system, measured in m/s.

2.3. Statistical Analyses

The Shapiro–Wilk normality test was conducted for characteristics and variables to
test the normality of the data distribution. Categorical data were expressed in percent
prevalence (%). Depending on the normality of the data distribution, continuous data were
noted as means ± SD or median [IQR].

The parameters of interest were (c)SBP, (c)DBP, stroke volume, CO, CI, TPR, cPP and
aPWV. Each parameter was split into two groups based on the median considering the
relatively small group of participants included and the lack of specific reference values
for multimorbid older adults. The group with outcomes equal to and below the median
were called “low” and the group with outcomes above the median were called “high”. The
baseline table is also stratified for low and high aPWV. Continuous variables were compared
with an independent sample t-test or Mann–Whitney U test. Categorical variables were
compared with the Chi-square test.

Change in eGFR (in percentage) within one year was investigated in low and high
groups for each hemodynamic parameter using analysis of variance (ANOVA). Changes
in UACR were examined as binary outcomes (large increase vs. stable) by performing
logistic regression. If an association was found between a hemodynamic parameter and
change in eGFR or a large increase in UACR, further multivariate analyses were performed
using analysis of covariance (ANCOVA) or multivariate logistic regression per parameter.
Potential confounders were identified and those with a p-value < 0.1 were used in adjusted
analysis using different models, where appropriate. Age and sex were not included in the
models, since comparable annual eGFR change can be expected for adults above the age of
75 years [21]. p-values < 0.05 were considered statistically significant. Statistical analyses
were performed using IBM SPSS Statistics version 25 for Windows.

3. Results

In total, 301 participants were enrolled in the SCOPE study in the Netherlands.
Eventually, 277 participants were successfully followed up for a period of one year. Pa-
tients with missing values were excluded. Therefore, the study population consisted of
252 participants.

3.1. Baseline Characteristics

The health-related baseline characteristics are presented in Table 1. The mean age
of the participants was 80.1 ± 4.4 years old and 41.3% of the participants were women.
Among all the participants, 71.8% used antihypertensive drugs. Hypertension was found
in 176 participants (69.8%) and diabetes mellitus in 65 participants (25.8%). Participants in
the high PWV group (aPWV > 12.2 m/s, n = 121) were older than those in the low group
(83.0 vs. 76.9 years, p-value < 0.001). Participants in the low aPWV group (n = 131) used
beta blockers (50.4% vs. 32.2%, p = 0.004) and statins more often than participants in the
high aPWV group (57.3% vs. 34.7%, p < 0.001). Participants in the high aPWV group did not
have higher prevalence of cardiovascular events, heart failure, atrial fibrillation or diabetes
mellitus compared to the participants in the low aPWV group.
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Table 1. Health-related baseline characteristics stratified for aPWV.

All Participants
(n = 252)

aPWV ≤ 12.2 m/s
(n = 131)

aPWV > 12.2 m/s
(n = 121)

p Value

Age, years 79.1 [76.6–83.0] 76.9 [75.5–78.4] 83.0 [79.6–85.9] p < 0.001
Women, % 41.3 42.7 39.7 p = ns

BMI, kg/m2 26.2 (3.9) 26.4 (3.9) 26.1 (3.9) p = ns
MMSE, score 29 [27–30] 29 [28–30] 28 [28–30] p = ns

ADL independent, % 83.3 86.3 80.2 p = ns
iADL independent, % 47.2 58.0 35.5 p = ns

Alcohol p = ns
no, (%) 64.3 64.1 64.5

1–2 units/day, % 26.2 26.7 25.6
>2 units/day, % 9.5 9.2 9.9

Smoking p = ns
No, % 29.8 32.1 27.3

Former, % 65.1 62.6 67.8
Current, % 9.5 5.3 5.0
Medication

Antihypertensives, % 71.8 74.0 69.4 p = ns
ACE inhibitor, % 19.8 17.6 22.3 p = ns
Beta blocker, % 41.7 50.4 32.2 p = 0.004

CA channel blocker, % 23.0 22.1 24.0 p = ns
Diuretics, % 19.8 21.4 18.2 p = ns

Statins, % 46.4 57.3 34.7 p < 0.001
Comorbidities

Hypertension, % 69.8 64.1 76.0 p = 0.040
CVA, % 7.9 6.1 9.9 p = ns
TIA, % 14.7 13.0 16.5 p = ns
HF, % 12.7 13.0 12.4 p = ns
MI, % 17.9 18.3 17.4 p = ns
AF, % 17.1 17.6 16.5 p = ns
DM, % 25.8 29.8 21.5 p = ns

CIRS, severity index 1.8 (0.3) 1.8 (0.3) 1.8 (0.3) p = ns
CIRS, total 12.7 (4.9) 12.8 (4.9) 12.5 (5.0) p = ns

Abbreviations: ADL, activities of daily living; AF; atrial fibrillation; aPWV, aortic pulse wave velocity; BMI, body
mass index; CA, calcium; CIRS, Cumulative Illness Rating Scale; CVA, cerebral vascular accident; DM, diabetes
mellitus; HF, heart failure; iADL, instrumental activities of daily living; MI, myocardial Infarction; MMSE, Mini-
Mental State Examination; TIA, transient ischemic attack. Note: non-normally continuous variables are presented
as median [interquartile range] and normally distributed continuous are presented as mean ± SD. Categorical
variables are presented as percentages. Continuous variables were compared between the PWV ≤ median and
PWV > median with an independent sample t-test or Mann–Whitney U test. Categorical variables were compared
with a Chi-square test. p-values < 0.05 were considered statistically significant.

Table 2 describes the hemodynamic and laboratory characteristics at baseline stratified
for aPWV. The mean aPWV in the total cohort was 12.4 ± 1.2 m/s. Participants in the high
aPWV group in general had higher blood pressure values (both peripheral and central)
than participants in the low aPWV group. For instance, the SBP was 158.0 vs. 141.0 mmHg
(p < 0.001), MAP was 119.4 vs. 107.6 mmHg (p < 0.001) and cPP was 49.4 vs. 39.1 mmHg
(p < 0.001), respectively. The TPR was higher in the high aPWV group than in the low
aPWV group (median 1.5 vs. 1.3 s·mmHg/mL, p = 0.008). Stroke volume, CO and CI
did not differ between groups. At baseline, the mean eGFR in the low aPWV group was
49.0 ± 13.6 mL/min and 46.2 ± 12.7 mL/min in the high aPWV group with no statistically
significant difference between the groups. Participants in the high aPWV group had a
higher UACR (median 3.4 vs. 1.9 g/mol, p = 0.008) than those in the low aPWV group.
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Table 2. Hemodynamics and laboratory baseline characteristics stratified for aPWV.

All Participants
(n = 252)

aPWV ≤ 12.2 m/s
(n = 131)

aPWV > 12.2 m/s
(n =121)

p Value

Hemodynamics
SBP, mmHg 147.0 [135.0–160.0] 141.0 [129.0–151.0] 158.0 [144.0–171.0] p < 0.001
DBP, mmHg 86.2 (11.2) 83.3 (10.1) 89.4 (11.5) p < 0.001
cSBP, mmHg 130.9 (17.5) 123.2 (12.9) 139.3 (18.0) p < 0.001
cDBP, mmHg 86.8 (11.4) 84.0 (10.1) 89.9 (11.9) p < 0.001
MAP, mmHg 113.3 (14.1) 107.6 (11.3) 119.4 (14.3) p < 0.001

HR, beats/min 69.8 (12.1) 67.9 (11.3) 71.8 (12.7) p = 0.014
Stroke volume, mL 75.3 (13.2) 76.5 (14.3) 74.0 (11.9) p = ns

CO, L/min 5.2 (1.0) 5.1 (0.9) 5.3 (1.1) p = ns
CI, L/min/m2 2.8 [2.3–3.2] 2.7 [2.3–3.2] 2.8 [2.4–3.3] p = ns

TPR, s·mmHg/mL 1.3 [1.1–1.6] 1.3 [1.1–1.5] 1.5 [1.2–1.7] P = 0.008
cPP, mmHg 44.0 (12.8) 39.1 (9.3) 49.4 (13.9) p < 0.001
aPWV, m/s 12.4 (1.2) 11.6 (0.5) 13.4 (0.9) p < 0.001

Kidney function
eGFR, mL/min 47.6 (13.7) 49.0 (13.6) 46.2 (13.7) p = ns
UACR, g/mol 1 2.7 [0.9–10.7] 1.9 [0.6–7.5] 3.4 [1.2–12.3] p = 0.008

1 Missing data of 1 participant for PWV ≤ 12.2 m/s. Abbreviations: aPWV; aortic pulse wave velocity; cDBP,
central diastolic blood pressure; CI, cardiac index; CO, cardiac output; cPP, central pulse pressure; cSBP, central
systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; SBP, systolic blood pressure; TPR, total
peripheral resistance; UACR; urinary albumin creatinine ratio. Note: non-normally continuous variables are
presented as median [interquartile range] and normally distributed continuous are presented as mean ± SD.
Categorical variables are presented as n (percentages). Continuous variables were compared between the
PWV ≤ median and PWV > median with an independent sample t-test or Mann–Whitney U test. Categorical
variables were compared with a Chi-square test. p-values < 0.05 were considered statistically significant.

3.2. Hemodynamic Parameters and Change in eGFR

Table 3 shows the difference in kidney function expressed in percentage change in
eGFR within one year for the different hemodynamic parameters according to median
values. Participants in the high cSBP group showed a greater decline in eGFR than the
participants in the low cSBP group (−5.9% vs. −3.2%, p = 0.042). Likewise, participants in
the high aPWV group had a greater decline in eGFR compared to those in the low group
(−6.5% vs. −2.8%, p = 0.005). The change in eGFR for participants in the high groups of
SBP, DBP, cDBP, stroke volume, CO, CI, TPR and cPP did not differ from those in the low
groups of those hemodynamic variables.

Table 3. Mean change in eGFR within one year in low group (below median) and high group (above
median) of different hemodynamics (n = 252).

Parameter
(Median)

Low Group
% Change in eGFR (95%CI)

High Group
% Change in eGFR (95%CI)

Difference
between Groups

(95%CI)

SBP (147) −3.6 (−5.6,−1.6) −5.6 (−7.1, −3.9) 2.0 (−0.6, 4.5)
DBP (85) −4.2 (−6.0, −2.4) −5.0 (−6.8, −3.1) 0.8 (−1.8, 3.4)

cSBP (129) −3.2 (−5.0, −1.4) −5.9 (−7.7, −4.1) 2.7 (0.1, 5.2)
cDBP (85) −4.5 (−6.3, −2.7) −4.6 (−6.4, −2.8) 0.1 (−2.5, 2.7)

Stroke volume (74.6) −4.0 (−5.8, −2.2) −5.1 (−6.9, −3.3) 1.1 (−1.5, 3.7)
CO (5.1) −3.8 (−5.6, −2.0) −5.3 (−7.1, −3.5) 1.5 (−1.1, 4.1)
CI (2.8) −4.1 (−6.0, −2.3) −5.0 (−6.8, −3.2) 0.8 (−1.7, 3.4)

TVR (1.3) −4.7 (−6.6, −2.7) −4.5 (−6.2, −2.7) −0.2 (−2.8, 2.4)
cPP (42) −3.9 (−5.7, −2.1) −5.3 (−7.1, −3.4) 1.4 (−1.2, 4.0)

aPWV (12.2) −2.8 (−4.6, −1.0) −6.5 (−8.3, −4.6) 3.7 (1.1, 6.2)

Abbreviations: aPWV, aortic pulse wave velocity; cDBP, central diastolic blood pressure; CI, cardiac index; CO,
cardiac output; cSBP, central systolic blood pressure; cPP, central pulse pressure; DBP, diastolic blood pressure;
SBP, systolic blood pressure; TPR, total peripheral resistance; Note: bold is p < 0.05.
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Figure 1 shows the adjusted mean percentage change in eGFR in participants with low
and high cSBP (panels A–C) and in those with low and high aPWV (panels D–F). In the
adjusted analyses, participants in the high group of cSBP had a greater decline in eGFR than
those in the low group. In the extensive adjusted model (panel C), the mean percentage
change in eGFR was −2.7% in the low cSBP group and −6.3% in the high cSBP group
(p = 0.006). Comparable results were found in the analysis for aPWV, where participants in
the high group of aPWV had a greater decline in eGFR than participants in the low group
of aPWV. In the extensive adjusted model (panel F), the mean percentage change in eGFR
was −2.5% in the low aPWV group and −6.8% in the high aPWV group (p = 0.001)

Figure 1. Association between baseline cSBP (panel A–C) or baseline aPWV (panel D–F) and percent-
age change in eGFR (n = 252): (A) adjusted for baseline eGFR; (B) adjusted for baseline eGFR, BMI,
and DM; (C) adjusted for baseline eGFR, BMI, DM, the use of ACE inhibitors and beta blockers; (D)
adjusted for baseline eGFR; (E) adjusted for baseline eGFR, BMI, DM, and hypertension; (F) adjusted
for baseline eGFR, BMI, DM, hypertension, the use of ACE inhibitors and beta blockers. Dots repre-
sent means and bars represent 95% confidence interval. Significant differences between groups are
marked with an asterisk (*). Abbreviations: aPWV, aortic pulse wave velocity; BMI, body mass index;
cSBP, central systolic blood pressure; DM, diabetes mellitus; eGFR, estimated glomerular filtration
rate.

3.3. Hemodynamic Parameters and Change in UACR

For all hemodynamic parameters, there were no differences between the low and
high groups in the association between the baseline parameters and the chance of a large
increase in the UACR.

4. Discussion

In the present study in individuals aged 75 years and over, we found that participants
in the highest categories of cSBP and aPWV had a greater decline in kidney function within
one year than participants in the lowest category of cSBP and aPWV with an additional
decline of 2.7% and 3.7% in one year, respectively. These results suggest that increased
aortic stiffness has a negative effect on kidney function (even) in older age. All included
hemodynamics appeared to have no influence on changes in UACR.

Several mechanisms can explain the found associations. Due to age-related changes in
the vascular wall and the presence of additional cardiovascular risk factors, wall elasticity
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decreases and vascular resistance and arterial stiffness increases [5,6]. Also, elevated arterial
stiffness is associated with hypertension [22,23]. Thus, with the stiffening of the arteries, an
increase in (central) SBP and increase in aPWV can be observed. Previous studies showed
that increased aortic stiffness is associated with changes in the microvascular structure in
kidneys [8,11]. Moreover, due to vascular contraction, the arterial flow of the cortex could
decrease, both potentially resulting in kidney function decline [8,24]. Increased central
blood pressure, as well as increased pulsatility is associated with end-stage organ tissue
damage [7], particularly in an autoregulated organ such as the kidney. Since central blood
pressure is a direct reflection of the fluctuations in pressure that small arterial vessels face,
high cSBP might result in impairment of kidney function [25]. It should be noted that
age, blood pressure and aortic stiffness are all intertwined and related. Therefore, the
found associations could be the result of the linked age-related microcirculatory changes,
including loss of GFR and may not suggest causality.

Our hypothesis suggesting lower cardiac output, cardiac index and stroke volume
would be associated with kidney function decline was not confirmed in the present study.
As stiffening of the arteries, decline in cardiac output and stroke volume are also age-related
changes [26,27], this might not affect kidney perfusion due to sufficient compensation
mechanisms. In people with lower cardiac output or stroke volume, redistribution of blood
volume in the body could prevent a decrease in blood flow to the kidneys to preserve
kidney function [28].

Our finding that aPWV is associated with kidney function decline is in line with
previous studies [8,11,12]. Due to different ways of determining kidney function, follow-up
time and different age groups, the results could not be completely compared.

In contrast to our results, these previous studies also found an association between cPP
as a marker of arterial stiffness and kidney function decline [8,11,12]. A large longitudinal
retrospective registry-based cohort found that high-baseline cPP predicted kidney function
decline in participants aged 60 to 79 years old, but not in participants above 80 years [29].
This is in line with the present study, with an average age of 80 years, in which we did not
find an association between cPP and eGFR decline. Moreover, a community-based study
with participants over 85 years old did not find an association between pulse pressure
and decline in creatinine clearance [30]. Furthermore, aPWV is a more reliable marker for
arterial stiffness than cPP as aPWV is based on arterial properties only, whereas cPP is
based on arterial properties and cardiac function [31].

In the present study, pSBP and both cDBP and pDBP were not associated with changes
in kidney function. Firstly, fluctuations in the central arteries are a reflection of the pressure
that the vessels in kidneys are actually being exposed to [25], which could be an explanation
of the found association in central measures but not in peripheral. Secondly, both SBP
and DBP increase with age; however, over the age of 60 only SBP increases, whereas
DBP remains stable (or even decreases) [32]. This could be another explanation as to why
associations between DBP and kidney function were not found.

In the present study, we did not find associations between hemodynamics and changes
in UACR. Consistent with our findings, a longitudinal study in participants in the same age
group found that higher baseline aPWV and cPP were not associated with UACR increase,
which were both analyzed as categorical and continuous variables [11]. Alternatively,
in a cohort of the Framingham heart study, higher carotid–femoral PWV at baseline was
associated with incident microalbuminuria over a 7- to 10-year period of follow up [33]. This
association attenuated after adjustment for different risk factors. The differences in findings
could be explained by the use of different cut-off values for albuminuria. Furthermore,
differences between study populations, especially age and follow-up time, could account
for the differences between previous studies and our results.

Several limitations need to be discussed. First, parameters were split into two groups
based on the median considering the relatively small group of participants included and
the lack of specific reference values for multimorbid older adults. The high PWV group
is older, had higher SBP and PP and lower eGFR at baseline; Despite using multivariate
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models, intrinsic bias and confounding due to this factor may not be fully eliminated
and have an impact on the found results. Second, the study has a relatively short follow-
up-time of 1 year. However, despite this small sample size and short follow-up time,
we were able to detect significant results. Larger studies with a longer follow-up time
might be needed to investigate this topic further. Furthermore, we have focused on
older individuals aged 75 years and older and the majority are Caucasian. Therefore, the
generalizability could be limited. Survivor bias might also have played a role in attenuating
the relationship between hemodynamics and kidney function. In addition, we used the
UACR from a random portion of urine, which is a practical method to collect urine in older
or frail adults. However, the collection of urine over 24 h is more reliable to investigate
albuminuria. Moreover, the Kidney Disease Improving Global Outcomes (KDIGO) suggest
that albuminuria could also be transient, suggesting a repeated measurement after three
months to confirm this finding [34]. It should also be acknowledged that the Mobil-O-Graph
calculates aPWV using an algorithm essentially based on age and blood pressure values,
resulting in the interpretation of aPWV as a combined index of vascular aging [18,35].
It should be stated that the Mobil-O-graph is mainly validated for blood pressure and
pulse wave analyses; therefore. analyses on other hemodynamics parameters could be less
reliable. In addition, there may be evidence of confounding in the reported variables; for
instance, the high aPWV group or high cSBP group might have had more nephrosclerosis
before the start of the study and thus experience a greater decline in eGFR during the
study as a result of this. Unfortunately, we have no information on the trajectories of
the patients’ kidney function and concomitant pathology before inclusion in the study.
Therefore, we adjusted for relevant identified covariates at baseline such as, among others,
baseline eGFR, diabetes and hypertension. Finally, there were no restrictions in smoking,
drinking coffee or tea or medication use on the day of the measurements, which might
have influenced the measurements of arterial stiffness. Nonetheless, circumstances were
comparable between the groups. Hence, this should not have affected the results. The
present study also has several strengths. One of the strengths is the fact that the BIS 1
equation was used to determine kidney function, which is developed for older populations
and gives a more accurate estimation of kidney function [16]. Moreover, a comprehensive
geriatric assessment was performed, which is able to capture numerous domains of health
status and their complex interactions in older and/or frail adults. To our best knowledge,
this is the first study that has investigated various hemodynamics and their effect on kidney
function in individuals aged 75 years and over.

5. Conclusions

In conclusion, we found that elevated central aortic stiffness is associated with a greater
decline in kidney function in old age. Since aPWV and cSBP both appear to be predictors
of eGFR decline, it might be of interest to identify older individuals with elevated aortic
stiffness. In this specific population, intensive blood pressure reduction might be justified
in order to slow down the process of vascular aging and prevent kidney function decline. It
would be of interest to expand the study population to investigate the relationship between
hemodynamics and kidney function decline in a large study population and longer follow-
up time. Additional functional imaging techniques (sonography, computed tomography,
magnetic resonance imaging or positron emission tomography) might also be of additional
informative value to better understand the structural changes as a result of vascular and
kidney aging.
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Abstract: Background/Objectives: This study compares the power of the radiofrequency (RF) signal
reflected from the media layer (media power) of the common carotid artery (CCA) and the CCA
stiffness between individuals with and without type 2 diabetes mellitus (T2DM). It also evaluates
the associations of CCA media power with plasma glucose and lipid levels, as well as carotid
stiffness. Methods: A total of 540 individuals, 115 with and 425 without T2DM (273 males, mean
age = 64 ± 8 years) were studied using RF-based tracking of the right CCA. The following parameters
were measured: CCA media thickness, luminal diameter, wall tensile stress (WTS), local pulse
wave velocity (PWV), and media power. Results: Compared to the non-diabetic individuals, the
T2DM patients had significantly higher CCA media thickness (652 ± 122 vs. 721 ± 138 microns,
p < 0.005), luminal diameter (6.12 ± 0.78 vs. 6.86 ± 0.96 mm, p < 0.0005), media power (36.1 ± 4.8 vs.
39.3 ± 4.6, p < 0.0001), and PWV (7.65 ± 1.32 vs. 8.40 ± 1.89 m/s; p < 0.01), but comparable WTS
(32.7 ± 10.4 vs. 33.1 ± 10.7 kPa; p = 0.25). In the entire population, CCA media power was
independently associated with male sex, pulse pressure, current smoking, and T2DM; when T2DM
was not included in the model, triglycerides emerged as an independent determinant of media
power. The CCA PWV was independently associated with age, pulse pressure, media power, and
T2DM. Conclusions: Our findings suggest the presence of structural changes in the arterial media of
T2DM patients, leading to carotid stiffening and remodeling, aiming to preserve WTS. T2DM-related
changes in arterial wall composition may be driven by high plasma triglyceride levels, which have
previously been associated with both arterial stiffening and the incidence of CV events.

Keywords: diabetes mellitus; carotid artery; arterial stiffness; triglycerides; radiofrequency signal

1. Introduction

The incidence of cardiovascular (CV) disease among individuals with type 2 dia-
betes mellitus (T2DM) is 2–3 times higher than among individuals without diabetes. CV
risk factors such as obesity, high blood pressure (BP), and dyslipidemia are common in
T2DM patients, placing them in the high-risk category; individuals with diabetes enter
the high CV disease risk category (a 10-year risk of 20% or more) 15 years earlier than
non-diabetic individuals [1–3].

Arterial stiffness is a strong predictor of future CV events and mortality [4], and
T2DM patients experience an accelerated age-related decline in arterial compliance [5–7].
Previous studies have shown that the impact of T2DM is greater in the heart–carotid and
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heart–femoral segments of the arterial tree (large elastic arteries) than in the heart–brachial
and femoral–ankle segments (medium-sized muscular arteries) [8,9]. As a result, T2DM
patients exhibit greater aortic and carotid stiffness at any given level of systolic blood
pressure (BP) [5–7,10,11], and the aortic stiffness of T2DM patients is comparable to that of
non-diabetic individuals who are 15 years older [9].

The elasticity and integrity of the arterial wall are maintained by the extracellular ma-
trix, particularly elastin and collagen, and by vascular smooth muscle cells (VSMCs). Elastin
fragmentation, increased collagen synthesis and cross-linking, and VSMC dedifferentiation
are all involved in arterial wall stiffening [12–14]. T2DM may accelerate arterial stiffening
by several mechanisms, including the formation and accumulation of advanced glycation
end-products (AGEs), endothelial dysfunction, inflammation, and dyslipidemia [15–19].
AGEs contribute to vascular stiffening not only by the formation of cross-links on long-lived
proteins such as collagen, but also by reducing nitric oxide bioavailability [20], increasing
reactive oxygen species (ROS) formation [16], and stimulating endothelin-1 transcription in
endothelial cells [21]. An interesting study using 18F-fluorodeoxyglucose positron emission
tomography (FDG-PET) revealed a significant impact of T2DM on FDG uptake in the
carotid wall, with the degree of uptake increasing with fasting glucose levels [18]. Other
studies have also suggested the association between arterial stiffness and plasma lipid lev-
els [19,22,23]. Therefore, targeting the factors contributing to arterial stiffening in patients
with T2DM could help to reduce diabetes-related CV morbidity.

Structural alterations in the arterial wall can be detected by ultrasound (US), as the
mechanical energy of the propagating US interacts with the material of the arterial media.
The information from this ultrasound–tissue interaction is contained in the reflected signal,
which is captured by the US transducer and converted into an electrical signal known as
a radiofrequency (RF) signal [24]. Arterial wall changes can be assessed either through
the densitometric analysis of B-mode images or by analyzing the RF signal. In previous
studies, a first-order densitometric analysis of the B-mode carotid images showed a direct
correlation between the mean gray level of the carotid plaque shoulder and the content of
VSMCs, as assessed by immunocytochemistry (r = 0.58) [25], and the integrated backscatter
power of the carotid media was correlated directly with both the elastic fragmentation
index and the collagen fiber index, as determined by histological examination [26].

In the present study, we compared the power of the signal reflected from the media
layer (media power) of the common carotid artery (CCA), as well as the CCA geometry
and stiffness, between T2DM patients and non-diabetic individuals free of CV events. We
also assessed the association of CCA media power with body size, BP, plasma glucose and
lipid levels, and carotid stiffness.

2. Materials and Methods

2.1. Study Population and Protocol

The study population consisted of 540 individuals without a history of myocardial
ischemia (symptoms, ECG), myocardial infarction and percutaneous coronary procedures,
transient ischemic attack and ictus, peripheral artery disease, or carotid plaque in the CCA.
The participants were voluntarily recruited from the prospective cohort study, “MHeLP,
Montignoso Heart and Lung Project”, during follow-up visits between December 2015 and
January 2022. All participants underwent an examination protocol that included medical
history, anthropometry, brachial BP measurements, fasting blood test, ECG, and a high-
resolution carotid ultrasound. Diabetes mellitus was defined as fasting glucose ≥ 7.0 mmol/L
or 2 h plasma glucose ≥ 11.1 mmol/L confirmed by a second test, or treatment for dia-
betes [27]. Type 1 diabetes mellitus was ruled out based on medical history, insulin, and
C-peptide plasma levels. Hypertension was defined as systolic BP > 140 mmHg and/or
diastolic BP > 90 mmHg [28].

The study protocol adhered to the ethical guidelines of the 1975 Declaration of Helsinki,
and was approved by the “Comitato Etico di Area Vasta Nord-Ovest” (CEAVNO), approval
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code number 2514, approval date 1 September 2008, at the beginning of the MHeLP study.
All individuals gave their informed consent to participate.

2.2. Body Size and BP Measurement

Body weight (kg) and height (m) were measured, and body mass index (BMI, kg/m2)
was calculated. Waist circumference (cm) was measured as the narrowest circumference
between the lower rib margin and the anterior superior iliac crest. BP was measured at
two different visits by a validated digital electronic tensiometer (Omron, model 705cp,
Kyoto, Japan). Measurements were taken with participants seated for at least 10 min, using
regular or large adult cuffs, depending on arm circumference. Two measurements were
taken at each visit, and the average was calculated. The mean of the two visits was used
to estimate brachial BP (mmHg). Brachial pulse pressure was calculated as the difference
between systolic and diastolic BP.

2.3. CCA Intima–Media Thickness, Luminal Diameter, Wall Tensile Stress, Local Pulse Wave
Velocity, Media Thickness and Media Power

Carotid ultrasound was performed on the right CCA by a single operator blinded to
the diagnosis of the participants, using an ultrasound scanner equipped with a 10 MHz
linear probe (MyLabOne, Esaote, Genova, Italy) and RF-based tracking of the arterial wall
(QIMT®, QAS®), which automatically determines far-wall intima–media thickness (IMT),
inter-adventitial diameter (IAD) and distension with high spatial and temporal resolution
(sampling rate of 550 Hz on 32 lines) [29–31]. CCA structure and function were assessed
within a rectangular 1 cm long ROI placed 1 cm before the flow divider. All participants
were asked to abstain from cigarette smoking, caffeine and alcohol consumption, and
vigorous physical activity for 24 h prior to the examination.

CCA IMT was defined as the distance between the lumen–intima and the media–
adventitia interfaces of the CCA far (posterior) wall at diastole, and IAD as the distance
between the media–adventitia interfaces of the near and far wall at diastole. CCA luminal
diameter (mm) was calculated as IAD-(2*IMT) [32]. Carotid wall tensile stress (WTS; kPa)
was calculated according to Laplace’s law as pulse pressure*(r/w), where r is the luminal
radius (luminal diameter/2) and w is the wall thickness (far-wall IMT) [33]. Local carotid
pulse wave velocity (PWV; m/s) was estimated from distension curves using the Bramwell–
Hill equation, which relates propagation velocity to arterial distensibility through the
following equation: CCA PWV =

√
ρ × DC, where ρ is the blood density and DC is

distensibility coefficient describing the absolute change in vessel diameter (ΔD) during
cardiac cycle for a given change in local pressure (Δp) [31,34]. The local carotid pressure
used for PWV calculation was estimated by the QAS system, converting the distension
curve to pressure curve by a linear conversion factor and assuming that the difference
between mean arterial pressure and diastolic pressure is invariant along the arterial tree [35].
The peripheral BP needed for rescaling was measured at the left brachial artery (Omron,
Kyoto, Japan) during each acquisition of the distension curves.

The ultrasound system was modified to allow the raw RF signal to be transmitted and
stored on a personal computer and later analyzed using MATLAB programming platform
(MathWorks, Natick, MA, USA). Peak signal-to-noise ratio (PSNR) of media layer was
calculated in the time domain. PSNR, or media power, represents the ratio between the
maximum signal power (p) and the signal noise power, defined as variance (var) and
calculated in the center of the vessel. Media power was expressed as 10 log(P/var).

RF-derived measures (IMT and distension) represent the average of 6 consecutive
cardiac beats. The mean of two acquisitions was used for statistical analysis. Intra- and
interindividual variability was assessed in 25 volunteers, with acquisitions performed
in two separate sessions 30 min apart, both by the same operator and by two different
operators. Brachial pulse pressure was consistent across different acquisitions (p = 0.88).
Intra- and interindividual variability for IMT and distension measurements were 6.7 ± 4.2
and 8.7 ± 6.4%, and 7.5 ± 4.6 and 9.0 ± 6.9%, respectively.
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2.4. Statistical Analysis

Data are expressed as mean ± SD, categorical data as percentages. Variables with
skewed distribution were summarized as median (interquartile range), and were loga-
rithmically transformed for parametric statistical analysis. ANOVA was used to compare
continuous variables, while the χ2 test was applied for categorical variables. The association
of CCA media power and PWV with variables related to T2DM such as body size and
plasma levels of lipids and glucose were assessed by univariate regression analysis. To
identify the independent determinants of CCA media power and PWV, multiple regression
analysis with backward stepwise removal was performed.

Two multiple regression analyses were conducted; in the first, we tested the indepen-
dent associations of vascular measures with sex, age, BP, current smoking, hypertensive
and lipid-lowering therapy, and the presence of T2DM. In the second analysis, we ex-
amined independent associations with sex, age, BP, current smoking, hypertensive and
lipid-lowering therapy, and T2DM-related variables that were significantly associated with
vascular measures in the univariate analysis (p < 0.05). Statistical tests were two-sided,
and significance was set at a value of p < 0.05. Statistical analysis was performed by JMP
software, version 3.1 (SAS Institute Inc., Cary, NC, USA).

3. Results

Characteristics of the study population are reported in Table 1, and the differences in
established CV risk factors between individuals with and without T2DM in Table 2. The
T2DM patients were more often men, were older, and had higher body size, plasma levels
of triglycerides (TGs), and fasting glucose, and lower levels of HDL and LDL cholesterol.
They also had a higher prevalence of hypertensive and lipid-lowering treatment. Brachial
BP and current smoking did not differ between the two groups.

Table 3 compares the CCA geometry and function between individuals with and with-
out T2DM, after adjustment for sex, age, and BMI. The diabetic patients had significantly
higher CCA IMT, media thickness, luminal diameter, media power, and PWV compared to
the non-diabetic individuals. The WTS was comparable between the two groups.

In the entire population, the CCA media power increased with waist circumference,
pulse pressure, TGs, and fasting glucose (r = 0.15–0.23; p < 0.005–0.0001), and decreased
with HDL cholesterol (r = −0.22; p < 0.0001). The CCA PWV increased with media power
(r = 0.29; p < 0.0001), as well as with age, waist circumference, pulse pressure, TGs, and
fasting glucose (r = 0.14–0.40; p < 0.005–0.0001), and decreased with HDL cholesterol
(r = −0.14; p < 0.005). In addition, the plasma TGs increased and HDL cholesterol decreased
with fasting plasma glucose levels (r = 0.25 and −0.29, respectively; p < 0.0001 for both).

Table 4 demonstrates the results of the multiple regression analyses for CCA media
power and CCA PWV across the entire population. In the first analysis, which included
T2DM as the independent variable, media power was independently associated with male
sex, pulse pressure, current smoking, and T2DM. In the second analysis, which included
T2DM-related variables, media power was independently associated with male sex, pulse
pressure, current smoking, and TG levels. CCA PWV was independently associated with
age, pulse pressure, media power, and T2DM in the first analysis, and with age, pulse
pressure, media power, and fasting glucose levels in the second analysis.

126



J. Clin. Med. 2024, 13, 5654

Table 1. Characteristics of Study Population.

Mean ± SD/Median (IQR)/n (%) Range

Sex—Male:Female 273 (49):267 (51)
Age (years) 64 ± 8 41–90

BMI (kg/m2) 27.2 ± 4.1 15.5–51.7
Waist circumference (cm) 96 ± 12 64–139

Brachial systolic BP (mmHg) 134 ± 20 96–198
Brachial pulse pressure (mmHg) 57 ± 16 25–105

HDL cholesterol (mmo/L) 1.53 ± 0.42 0.44–3.05
LDL cholesterol (mmo/L) 3.15 ± 0.88 0.91–6.43

TGs (mmo/L) 1.06 [0.77] 0.23–4.28
Fasting glucose (mmol/L) 5.70 ± 1.27 2.39–13.39

Current smoker (yes) 94 (17)
Hypertension therapy (yes) 130 (24)

T2DM (yes) 115 (21)
Lipid-lowering therapy (yes) 126 (23)

Table 2. Established Cardiovascular Risk Factors in Individuals with and without T2DM.

Mean ± SD/Median (IQR)/n (%) p *
T2DM (No) T2DM (Yes)

425 115
Sex (male) 189 (45) 84 (73) <0.0005
Age (years) 63 ± 8 67 ± 8 <0.0001

BMI (kg/m2) 26.8 ± 4.1 28.7 ± 4.0 <0.0005
Waist circumference (cm) 95 ± 12 103 ± 12 <0.0001

Brachial systolic BP (mmHg) 134 ± 20 132 ± 18 0.09
Brachial pulse pressure (mmHg) 57 ± 17 57 ± 15 0.14

HDL cholesterol (mmo/L) 1.60 ± 0.42 1.28 ± 0.34 <0.0001
LDL cholesterol (mmo/L) 3.28 ± 0.83 2.69 ± 0.92 <0.0001

TGs (mmo/L) 0.98 [0.75] 1.23 [0.90] 0.0001
Fasting glucose (mmol/L) 5.27 ± 0.62 7.35 ± 1.70 <0.0001

HbA1c (%) 45.4 [13.2]
Current smoker (yes) 70 (17) 24 (21) 0.32

Hypertension therapy (yes) 81 (19) 49 (43) <0.0001
Lipid-lowering therapy (yes) 64 (15) 62 (54) <0.0001

*: adjusted for sex and age.

Table 3. CCA Geometry and Function in Individuals with and without T2DM.

Mean ± SD p *
T2DM (No) T2DM (Yes)

Luminal diameter (mm) 6.12 ± 0.78 6.86 ± 0.96 <0.0005
IMT (microns) 725 ± 135 802 ± 153 <0.005

Media thickness (microns) 652 ± 122 721 ± 138 <0.005
Wall tensile stress (kPa) 32.7 ± 10.4 33.1 ± 10.7 0.25

Media power 36.1 ± 4.8 39.3 ± 4.6 <0.0001
PWV (m/s) 7.65 ± 1.32 8.40 ± 1.89 <0.01

*: adjusted for sex, age and BMI.
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Table 4. Independent Determinants of CCA Media Power and PWV.

Model with T2DM
Model with

T2DM-Related Factors
Beta ± SE p Beta ± SE p

CCA Media
power

Sex (male) 0.28 ± 0.04 <0.0001 0.31 ± 0.04 <0.0001

PP (mmHg) 0.15 ± 0.04 <0.0005 0.13 ± 0.04 <0.005
Smoking (yes) 0.14 ± 0.05 <0.01 0.12 ± 0.05 <0.05

T2DM (yes) 0.24 ± 0.04 <0.0001
logTGs 0.14 ± 0.04 0.001

Cumulative R2 0.18 <0.0001 0.16 <0.0001
CCA PWV (m/s) Age (years) 0.13 ± 0.04 <0.005 0.13 ± 0.04 <0.005

PP (mmHg) 0.33 ± 0.04 <0.0001 0.31 ± 0.04 <0.0001
CCA media power 0.19 ± 0.03 <0.0001 0.22 ± 0.03 <0.0001

T2DM (yes) 0.17 ± 0.04 0.0005
FPG (mmol/L) 0.12 ± 0.03 <0.005
Cumulative R2 0.25 <0.0001 0.25 <0.0001

PP: pulse pressure, FPG: fasting plasma glucose.

4. Discussion

In this study, patients with T2DM exhibited significantly higher CCA media power
and PWV compared to non-diabetic individuals. The increase in media power likely reflects
alterations in the extracellular matrix of the arterial wall, a hypothesis supported by both
experimental and clinical studies. In an “ex vivo” study, the integrated backscatter signal
from freshly excised human aortic segments increased from normal to fibrous and calcified
regions [36]. In an experimental study on the canine ascending aorta, the backscatter
coefficient for elastin-isolated tissue was found to be five times higher than that of collagen-
isolated tissue, suggesting that elastin fibers are the primary scattering components within
elastic arteries [37]. In a human study, the integrated backscatter value of the carotid media
obtained ante mortem was correlated with both the elastic fragmentation index and the
collagen fiber index (r = 0.63 and 0.59, respectively) in histological specimens. Additionally,
the integrated backscatter was correlated directly with the carotid beta stiffness index [26].

T2DM can induce changes in arterial wall composition through various mechanisms
related to its metabolic dysregulation and systemic inflammation [15–23]. In the present
study, T2DM was identified as an independent determinant of media power. However,
when T2DM-related variables, like body size and plasma lipid and glucose levels, were
included in the model, TG levels emerged as independent determinants of media power,
which, in turn, was an independent determinant of carotid stiffness.

Hypertriglyceridemia is the most common lipid abnormality in T2DM, and several
studies have demonstrated a link between TGs and arterial stiffness [19,22,38,39], as well
as between TGs and CV events [22,40]. In healthy men, TG levels were found to be asso-
ciated with augmentation index independently of other cardiometabolic risk factors [38].
Similarly, in a community-based population in China, plasma TG levels were indepen-
dently associated with both carotid–femoral and carotid–radial PWV, and changes in TG
levels over a 4.8-year period were correlated with changes in carotid–femoral PWV [39].
The impact of TGs on CV events was highlighted in a Danish study of newly diagnosed
T2DM patients without previous CV disease, in which TG levels were associated with
major adverse cardiac events, starting at a level of 1.0 mmol/L [40]. Moreover, a recent
meta-analysis of randomized controlled trials showed that TG-lowering therapy in diabetic
patients resulted in a reduced risk of CV events (RR = 0.91, 95% CI 0.87–0.95), independent
of the degree of TGs reduction and glycemic control [41].

The mechanisms linking TGs to the structural changes in media and arterial stiffening
are not fully understood, but experimental studies offer some potential explanations.
TGs are composed of three fatty acids esterified to a glycerol molecule, and elastin has
a propensity to associate with fatty acids. The resulting elastin–fatty acid complexes are

128



J. Clin. Med. 2024, 13, 5654

more susceptible to elastolysis than elastin itself [42–44]. Certain saturated fatty acids, such
as palmitic acid, may also promote medial calcification by enhancing the production of
reactive oxygen species, which stimulate extracellular-signal-regulated kinase (ERK1/2)-
mediated osteogenic gene expression and osteogenic differentiation of VSMCs [45]. In
warfarin/vitamin K-treated Wistar rats, the addition of palmitic acid to the diet increased
aortic calcification by 2.4-fold, and this increase was associated with a significant rise in
aortic PWV [45]. Taken together, these findings suggest that TGs may accelerate elastin
fragmentation in the carotid media and induce medial calcification, both of which could
enhance the power of reflected signals and increase carotid stiffness. As expected, carotid
stiffness also increased with increasing fasting plasma glucose levels [46].

Other independent determinants of media power, aside from T2DM and TGs, include
pulse pressure, current smoking, and male sex. Chronic exposure to high pulsatile load
exerts a fatiguing effect on the load-bearing elements of the arterial media, mainly on elastin,
causing its fracture and fragmentation [13]. Exposure to tobacco smoke has been shown to
increase the number of elastin breaks in the thoracic and abdominal aorta of mice [47], as
well as to elevate the content of VSMCs and the extracellular matrix in the aortic wall [48].
The impact of sex on the echo-reflectivity of the carotid media is less clear, but it may be
explained by the influence of sex hormones on VSMC proliferation and migration, as well
as the sex-specific expression of mineralocorticoid receptors (MRs) in VSMCs. Endogenous
estrogen and progesterone inhibit VSMC proliferation and migration [49–52], while the
MRs in VSMCs may accelerate age-related vascular fibrosis and stiffening, particularly
in males [53].

Structural changes in the carotid media can induce arterial remodeling, as the loss of
media elastic function leads to luminal enlargement and increases in WTS [54]. Increased
tensile stress activates intracellular signaling pathways, which promotes VSMCs prolifer-
ation and migration within the media [55], resulting in wall thickening and subsequent
stress reduction. Indeed, our T2DM patients exhibited higher CCA PWV and luminal
diameter, but comparable WTS due to higher media thickness.

Study Limitations

The T2DM patients and non-diabetic individuals were not comparable for sex, age or
body size, all of which contribute to arterial stiffening and remodeling. However, analyses
comparing the vascular measures in diabetic and non-diabetic individuals were adjusted for
sex, age and BMI. Markers of inflammation, which might contribute to structural changes
in the carotid media of T2DM patients, were not assessed.

5. Conclusions

This is the first study to analyze the power of the signal reflected from the carotid
wall, with the aim of obtaining information on diabetes-related alterations in the carotid
media. Our findings indicate that hypertriglyceridemia, the most common diabetic lipid
abnormality, may trigger structural changes in arterial media, leading to arterial stiffening
and remodeling. Since arterial stiffness is a strong predictor of CV mortality, and since the
T2DM patients had accelerated arterial stiffening, strict TG control could reduce CV risk in
diabetic patients.
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