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Abstract: Background: Arterial hypertension (AH) is a significant risk factor for cardiovascular
disease and is associated with increased arterial stiffness, particularly as measured by pulse wave
velocity (PWV). This study aims to explore the relationships between age groups, antihypertensive
and new oral antidiabetic drugs, body composition, and arterial stiffness parameters in hypertensive
patients. Methods: A single-center cross-sectional study was conducted including 584 participants
who underwent 24 h ambulatory blood pressure monitoring (including central blood pressure (BP)
and PWV measurement), body composition analysis, and provided medical history and current
pharmacotherapy data. Results: The study found that PWV was significantly higher in patients with
poorly regulated BP in those aged 65 years and older. Significant PWV predictors included systolic
BP, heart rate, peripheral mean arterial pressure, peripheral pulse pressure, augmentation index,
calcium channel blockers, moxonidine, sodium–glucose co-transporter 2 inhibitors, urapidil, and
statin prescription. Also, statistically significant negative correlations were found between PWV and
visceral fat level, fat-free mass, and the percentage of muscle mass. Conclusions: The findings suggest
that arterial stiffness is interconnected with peripheral and central blood pressure parameters, body
composition parameters, and prescribed hypertensive and new antidiabetic drugs.

Keywords: arterial hypertension; arterial stiffness; pulse wave velocity; body composition;
antihypertensive medication

1. Introduction

Arterial hypertension (AH) is one of the major risk factors for cardiovascular disease
(CVD), affecting more than one-third of the population, and accounting for 20.5% of the
global burden of CVD. Also, AH is the leading cause of death and disability worldwide [1].
Large artery stiffness is an established biomarker of vascular aging. The progression
of artery stiffness is related not only to aging but also to cumulative exposure to many
cardiovascular risk factors throughout life [2]. The relationship between AH and arterial
stiffness is complex and is probably bidirectional, with high blood pressure stiffening
arteries and stiff arteries inducing blood pressure (BP) increase [3].

Arterial stiffness, measured mostly by pulse wave velocity (PWV), is a crucial marker
in assessing cardiovascular health. Elevated PWV is linked to worse outcomes in BP
control and overall vascular function [4]. In the China Stroke Primary Prevention Trial,
which included over 3000 hypertensive subjects, it was found that individuals with higher
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baseline PWV experienced smaller reductions in BP during short-term antihypertensive
treatment. This inverse relationship between PWV and BP reduction was most pronounced
for systolic BP, suggesting that arterial stiffness plays a significant role in determining the
efficacy of antihypertensive therapy [5].

The results from a recently published meta-analysis support that antihypertensive
drugs are a suitable treatment to reduce arterial stiffness in patients with AH. Based on the
results, angiotensin-converting enzyme inhibitors (ACEi), angiotensin receptor blockers
(ARB), beta-blockers (BB), calcium channel blockers (CCB), renin inhibitors, the thiazide
diuretics/ACEi combination, the ARB/CCB combination, and the ACEi/ARB combination
could be useful for patients with AH who have higher levels of arterial stiffness [6].

In addition to its role in BP control, PWV is also influenced by other cardiometabolic
factors, including insulin resistance (IR) and visceral adipose tissue (VAT). The combination
of IR and VAT further exacerbates arterial stiffness and increases the risk of hyperten-
sion. Notably, VAT acts as a mediator of IR’s effects on arterial stiffness, emphasizing the
importance of targeting both IR and visceral fat (VF) in managing cardiovascular risk [7].

Therefore, some data suggest that antidiabetic drugs might influence arterial stiffness
measured as PWV. Both glucagon-like peptide-1 receptor agonists (GLP1-RA) and, to a
lesser extent, dipeptidyl peptidase 4 inhibitors (DPP4i) significantly decreased PWV [8].
Dapagliflozin can reduce arterial stiffness in people with type 2 diabetes mellitus (T2DM) [9]
and is also associated with a significant decrease in BP [10] and a favorable lipid profile [10,11].
In contrast, the results from a recently published meta-analysis showed that there was no
evidence of a favorable change in arterial stiffness indices found following the administration
of sodium–glucose transport protein 2 inhibitors (SGLT-2i) or GLP1-RA [12].

Body composition, including fat mass (FM) and lean mass (LM), also plays crucial
roles in arterial health. Increased FM, particularly in the trunk region, is linked to higher
PWV and arterial stiffness. Interestingly, there is an “arterial paradox” where higher FM
may sometimes correlate with better arterial function, highlighting the complexity of these
relationships [13].

Considering the significant effects arterial stiffness has on overall morbidity and mor-
tality in hypertensive and obese patients, the aim of this study was to evaluate and further
explore the interplay between age groups, antihypertensive and new oral antidiabetic
drugs, body composition, and arterial stiffness parameters to gain a better understanding
of the effects and possible advantages in treating high-risk hypertensive patients.

2. Materials and Methods
2.1. Study Population and Design

A single-center, cross-sectional study was conducted at the Outpatient Clinic for
Arterial Hypertension, Nephrology and Dialysis Division, Internal Medicine Department,
University Hospital Centre Split, Croatia, between February 2021 and June 2023.

Patients prescribed with antihypertensive medicine/s (AMs) and/or with confirmed
AH via 24 h ambulatory blood pressure monitoring (24h-ABPM) (criteria/threshold ap-
plied: systolic blood pressure > 130 mmHg and/or diastolic blood pressure > 80 mmHg)
were included if they avoided the following exclusion criteria: (i) incomplete or invalid
blood pressure measurement, (ii) pregnancy, (iii) immobility, (iv) implanted pacemaker
or cardioverter–defibrillator, (v) limb amputation, (vi) existing edema, (vii) existing acute
infection, or (viii) active underlying malignant disease. The selection process with the
inclusion and exclusion criteria is visually presented in detail in Figure 1.

All the eligible patients performed a 24h-ABPM and body composition analysis. Medi-
cal history as well as ambulatory self-reports were used to obtain data on pharmacotherapy.

The participants were informed of the purpose of the study and provided written
and verbal consent. This study was conducted in accordance with the guidelines of the
latest version of the Declaration of Helsinki, good clinical practice (GCP) standards, and
the study protocol was approved by the Ethics Committee of the University Hospital of
Split on 27 September 2022 (Class 500-03/22-01/170, Ur.no. 500-03/23-01/84).
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Figure 1. Participant selection process. Abbreviations: 24h-ABPM—24 h ambulatory blood pressure
measurement; BMI—body mass index; BP—blood pressure.

2.2. Blood Pressure Measurement

BP measurement was performed based on oscillometry principles using a 24h-ABPM
monitor IEM Mobile-O-Graph (IEM GmbH, Stolberg, Germany); its oscillometric cuff was
placed on the non-dominant arm. The latter device was programmed to measure BP from
8:01 a.m. to 12:00 p.m. and from 12:01 a.m. to 8:00 a.m. at 15 min and 30 min intervals, re-
spectively. The records having at least 20 ambulatory BP measurements during the day and
10 during the night (which is at least 70% of all the measurements) were considered valid.
Instructions from the device manual were fully followed for all the measurements [14]. The
following parameters were collected: central systolic blood pressure (cSBP; mmHg), central
diastolic blood pressure (cDBP; mmHg), peripheral systolic blood pressure (pSBP; mmHg),
peripheral diastolic blood pressure (pDBP; mmHg), peripheral mean arterial pressure
(pMAP; mmHg), heart rate (HR; bpm), peripheral pulse pressure (pPP; mmHg), stroke
volume (SV; mL/beat), augmentation index normalized to 75 beats per minute (Aix@75),
PWV (m/s), and the dipping status of systolic and diastolic BP.

Data on the regulation of BP was collected using 24h-ABPM with the cut-off being
systolic BP > 130 mmHg and/or diastolic BP > 80 mmHg in total 24 h average values. The
regulation was defined as a good regulation of BP if both systolic and diastolic were below
cut-off points, whilst the inadequate regulation of BP was differentiated as inadequate
systolic, diastolic, or systolic–diastolic depending on the component/s (systolic, diastolic,
or both) with elevated total 24 h average values.

2.3. Body Composition Measurements

On the same day when the 24h-ABPM monitor was placed, the body composition
parameters were collected via the MC-780 Multifrequency Segmental Body Mass Analyzer
(Tanita, Tokyo, Japan). Prior to the body composition measurements, a stadiometer was
used to determine the height of the participants. All the participants were instructed in
advance to follow the guidance from the instrument’s instruction manual, which are (i) emp-
tying the bladder, (ii) not consuming food or liquid for at least 3 h before the measurement,
and (iii) refraining from strenuous physical activity and alcohol consumption for at least
one day before the measurement [15]. The scale, using the bioelectrical impedance model,
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was then used to determine the body mass (kg), body mass index (BMI; kg/m2), percentage
of muscle mass (PMM; %), fat-free mass (FFM; kg), fat mass (FM; kg and %), visceral fat
(VF), skeletal muscle index (SMI), and phase angle (PhA; ◦) for each study participant.

2.4. Medical History and Current Medication Treatment

Medical history/records as well as ambulatory self-reports were used to obtain the
following data: the presence of chronic kidney disease (CKD), diabetes mellitus (DM),
CVD, cerebrovascular disease (CBD), and a history of malignancy (either currently active
or in remission). Additionally, the data on current pharmacotherapy were collected for
the following medicine groups: BB, ACEi, ARB, CCB, diuretics, moxonidine, urapidil, α-1
antagonists, aldosterone antagonist (MRA), oral antihyperglycemics in general, SGLT-2i,
GLP-1RA, insulin, statins, and uric acid inhibitors. Data on the total number of prescribed
medicines as well as antihypertensive fixed-combination prescriptions were also noted.

2.5. Statistical Analysis

To perform descriptive statistical analysis, a Shapiro–Wilk test was first conducted
to assess the normality of the numerical variables. These variables were then presented
with mean and standard deviation (SD) if they were normally distributed, or with medians
and interquartile range (IQR) if they deviated from normality. The categorical variables
were presented with frequencies and percentages. To assess the differences between the
two groups (those with regulated and nonregulated BP), the chi-square test was used for
the categorical variables, and t-test or Mann–Whitney U test for the numerical variables
depending on the normality distribution. To identify the predictors of PWV, a generalized
linear regression model was performed, corrected for the effects of age, sex, the presence
of DM and CKD, and BP regulation. Finally, to evaluate the correlation between PWV
and visceral fat levels, the Pearson correlation analysis was performed separately. The
statistically significant results were those with a p-value < 0.05. The regression results were
presented with betas and standard errors (SEs), while the correlation results were presented
with Pearson correlation coefficient (R). All the analyses were performed in R v4.3.2 [15].

3. Results

A total of 584 participants (48.6% females) were included in the study, with a median
age of 63 years (IQR 19). Table 1 presents the sociodemographic, body composition, and
24h-ABPM parameters. Supplementary Table S1 provides a more comprehensive overview
of the general characteristics of the study population. Furthermore, Figure 2 provides a
detailed overview of the pharmacotherapy prescriptions among the study participants.

Table 1. General characteristics of study population.

Variable *,**,*** All
(n = 584)

Sex, n (%)
Male 300 (51.37)

Female 284 (48.63)

Age (years), median (IQR) 63 (19)

Height (cm), mean (SD) 173.61 (9.75)

Weight (kg), median (IQR) 86 (23.43)

BMI (kg/m2), median (IQR) 28.75 (6.52)

FM (%), mean (SD) 29.03 (8.69)

FM (kg), median (IQR) 24.9 (13.6)

VF level, median (IQR) 10 (6)

FFM (kg), median (IQR) 61.35 (16.85)

PMM (%), median (IQR) 58.25 (16.05)
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Table 1. Cont.

Variable *,**,*** All
(n = 584)

SMI, median (IQR) 8.42 (2.05)

PhA (◦), median (IQR) 5.4 (1)

Smoking, n (%)
Yes 127 (21.75)

No 457 (78.25)

CKD, n (%)
Yes 243 (41.61)

No 341 (58.39)

DM, n (%)
Yes 188 (32.19)

No 396 (67.81)

Malignancies, n (%)
Yes 66 (11.3)

No 518 (88.7)

CVD, n (%)
Yes 120 (20.55)

No 464 (79.45)

CBD, n (%)
Yes 16 (2.74)

No 568 (97.26)

pSBP (mmHg), median (IQR) 129 (17)

pDBP (mmHg), median (IQR) 78 (13)

HR (bpm), median (IQR) 70 (12)

pMAP (mmHg), median (IQR) 101 (14)

pPP (mmHg), median (IQR) 50 (13)

cSBP (mmHg), median (IQR) 118 (15)

cDBP (mmHg), median (IQR) 79.5 (14)

AIx@75, median (IQR) 25 (10)

PWV (m/s), median (IQR) 9 (2.9)

SV (mL/beat), median (IQR) 70 (9)

Dipping systole, n (%)
No 423 (72.43)

Yes 161 (27.57)

Dipping diastole, n (%)
No 346 (59.25)

Yes 238 (40.75)
* Formatting of the first column: variable (unit of measurement), type of data provided. Note: in case no unit of
measurement is provided, the variable does not require it as it is a number or an index. ** Measuring units in order
of appearance: cm—centimeter; kg—kilogram; kg/m2—kilogram per meter square; %—percentage; ◦—degree;
mmHg—millimeters of mercury; m/s—meter per second; bpm—beats per minute; mL/beat—milliliters per beat.
*** Abbreviations in order of appearance: IQR—interquartile range; SD—standard deviation; BMI—body mass
index, FM—fat mass; VF—visceral fat; FFM—fat-free mass; PMM—percentage of muscle mass; SMI—skeletal
muscle index; PhA—phase angle; CKD—chronic kidney disease; DM—diabetes mellitus, CVD—cardiovascular
disease; CBD—cerebrovascular disease; pSBP—peripheral systolic blood pressure; pDBP—peripheral diastolic
blood pressure; HR—heart rate; pMAP—peripheral mean arterial pressure; pPP—peripheral pulse pressure;
cSBP—central systolic blood pressure; cDBP—central diastolic blood pressure; AIx@75—augmentation index
normalized to 75 beats per minute; PWV—pulse wave velocity; SV—stroke volume.
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angiotensin-converting enzyme inhibitors; ARB—angiotensin receptor blocker; BB—beta-blocker;
CCB—calcium channel blockers; GLP-1RA—glucagon-like peptide-1 receptor agonist; MRA—
aldosterone antagonist; SGLT-2i—sodium–glucose transport protein 2 inhibitors.

To assess differences in BP regulation, the participants were classified into two groups based
on their 24h-ABPM results: those with well-regulated blood pressure (systolic < 130 mmHg and
diastolic < 80 mmHg) and those with poorly regulated blood pressure (systolic ≥ 130 mmHg
and/or diastolic ≥ 80 mmHg). Considering age-related variations in blood pressure
profiles, the participants were further divided into two subgroups: younger than 65 years
and 65 years and older. Table 2 highlights significant differences in the measured parameters
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between these groups, while Supplementary Table S2 provides a complete overview of all
the measured and evaluated parameters. Notably, both age groups exhibited higher FFM
and PMM in individuals with poorly regulated blood pressure. Interestingly, PWV, the
primary outcome of this study, was significantly elevated only in the older participants
(≥65 years) with poorly regulated BP.

Table 2. Significant differences in the measured parameters regarding the age and blood pressure
regulation.

Variable *,**,***
Regulated BP

< 65 Years
(n = 112)

Nonregulated BP
< 65 Years
(n = 213)

p
Regulated BP
≥ 65 Years
(n = 124)

Nonregulated BP
≥ 65 Years
(n = 135)

p

Age (years), median (IQR) 55.5 (12.25) 52 (13) 0.001 72 (7) 71 (8) 0.591

Height (cm), mean (SD) 173 (12.4) 176 (13) 0.013 170.21 (9.15) 171.25 (9.32) 0.367

FFM (kg), median (IQR) 62.25 (17.2) 64.1 (17) 0.025 58.2 (13.52) 61.3 (16.5) 0.039

PMM (%), median (IQR) 59.15 (16.4) 60.9 (16.2) 0.025 55.3 (12.9) 58.2 (15.7) 0.039

CVD, n (%)
Yes 21 (18.75) 21 (9.86) 0.036 37 (29.84) 41 (30.37) 1.000

No 91 (81.25) 192 (90.14) 0.036 87 (70.16) 94 (69.63) 1.000

pSBP (mmHg), median (IQR) 120 (10) 134 (13) 0.000 121 (10) 138 (15) <0.001

pDBP (mmHg), median (IQR) 73 (8) 86 (10) 0.000 69.52 (5.55) 80.23 (7.43) <0.001

HR (bpm), median (IQR) 70.26 (8.57) 73.95 (9.38) 0.001 66.4 (8.92) 67.91 (9.31) 0.183

pMAP (mmHg), median (IQR) 94 (8) 107 (11) <0.001 93.5 (8) 107 (9) <0.001

pPP (mmHg), median (IQR) 47 (9.25) 48 (15) 0.008 50 (7) 58 (16) <0.001

cSBP (mmHg), median (IQR) 110 (7.25) 123 (13) <0.001 110 (10) 125 (11.5) <0.001

cDBP (mmHg), median (IQR) 75 (8.25) 87 (9) <0.001 71.5 (8) 82 (10.5) <0.001

AIx@75, median (IQR) 22.05 (7.55) 23.39 (7.59) 0.132 26 (10) 28 (8) 0.001

PWV (m/s), median (IQR) 7.7 (1.63) 7.8 (1.9) 0.198 10.2 (1.1) 10.9 (1.35) <0.001

ACEi, n (%)
Yes 73 (65.18) 85 (39.91) <0.001 71 (57.26) 67 (49.63) 0.269

No 39 (34.82) 128 (60.09) <0.001 53 (42.74) 68 (50.37) 0.269

Statins, n (%)
Yes 35 (31.25) 41 (19.25) 0.022 66 (53.23) 61 (45.19) 0.243

No 77 (68.75) 172 (80.75) 0.022 58 (46.77) 74 (54.81) 0.243

Fixed antihypertensive drugs
combinations use, n (%)

Yes 60 (53.57) 61 (28.64) <0.001 63 (50.81) 54 (40) 0.105

No 52 (46.43) 152 (71.36) <0.001 61 (49.19) 81 (60) 0.105

* Formatting of the first column: variable (unit of measurement), type of data provided. Note: in case no
unit of measurement is provided, the variable does not require it as it is a number or an index. ** Measuring
units in order of appearance: cm—centimeter; kg—kilogram; %—percentage; mmHg—millimeters of mercury;
bpm—beats per minute; m/s—meter per secund. *** Abbreviations in order of appearance: IQR—interquartile
range; SD—standard deviation; FFM—fat-free mass; PMM—percentage of muscle mass; CVD—cardiovascular
disease; pSBP—peripheral systolic blood pressure; pDBP—peripheral diastolic blood pressure; HR—heart rate;
pMAP—peripheral mean arterial pressure; pPP—peripheral pulse pressure; cSBP—central systolic blood pres-
sure; cDBP—central diastolic blood pressure; AIx@75—augmentation index normalized to 75 beats per minute;
PWV—pulse wave velocity; ACEi—angiotensin-converting enzyme inhibitors.

When analyzing medication use in relation to PWV, the patients using beta-blockers
BB, ACEi, and ARB had significantly higher PWV values. Other medications associated
with increased PWV included CCB, moxonidine, diuretics, peroral antidiabetics, insulin,
statins, and uric acid inhibitors. Additionally, PWV was significantly higher in the patients
using more than three antihypertensive drugs or fixed combination drug regimens. Figure 3
presents a comprehensive analysis of the relationship between medication use and PWV.
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Figure 3. Pulse wave velocity values based on pharmacotherapy prescription patterns. Abbreviations:
PWV—pulse wave velocity; ACEi—angiotensin-converting enzyme inhibitors; ARB—angiotensin
receptor blocker; BB—beta-blocker; CCBs—calcium channel blockers; GLP-1RA—glucagon-like
peptide-1 receptor agonist; MRA—aldosterone antagonist; SGLT-2i—sodium–glucose transport
protein 2 inhibitors. p-value labels: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, ns depicts no
statistical significance (p > 0.05).
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As the primary focus of this research was to evaluate arterial stiffness, PWV was
further analyzed to identify potential predictors. A generalized linear regression model
was used to determine the predictors of PWV among all the study participants, adjusting
for age, sex, the presence of DM and CKD, and BP regulation. After adjusting for the
mentioned confounders, our regression model revealed that increased pSBP, cSBP, Aix@75,
pMAP, pPP, the prescription of CCB, moxonidine, and urapidil were significantly associated
with higher PWV.

Conversely, greater height, weight, VF level, FFM, PMM, HR, and the use of SGLT-2i
and statins were significantly associated with lower PWV. Table 3 presents the statistically
significant predictors of PWV, while Supplementary Table S3 provides a comprehensive
analysis of all the predictors.

Table 3. Significant predictors of PWV in all study subjects (generalized linear regression model
corrected for age, sex, presence of DM, CKD, and BP regulation).

Variable * Beta SE p

Height −0.01237 0.00407 0.002

Weight −0.0031 0.00151 0.04

VF level −0.02303 0.00668 <0.001

FFM −0.00811 0.00316 0.011

PMM −0.00851 0.00331 0.011

pSBP 0.03512 0.00193 <0.001

HR −0.00856 0.0029 0.003

pMAP 0.03299 0.00313 <0.001

pPP 0.04143 0.00202 <0.001

Csbp 0.03213 0.00232 <0.001

AIx@75 0.02005 0.00488 <0.001

CCB use 0.11212 0.05252 0.033

Moxonidine use 0.1839 0.06752 0.007

SGLT-2i use −0.23252 0.10858 0.033

Statin use −0.12192 0.05876 0.038

Urapidil use 0.3763 0.12964 0.004
* Abbreviations: PWV—pulse wave velocity; DM—diabetes mellitus; CKD—chronic kidney disease; VF—visceral
fat; FFM—fat-free mass; PMM—percentage of muscle mass; pSBP—peripheral systolic blood pressure; HR—heart
rate; pMAP—peripheral mean arterial pressure; pPP—peripheral pulse pressure; cSBP—central systolic blood
pressure; AIx@75—augmentation index normalized to 75 beats per minute; CCBs—calcium channel blockers;
SGLT-2i—sodium–glucose transport protein 2 inhibitors.

To further investigate the relationship between PWV and VF level, we analyzed the
correlation between these factors while considering medication use and age. A statistically
significant positive correlation between PWV and VF level was observed in the participants
not using ACEi, ARB, CCB, moxonidine, SGLT-2i, MRA, diuretics, urapidil, BB, or statins.
Additionally, a statistically significant positive correlation between PWV and VF level was
found in the participants younger than 65 years old. Conversely, the participants aged
65 years or older exhibited a statistically significant negative correlation between PWV and
VF level. Figure 4A,B illustrate these findings.
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4. Discussion

Our research offers a thorough examination of the factors contributing to PWV in a
group of hypertensive patients and highlights the complex interactions that affect arterial
stiffness, including those mediated by pharmaceuticals, body composition, and hemody-
namic parameters.

4.1. Pharmacological Therapy and PWV

Our findings suggest that the use of CCB, moxonidine, and urapidil was associated
with higher PWV. This observation is particularly interesting, as CCB are generally consid-
ered to reduce arterial stiffness through their vasodilatory effects and promote vascular
remodeling and improve endothelial function [6,16]. However, it is possible that the pre-
scription of CCB. in this cohort reflects a response to higher baseline arterial stiffness
or more severe hypertension or isolated systolic hypertension in this multimorbid pop-
ulation rather than a direct causal relationship. The association with a centrally acting
antihypertensive agent moxonidine may be confounded by its use in patients with difficult-
to-control AH and CKD. A positive association was also seen between PWV and urapidil,
an alpha-1 adrenoceptor antagonist with central sympatholytic effects. This link may have
resulted from urapidil’s use in patients who needed strong blood pressure control and had
established vascular stiffness.
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On the other hand, the use of SGLT-2i and statins appeared as significant negative
predictors of PWV. SGLT-2i are known to offer multiple cardiorenal benefits and pleiotropic
effects such as weight loss, improvement of hyperuricemia, or improvement in hepatic
steatosis [17,18]. Its role in the reduction in arterial stiffness is thought to be by reducing
BP, inflammation, and oxidative stress; decreasing endothelial cell activation; stimulating
direct vasorelaxation; and ameliorating endothelial dysfunction or the expression of pro-
atherogenic cells and molecules [18–20]. The negative association with PWV observed in
our study adds to the growing body of evidence on SGLT-2i and vascular properties.

Statin prescription was also negatively associated with PWV in this study. Beyond
their cholesterol-lowering effects, statins have been shown to exert pleiotropic effects, in-
cluding anti-inflammatory and endothelial-protective actions, which may contribute to
improved arterial stiffness [21]. A recent meta-analysis found that statins had a beneficial
effect on aortic arterial stiffness [22]. A study on 5105 Chinese adults with high atheroscle-
rotic risk showed statin use associated with slower progression of arterial stiffness [23].
These findings should be interpreted while keeping in mind the design of the study and
sample size.

4.2. Anthropometric Parameters, Body Composition, and PWV

In further analysis, the anthropometric measures of height and weight and the body
composition parameters VF level, FFM, and PMM were inversely associated with PWV.
Vascular stiffness and body composition have a complicated and diverse interaction. A
recent study found short body height significantly associated with increasing BP and PWV
measures for central and peripheral arterial stiffness in Chinese adults which is consistent
with our findings [24].

The negative association with VF is particularly interesting, as visceral adiposity is
typically linked to adverse cardiovascular outcomes [25]. Obesity increases arterial stiffness
due to endothelial dysfunction, impaired vascular smooth muscle cell function, IR, elevated
cholesterol, C-peptide levels, fat distribution, adipose tissue-related renin-aldosterone-
angiotensin system, and increased leptin levels [26]. A cross-sectional population study on
2819 participants who had their VF detected by abdominal CT scan, and PWV detected
by brachial ankle PWV showed similar results to ours. They found a very weak inverse
association between VF and PWV but only significant in women [27]. It is possible that
this finding is a specificity of our population and reflects the interplay between other
epigenetic factors such as sarcopenic obesity or perhaps it could be due to the use of SGLT2i
or GLP-1RA which have favorable cardiometabolic effects.

The inverse correlation between PWV and both FFM and muscle mass, the indicators
of lean body tissue, is consistent with the existing literature [28–30] and highlights the
complex interplay between muscle mass and arterial stiffness. Arterial stiffness increases
systolic BP and pulse pressure, causing muscle damage and reduced blood supply to the
muscle, impairing nutrient supplementation, and leading to muscle death and reduced
strength. IR, fat infiltration, inflammation, and oxidative stress contribute to arterial
stiffness. Regular physical activity improves endothelial function, reduces oxidative stress,
and improves muscle mass and strength, ultimately reducing aortic stiffness [30]. Also,
sarcopenic obesity was found to be an even greater risk for arterial stiffness than sarcopenia
or visceral obesity alone [31]. Maintaining lean body mass may thus serve as a protective
factor against the development of arterial stiffness, which emphasizes the importance of
promoting physical activity and resistance training in the treatment of AH.

4.3. Blood Pressure, Hemodynamic Parameters, and PWV

Out of BP and hemodynamic parameters, pSBP, cSBP, AIx@75, pMAP, and pPP were
found to be the positive predictors of PWV while AIx@75 was found to be a negative
predictor. AH and arterial stiffness are closely related, with each having a major impact
on the other [32]. There is a reciprocal association between arterial stiffness and BP. The
artery’s ability to dilate and constrict in response to changes in BP diminishes as arterial
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stiffness rises. This decreased elasticity over time may cause pSBP and pPP to rise. This is
due to the fact that stiffer arteries have a reduced capacity to expand [32,33].

However, HR was found to be a negative predictor of PWV in our population. On the
contrary, in the results of the Corinthia study, HR and PWV show a significant association
independent of any confounding variables but only in those individuals with elevated
aortic stiffness [34]. The median heart rate in our study was 70/min but we did not assess
the heart rate variability which could be a confounding factor.

4.4. Limitations

This study has several limitations that should be considered when interpreting the
findings. The primary limitation is a cross-sectional study design which prevents us from
drawing causal conclusions. Furthermore, physical activity was not assessed, which is
an important factor in arterial stiffness progression and management. Also, given that
the study was carried out at an outpatient clinic for AH in a tertiary facility, there is a
possibility of recruitment bias as the patients referred typically to a tertiary facility have
poorer disease history and risk profiles than those not referred there. Therefore, due to a
referral bias, comorbidities and obesity may have an increased prevalence in the outpatient
sample compared to general data. As a result, this analysis is specifically suited for the
generally high-risk population with AH. These findings are to be noted in agreement with
the earlier mentioned. To provide a deeper understanding of metabolic differences and their
impact on FFM and PMM variations, including a more comprehensive set of biomarkers
(e.g., laboratory indices such as lipid profile), should be a forte of future research.

5. Conclusions

The relationships between PWV and LM demonstrate the possible advantages of
lifestyle modifications that enhance physical fitness and metabolic health. The results
regarding pharmacotherapy, in particular the inverse relationship between arterial stiffness
and SGLT-2i and statins, imply that these medications may have cardiovascular advantages
apart from their primary indications.

Our research further emphasizes the importance of an individualized approach to
managing arterial stiffness and AH. The variety of the PWV predictors highlights the
importance of considering the unique characteristics of each patient as well as their bio-
chemical, hemodynamic, and pharmacological profiles when creating a treatment plan.
More prospective studies are needed to determine the causal relationships underlying these
associations and to identify potential therapeutic targets for reducing arterial stiffness and
improving BP control. Long-term trials are necessary to examine the possibility that the
class-specific effects of antihypertensive medicines on PWV could improve over time and
be linked to better long-term outcomes.

Furthermore, routine PWV measurement and body composition measurements should
be considered in the management of AH in order to improve risk stratification and therapy
decisions. Given the significance of PWV in prognosis, it is crucial to conduct further
studies to ascertain if antihypertensive medications specifically reduce PWV or if their
effects are merely the result of lowering BP, which dilates the artery wall.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomedicines12092062/s1, Table S1: General characteristics of studied
population.; Table S2: Differences in the measured parameters regarding the age and blood pressure
regulation.; Table S3: Predictors of pulse wave velocity in all study subjects (generalized linear
regression model corrected for age, sex, presence of DM and CKD, and BP regulation).
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contribution to technical and administrative support.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Cooper, R.S.; Kaufman, J.S.; Bovet, P. Global Burden of Disease Attributable to Hypertension. JAMA 2017, 317, 2017–2018.

[CrossRef]
2. Laurent, S.; Marais, L.; Boutouyrie, P. The Noninvasive Assessment of Vascular Aging. Can. J. Cardiol. 2016, 32, 669–679.

[CrossRef] [PubMed]
3. Nilsson, P.M.; Laurent, S.; Cunha, P.G.; Olsen, M.H.; Rietzschel, E.; Franco, O.H.; Ryliškyte, L.; Strazhesko, I.; Vlachopoulos, C.;

Chen, C.H.; et al. Characteristics of Healthy Vascular Ageing in Pooled Population-Based Cohort Studies: The Global Metabolic
Syndrome and Artery Research Consortium. J. Hypertens. 2018, 36, 2340–2349. [CrossRef] [PubMed]

4. Boutouyrie, P.; Chowienczyk, P.; Humphrey, J.D.; Mitchell, G.F. Arterial Stiffness and Cardiovascular Risk in Hypertension. Circ.
Res. 2021, 128, 864–886. [CrossRef] [PubMed]

5. Zheng, M.; Huo, Y.; Wang, X.; Xu, X.; Qin, X.; Tang, G.; Xing, H.; Fan, F.; Li, J.; Zhang, Y.; et al. A Prospective Study on Pulse Wave
Velocity (PWV) and Response to Anti-Hypertensive Treatments: PWV Determines BP Control. Int. J. Cardiol. 2015, 178, 226–231.
[CrossRef]

6. Cavero-Redondo, I.; Saz-Lara, A.; Lugones-Sánchez, C.; Pozuelo-Carrascosa, D.P.; Gómez-Sánchez, L.; López-Gil, J.F.; García-
Ortiz, L.; Bruno, R.M.; Gómez-Marcos, M.Á. Comparative Effect of Antihypertensive Drugs in Improving Arterial Stiffness in
Adults with Hypertension (RIGIPREV Study). A Network Meta-Analysis. Front. Pharmacol. 2023, 14, 1225795. [CrossRef]

7. Antonio-Villa, N.E.; Bello-Chavolla, O.Y.; Vargas-Vázquez, A.; Mehta, R.; Fermín-Martínez, C.A.; Martagón-Rosado, A.J.;
Barquera-Guevara, D.A.; Aguilar-Salinas, C.A.; Arellano-Campos, O.; Gómez-Velasco, D.V.; et al. Increased Visceral Fat
Accumulation Modifies the Effect of Insulin Resistance on Arterial Stiffness and Hypertension Risk. Nutr. Metab. Cardiovasc. Dis.
2021, 31, 506–517. [CrossRef]

8. Batzias, K.; Antonopoulos, A.S.; Oikonomou, E.; Siasos, G.; Bletsa, E.; Stampouloglou, P.K.; Mistakidi, C.V.; Noutsou, M.; Katsiki,
N.; Karopoulos, P.; et al. Effects of Newer Antidiabetic Drugs on Endothelial Function and Arterial Stiffness: A Systematic Review
and Meta-Analysis. J. Diabetes Res. 2018, 2018, 1232583. [CrossRef]

9. Hidalgo Santiago, J.C.; Maraver Delgado, J.; Cayón Blanco, M.; López Saez, J.B.; Gómez-Fernández, P. Effect of Dapagliflozin on
Arterial Stiffness in Patients with Type 2 Diabetes Mellitus. Med. Clin. 2020, 154, 171–174. [CrossRef]

10. Sjöström, C.D.; Johansson, P.; Ptaszynska, A.; List, J.; Johnsson, E. Dapagliflozin Lowers Blood Pressure in Hypertensive and
Non-Hypertensive Patients with Type 2 Diabetes. Diab. Vasc. Dis. Res. 2015, 12, 352–358. [CrossRef]

11. Hayashi, T.; Fukui, T.; Nakanishi, N.; Yamamoto, S.; Tomoyasu, M.; Osamura, A.; Ohara, M.; Yamamoto, T.; Ito, Y.; Hirano, T.
Dapagliflozin Decreases Small Dense Low-Density Lipoprotein-Cholesterol and Increases High-Density Lipoprotein 2-Cholesterol
in Patients with Type 2 Diabetes: Comparison with Sitagliptin. Cardiovasc. Diabetol. 2017, 16, 1–13. [CrossRef]

12. Rizos, E.C.; Tagkas, C.F.; Asimakopoulos, A.-G.I.; Tsimihodimos, V.; Anastasiou, G.; Rizzo, M.; Agouridis, A.P.; Ntzani, E.E. The
Effect of SGLT2 Inhibitors and GLP1 Receptor Agonists on Arterial Stiffness: A Meta-Analysis of Randomized Controlled Trials.
J. Diabetes Complicat. 2024, 38, 108781. [CrossRef] [PubMed]

13. Agbaje, A.O.; Barker, A.R.; Tuomainen, T.P. Cardiorespiratory Fitness, Fat Mass, and Cardiometabolic Health with Endothelial
Function, Arterial Elasticity, and Stiffness. Med. Sci. Sports Exerc. 2022, 54, 141–152. [CrossRef] [PubMed]

https://doi.org/10.1001/jama.2017.4213
https://doi.org/10.1016/j.cjca.2016.01.039
https://www.ncbi.nlm.nih.gov/pubmed/27118294
https://doi.org/10.1097/HJH.0000000000001824
https://www.ncbi.nlm.nih.gov/pubmed/30063641
https://doi.org/10.1161/CIRCRESAHA.121.318061
https://www.ncbi.nlm.nih.gov/pubmed/33793325
https://doi.org/10.1016/j.ijcard.2014.10.049
https://doi.org/10.3389/fphar.2023.1225795
https://doi.org/10.1016/j.numecd.2020.09.031
https://doi.org/10.1155/2018/1232583
https://doi.org/10.1016/j.medcli.2019.05.028
https://doi.org/10.1177/1479164115585298
https://doi.org/10.1186/s12933-016-0491-5
https://doi.org/10.1016/j.jdiacomp.2024.108781
https://www.ncbi.nlm.nih.gov/pubmed/38833853
https://doi.org/10.1249/MSS.0000000000002757
https://www.ncbi.nlm.nih.gov/pubmed/34334718


Biomedicines 2024, 12, 2062 15 of 15

14. IEM Mobil-O-Graph User Manual. Available online: https://medaval.ie/docs/manuals/IEM-Mobil-O-Graph-Manual.pdf
(accessed on 30 January 2021).

15. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2015.
16. Dudenbostel, T.; Glasser, S.P. Effects of Antihypertensive Drugs on Arterial Stiffness. Cardiol. Rev. 2012, 20, 259–263. [CrossRef]

[PubMed]
17. Klug, E.; Rayner, B.; Wasserfall, M.; Kok, A.; Mpe, M.; Ruder, S.; Mohamed, N.; Webb, D. Cardiorenal Effects of SGLT2 Inhibitors:

Who Might Benefit? J. Endocrinol. Metab. Diabetes South Afr. 2024, 29, 8–17. [CrossRef]
18. Adam, C.A.; Anghel, R.; Marcu, D.T.M.; Mitu, O.; Roca, M.; Mitu, F. Impact of Sodium–Glucose Cotransporter 2 (SGLT2) Inhibitors

on Arterial Stiffness and Vascular Aging—What Do We Know So Far? (A Narrative Review). Life 2022, 12, 803. [CrossRef]
19. Lopaschuk, G.D.; Verma, S. Mechanisms of Cardiovascular Benefits of Sodium Glucose Co-Transporter 2 (SGLT2) Inhibitors: A

State-of-the-Art Review. JACC Basic Transl. Sci. 2020, 5, 632–644. [CrossRef]
20. Liu, L.; Ni, Y.Q.; Zhan, J.K.; Liu, Y.S. The Role of Sglt2 Inhibitors in Vascular Aging. Aging Dis. 2021, 12, 1323–1336. [CrossRef]
21. Alidadi, M.; Montecucco, F.; Jamialahmadi, T.; Al-Rasadi, K.; Johnston, T.P.; Sahebkar, A. Beneficial Effect of Statin Therapy on

Arterial Stiffness. Biomed. Res. Int. 2021, 2021, 5548310. [CrossRef]
22. Upala, S.; Wirunsawanya, K.; Jaruvongvanich, V.; Sanguankeo, A. Effects of Statin Therapy on Arterial Stiffness: A Systematic

Review and Meta-Analysis of Randomized Controlled Trial. Int. J. Cardiol. 2017, 227, 338–341. [CrossRef]
23. Zhou, Y.F.; Wang, Y.; Wang, G.; Zhou, Z.; Chen, S.; Geng, T.; Zhang, Y.B.; Wang, Y.; Chen, J.X.; Pan, A.; et al. Association between

Statin Use and Progression of Arterial Stiffness among Adults with High Atherosclerotic Risk. JAMA Netw. Open 2022, 5, e2218323.
[CrossRef] [PubMed]

24. Qiu, Q.; Meng, X.; Li, Y.; Liu, X.; Teng, F.; Wang, Y.; Zang, X.; Wang, Y.; Liang, J. Evaluation of the Associations of Body Height
with Blood Pressure and Early-Stage Atherosclerosis in Chinese Adults. J. Clin. Hypertens. 2020, 22, 1018–1024. [CrossRef]
[PubMed]

25. Huang, Y.; Hu, Y.; Bao, B. Relationship of Body Mass Index and Visceral Fat Area Combination with Arterial Stiffness and
Cardiovascular Risk in Cardiovascular Disease-Free People: NHANES (2011–2018). Endocr. Connect. 2023, 12, e230291. [CrossRef]
[PubMed]

26. Seifalian, A.; Filippatos, T.; Joshi, J.; Mikhailidis, D. Obesity and Arterial Compliance Alterations. Curr. Vasc. Pharmacol. 2010,
8, 155–168. [CrossRef] [PubMed]

27. Ishida, A.; Taira, H.; Shinzato, T.; Ohya, Y. Association between Visceral Fat Mass and Arterial Stiffness among Community-Based
Screening Participants. Hypertens. Res. 2023, 46, 2488–2496. [CrossRef]

28. Rodríguez, A.J.; Karim, M.N.; Srikanth, V.; Ebeling, P.R.; Scott, D. Lower Muscle Tissue Is Associated with Higher Pulse Wave
Velocity: A Systematic Review and Meta-Analysis of Observational Study Data. Clin. Exp. Pharmacol. Physiol. 2017, 44, 980–992.
[CrossRef]

29. Dvoretskiy, S.; Lieblein-Boff, J.C.; Jonnalagadda, S.; Atherton, P.J.; Phillips, B.E.; Pereira, S.L. Exploring the Association between
Vascular Dysfunction and Skeletal Muscle Mass, Strength and Function in Healthy Adults: A Systematic Review. Nutrients 2020,
12, 715. [CrossRef]

30. Aminuddin, A.; Noor Hashim, M.F.; Mohd Zaberi, N.A.S.; Zheng Wei, L.; Ching Chu, B.; Jamaludin, N.A.; Salamt, N.; Che Roos,
N.A.; Ugusman, A. The Association between Arterial Stiffness and Muscle Indices among Healthy Subjects and Subjects With
Cardiovascular Risk Factors: An Evidence-Based Review. Front. Physiol. 2021, 12, 742338. [CrossRef]

31. Ohara, M.; Kohara, K.; Tabara, Y.; Ochi, M.; Nagai, T.; Igase, M.; Miki, T. Sarcopenic Obesity and Arterial Stiffness, Pressure Wave
Reflection and Central Pulse Pressure: The J-SHIPP Study. Int. J. Cardiol. 2014, 174, 214–217. [CrossRef]

32. Kim, H.L. Arterial Stiffness and Hypertension. Clin. Hypertens. 2023, 29, 31. [CrossRef]
33. O’Rourke, M.F.; Hashimoto, J. Mechanical Factors in Arterial Aging. A Clinical Perspective. J. Am. Coll. Cardiol. 2007, 50, 1–13.

[CrossRef] [PubMed]
34. Papaioannou, T.G.; Oikonomou, E.; Lazaros, G.; Christoforatou, E.; Vogiatzi, G.; Tsalamandris, S.; Chasikidis, C.; Kalambogias, A.;

Mystakidi, V.X.; Galiatsatos, N.; et al. The Influence of Resting Heart Rate on Pulse Wave Velocity Measurement Is Mediated
by Blood Pressure and Depends on Aortic Stiffness Levels: Insights from the Corinthia Study. Physiol. Meas. 2019, 40, 055005.
[CrossRef] [PubMed]

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

https://medaval.ie/docs/manuals/IEM-Mobil-O-Graph-Manual.pdf
https://doi.org/10.1097/CRD.0b013e31825d0a44
https://www.ncbi.nlm.nih.gov/pubmed/22573107
https://doi.org/10.1080/16089677.2023.2275898
https://doi.org/10.3390/life12060803
https://doi.org/10.1016/j.jacbts.2020.02.004
https://doi.org/10.14336/AD.2020.1229
https://doi.org/10.1155/2021/5548310
https://doi.org/10.1016/j.ijcard.2016.11.073
https://doi.org/10.1001/jamanetworkopen.2022.18323
https://www.ncbi.nlm.nih.gov/pubmed/35713899
https://doi.org/10.1111/jch.13870
https://www.ncbi.nlm.nih.gov/pubmed/32442361
https://doi.org/10.1530/EC-23-0291
https://www.ncbi.nlm.nih.gov/pubmed/37668220
https://doi.org/10.2174/157016110790886956
https://www.ncbi.nlm.nih.gov/pubmed/20180777
https://doi.org/10.1038/s41440-023-01350-7
https://doi.org/10.1111/1440-1681.12805
https://doi.org/10.3390/nu12030715
https://doi.org/10.3389/fphys.2021.742338
https://doi.org/10.1016/j.ijcard.2014.03.194
https://doi.org/10.1186/s40885-023-00258-1
https://doi.org/10.1016/j.jacc.2006.12.050
https://www.ncbi.nlm.nih.gov/pubmed/17601538
https://doi.org/10.1088/1361-6579/ab165f
https://www.ncbi.nlm.nih.gov/pubmed/30952147

	Introduction 
	Materials and Methods 
	Study Population and Design 
	Blood Pressure Measurement 
	Body Composition Measurements 
	Medical History and Current Medication Treatment 
	Statistical Analysis 

	Results 
	Discussion 
	Pharmacological Therapy and PWV 
	Anthropometric Parameters, Body Composition, and PWV 
	Blood Pressure, Hemodynamic Parameters, and PWV 
	Limitations 

	Conclusions 
	References

