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ABSTRACT
Arterial hypertension is one of the traditional risk factors involved in the development of cardiovascular 

events, while arterial stiffness is an independent predictor of cardiovascular disease in patients with hyper-
tension. It seems that the risk factors involved in the pathology of uncontrolled hypertension are similar to 
those that contribute to the development of arterial stiffness. After evidence showed that arterial stiffness 
is an independent prognostic factor for the occurrence of cardiovascular events in patients with arterial 
hypertension, the importance of assessing arterial stiffness was recognized in a document drafted by the 
European Society of Hypertension in 2007. Many factors, some still insufficiently studied, are involved 
in the development and worsening of arterial stiffness, especially in patients with certain comorbidities 
(diabetes, hypertension, chronic kidney disease). The evaluation of pulse wave velocity (PWV) remains the 
gold standard for non-invasive assessment of arterial stiffness. It seems that changes in terms of lifestyle 
and drug therapy have some positive effects on improving arterial stiffness, but further studies are needed 
to prove this concept. Our review aims to highlight the novelty of the mechanisms, the assessment methods, 
some of the clinical aspects, as well as the therapeutic implications of arterial stiffness, especially in patients 
with hypertension. 
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Abbreviations: 
PWV = pulse wave velocity; 
MMP-9 = matrix-metalloproteinase 9; 
AGE = advanced glycation end-products; 
RAGE =AGE receptor; 
RAAS = renin angiotensin aldosterone system; 
ARNI = angiotensin-receptor neprilysin inhibitor; 
ARB = angiotensin receptor blocker; 
CCB = Calcium channel blockers; 
ACEI = Angiotensin converting enzyme inhibitors; 
BB = Beta-blockers; PP-pulse pressure; 
LV = left ventricle; 
NO = nitric oxide.

BACKGROUND

High blood pressure remains one of 
the most important health pro-
blems worldwide, involving sub-
stantial costs both from a human 
and financial point of view (1). Al-

though antihypertensive medication has evolved 
considerably in recent years, only 53% of pa-
tients with documented arterial hypertension 
achieve target blood pressure levels under medi-
cation (2). Risk factors contri buting to the emer-
gence of uncontrolled hypertension include old 
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age, left ventricular hypertrophy, obesity, diabe-
tes mellitus, and chronic kidney disease (3). It is 
important to note that, concomitantly, the same 
risk factors mentioned above contribute to the 
increase of arterial stiffness values (4).

On the other hand, arterial stiffness has pro ven 
to be an important prognostic factor, and possibly 
a therapeutic target in patients dia gnosed with 
high blood pressure. Studies co n ducted to date 
have shown that arterial stiffness and implicitly, 
pulse wave reflection are key determinants for ele-
vated systolic pressure at the central level, resul-
ting in the occurrence of cardiovascular events 
independent of peripheral blood pressure (5).

In 2006, data from the CAFÉ study (a sub-
study of the ASCOT trial) showed that central 
aortic pulse pressure (which is also determined 
by arterial stiffness) is a significant determinant of 
cardiovascular outcomes, and demonstrated that 
different treatments for arterial hypertension do 
not have the same impact on central pulse pres-
sure, despite having a similar effect on brachial 
blood pressure (6). The importance of arterial 
stiffness in the management of hypertension is 
underlined by the fact that in 2007, the Europe-
an Society of Hypertension drafted a consensus 
document recommending the assessment of cen-
tral arterial pressure and hemodynamic parame-
ters for the correct and complete management of 
hypertension, values over 12 m/sec for pulse 
wave velocity indicating target organ damage (7). 
Moreover, in 2006, a panel of experts published 
a consensus paper on the methodology and clini-
cal implications of evaluating arterial stiffness (8).

Our review aims to highlight the novelty of 
the mechanisms that increase arterial stiffness, 
the assessment methods and the clinical aspects, 
as well as the therapeutic implications.

Pathophysiology

Arterial stiffness represents the rigidity of arte-
rial walls. Different arteries present various de-
grees of arterial stiffness, with central arteries be-
ing more affected and peripheral arteries being 
less involved (5). All the traditional risk factors for 
cardiovascular disease have a negative influence 
on arterial stiffness (4). Factors such as hyperten-
sion, diabetes and chronic kidney disease ampli-
fy changes in the arterial walls, thus augmenting 
arterial stiffness. Age is an important factor both 
in terms of hypertension, but also in increasing 

arterial stiffness; the rigidity of large arteries was 
significantly higher in patients over 55 years old 
(5). In patients with metabolic syndrome or dia-
betes mellitus, arterial stiffness was higher for all 
age groups and was positively correlated with 
insulin-resistance. Cigarette smoking and obesity 
can worsen arterial stiffness (4). Some of the 
mechanisms by which the traditional risk factors 
contribute to the occurrence/worsening of arte-
rial stiffness are listed below.

During contraction of the left ventricle (LV), the 
volume of blood ejected into the aorta determines 
a systolic pressure that causes dilation of the aortic 
walls, with the storage of elastic energy at this le-
vel, as a mechanism of accommodation. A rela-
xation of the LV occurs at the end of the systole, 
with the subsequent decrease of the systolic pres-
sure, so that the blood begins to return towards 
the heart until the aortic valves close. During the 
diastole, under the effect of energy stored in the 
aortic wall during the systole, the blood is pushed 
towards the circulatory system. Thus, to maintain 
a certain volume of blood ejected during the sys-
tole, the systolic pressure should be directly pro-
portional to the degree of stiffness of the aorta (9).

The volume of blood ejected into the aorta 
during the systole generates a wave (pulse wave), 
circulating through the arterial system with a cer-
tain velocity (pulse wave velocity, PWV). Pulse 
wave velocity can be measured non-invasively 
and is used to estimate arterial stiffness.

Studies have shown that the intima has a mi-
nor role in the elastic properties of the arteries. 
The major determinants of arterial rigidity and 
arterial capacity to alter their dimensions during 
the cardiac cycle are represented by the media 
and, more recently demonstrated, by the adven-
titia of arterial vessels (10, 11). The main compo-
nents of the media (elastin, smooth vascular cells, 
collagen, mucopolysaccharides) are arranged in 
a complex way that has not yet been fully de-
scribed, and this arrangement varies according to 
the localization of the arteries, so that the elastin/
collagen ratio is a fixed one, being inversely pro-
portional to the distance from the heart (12).

A fragmentation of elastin fibers occurs with 
age, followed by degeneration and the deposi-
tion of a larger amount of collagen, changes that 
are considered to be the basis for the increase in 
vascular stiffness in the elderly. An important role 
is attributed to matrix-metalloproteinase 9 (MMP-9), 
which is involved in collagen degradation, this 
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compensatory mechanism being affec ted by age 
and by hypertension (13). Hypertension causes 
increased intraluminal pressure, with subsequent 
stimulation of collagen production (14).

Studies have shown that another mechanism 
possibly involved in arterial stiffness is represen-
ted by the so-called advanced glycation end 
products (AGEs), especially in patients with dia-
betes (increased production) or chronic kidney 
disease (poor clearance). It appears that AGEs 
form a crosslink connection in the collagen, ma-
king it more rigid and less susceptible to hydroly-
sis. It causes vasoconstriction by inhibiting nitric 
oxide (NO) activity, secreting a variety of pro-in-
flammatory cytokines, increasing oxidative stress 
and oxidation of LDL (15). At the same time, an 
AGE receptor activation (RAGE) appears as the 
triggering factor of a pro-inflammatory reaction, 
stimulating secretion of free radicals, growth fac-
tors and vascular adhesion molecules (9). All 
these mediators contribute to endothelial dys-
function, with the consequent increase in smooth 
muscle cell tone; they affect angiogenesis and 
ultimately promote the formation of atheroscle-
rotic plaques (16). Discussions are still ongoing as 
to whether endothelial dysfunction contributes 
to increased arterial stiffness or if arterial stiffness 
causes endothelial alteration, which in turn fur-
ther increases arterial stiffness (17).

Aortic wall calcifications have also been asso-
ciated with the occurrence of isolated high blood 
pressure and aortic stiffness (18).

Besides structural changes, functional chan ges 
also occur in the vascular walls, where the endo-
thelium is believed to have an important role, es-
pecially NO. Previous studies have shown that 
endothelial dysfunction is associated with the de-
velopment of isolated systolic hypertension, as a 
consequence of increased aortic stiffness (18).

Other substances involved in the occurrence 
of arterial stiffness are homocysteine, whose le vels 
increase with age, hyperhomocysteinemia being 
an independent risk factor for cardiovascular 
events (19), and prolactin (20). Angiotensin II sti-
mulates collagen formation, vascular hypertrophy 
and matrix remodeling, reduces elastin produc-
tion and increases oxidative stress by stimulating 
growth factors and pro-inflammatory cyto kines (21).

Aldosterone stimulates smooth muscle cell 
hypertrophy, stimulates fibronectomy and syn-
thesis of fibronectin, and endothelin 1 produc-

tion, thereby contributing to arterial stiffness and 
hypertension (22).

A high-salt diet increases arterial stiffness, es-
pecially in the elderly, by stimulating smooth 
muscle cell tone, increased collagen production, 
and endothelial damage (23).

In patients with diabetes mellitus, an impor-
tant role in the development of arterial rigidity is 
played by insulin resistance, studies demonstra-
ting a positive correlation between these entities 
(the mechanisms involved are renin-angiotensin-
aldosterone system activity, stimulation of vascu-
lar hypertrophy and fibrosis, as well as excessive 
production of AGEs) (24).

In patients with chronic kidney disease, the in-
crease in vascular rigidity is quasi-significant, espe-
cially in advanced stages, with PWV being an inde-
pendent predictive factor for cardiovascular mor tality 
and all-cause mortality in this ca tegory of patients 
(25). The mechanisms involved are related to the 
increase of the intima-media thickness due to hy-
pertension, but also to the activation of the renin-
angiotensin-aldosterone system with the subse-
quent stimulation of collagen production in the 
extracellular matrix and smooth muscle hypertro-
phy and chronic inflammation. AGE products are 
also involved, as well as calcifications of the media. 
Chronic kidney disease may cause endothelial dys-
function (high oxidative stress, increased endothe-
lin-1 concentrations, decreased synthesis of NO) (26).

Recent studies have shown the existence of a 
genetic component in the development of arte-
rial stiffness (17).

Evaluation of arterial stiffness

The “gold standard” for the non-invasive as-
sessment of arterial stiffness is quantification of 
PWV (velocity is expressed as the ratio between 
change in distance and change in time). For this 
purpose, tonometry between the two peripheral 
arterial sites is the most frequently used method, 
being an inexpensive, reproducible and rela-
tively simple method to perform. PWV is usually 
determined over the carotid-femoral region by 
assessing the length of time in which the pressure 
pulse wave travels from the carotid to the femo-
ral arteries. The most frequently used systems are 
the SphygmoCor (AtCor) and the Complior 
(Artech), which differ with regards to their sensor 
technology and the algorithm for calculating the 
propagation time. The SphygmoCor uses an arte-
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rial tonometer for recording pressure waveforms. 
The time of propagation is measured from the 
foot of the carotid waveform to that of the femo-
ral waveform, using ECG sequential recording. In 
the Complior system, carotid and femoral wave-
forms are recorded simultaneously. Another 
method to asses PWV is the Arteriograph (Ten-
sioMed), which allows the simultaneous deter-
mination of brachial blood pressure, PWV and 
Aix, using plethysmography to measure pulsatile 
pressure changes in the brachial artery. These 
methods have limitations, such as the existence 
of heart rhythm disorders (atrial fibrillation, fre-
quent extrasystoles), possible errors due to the 
measurement of the distance between the two 
sites, the difficulty of measuring in obese pa-
tients, as well as a potential intimate factor de-
rived from the need to measure at the site of the 
femoral artery (27, 28).

Another alternative method is pulse wave 
analysis (PWA). The assessment of the pulse 
wave shape at the peripheral level (usually at the 
radial artery) can estimate the central pressure 
and the augmentation index (Aix), using a mathe-
matical transfer function (SphygmoCor, AtCor). 
Although studies have shown that both PWA and 
Aix can be considered predictive factors for a 
number of cardiovascular events in certain pa-
tient categories, they cannot directly assess vas-
cular stiffness (29).

Local arterial stiffness can be evaluated using 
ultrasounds devices. The intima-media thickness 
at the carotid level is easy to perform, but some 
studies have shown that ultrasound-based mea-
surement of carotid thickness did not improve 
prediction of cardiovascular events by the Fram-
ingham score (30), in contrast to the PWV assess-
ment, whose role in predicting cardiovascular 
risk has been demonstrated (31).

In addition to this technique, lately, US scan-
ners are equipped with echo-tracking programs 
which are able to measure the diameter of the 
arteries during the phases of the cardiac cycle, 
based on radiofrequency analysis. The accuracy 
of this equipment is 6–10 times higher compared 
to those based on video image analysis. At this 
moment, two software applications for echo-
tracking are available: QIMT (Quality IntimaMe-
dia Thickness) and QAS (Quality Arterial Stiffness). 
Assessment of arterial stiffness using echo-tracking 
systems is based on the determination of several 
parameters: artery distensibility, pulse wave velo-

city, rigidity index-index , stiffness index , Aix, 
elastic modulus index, cardio-ankle vascular index 
(CAVI), one of the PWV measurement modifica-
tions and derived from arterial stiffness index  (32).

Methods derived from MRI assessment have 
also been used, and studies have shown that 
there are no significant differences between the 
PWV values obtained by these methods and the 
applanation tonometry method, the limitations 
of MRI evaluation being determined by the fi-
nancial difficulty of software acquisition (33).

In 2006, the first consensus of experts was 
published, which included a review on the 
pathophysiology of arterial stiffness, and which 
made recommendations on assessment me-
thods, clinical implications and therapeutic mea-
sures. Moreover, this expert consensus set the 
cut-off value for PWV to 12 m/sec. This value was 
changed in 2012, when the Experts Consensus set 
the cut-off value for PWV to 10 m/sec (8, 34).

Clinical correlations of arterial stiffness

Increased arterial stiffness causes left ventri-
cular hypertrophy, decreases the efficiency of 
cardiac ejection and causes a decrease in myo-
cardial infusion. Two other important conse-
quences are represented by isolated systolic hy-
pertension and pulse pressure increase (PP, 
defined as the difference between systolic and 
diastolic pressure), these being found to be risk 
factors for cardiovascular events (stroke, myocar-
dial infarction, heart failure) in elderly patients. It 
has been reported that each 2 mmHg increase in 
systolic pressure causes a 5% increase in fatal co-
ronary artery disease and a 7% fatal stroke risk (35).

Studies conducted to date have demonstra-
ted the correlation between arterial stiffness and 
traditional cardiovascular risk factors. These stu-
dies have shown that arterial rigidity is negatively 
influenced by all pathophysiological changes oc-
curring in the metabolic syndrome (36). It has 
also been shown that in hypertensive smokers, 
smoking cessation has positive effects on PWV 
values (37). J.S. Orr published a study that 
showed the role of rapid weight gain and visceral 
fat build-up on vascular stiffness development, 
with other mechanisms being involved besides 
the consecutive blood pressure increase (38).

A meta-analysis published in 2010, including 
15877 patients from 17 studies, followed over a 
period of 7.7 years, showed that PWV-quantified 
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arterial stiffness is a strong predictive factor for 
cardiovascular events and all-cause mortality 
(39). There is also evidence showing a positive 
association between increased vascular rigidity 
and subclinical cerebrovascular impairment (40), 
as well as the predictive role and correlation be-
tween vascular rigidity and cognitive decline in 
patients with dementia (41).

Can we reduce arterial stiffness?

Several potentially effective methods for de-
creasing arterial stiffness have been evaluated:
1. Lifestyle changes

Weight loss is especially recommended in 
obese patients and in subjects with metabolic 
syndrome. Although weight loss is associated with 
a decrease in peripheral blood pressure, there is 
no evidence to support its efficacy on central 
pressure or vascular rigidity. The same lack of evi-
dence exists in the case of metabolic syndrome. 
However, there are studies that highlight the po-
tential beneficial effect of dietary supplements on 
vascular rigidity. Thus, it has been observed that a 
diet rich in isoflavones (contained in soy) is associ-
ated with a decrease of PWV. The same effect 
was also observed in healthy volunteers who re-
ceived isoflavones extracted from red clover (42).

If aerobic exercise has been associated with 
reduced arterial rigidity in elderly patients with-
out other cardiovascular risk factors, resistance 
exercises have a reverse effect, being associated 
with an increase in the incidence of left ventricu-
lar hypertrophy and increased stiffness in the 
proximal aorta (43).

Moderate alcohol consumption has been as-
sociated with a decrease in PWV (44).

It has also been shown that a high-salt diet 
accelerates the aging process in the vascular 
walls, while low-salt diets increase arterial com-
pliance, relatively independent from the blood 
pressure-lowering effect (45).

2. Drug therapy
The CAFE study showed, for the first time, the 

importance of aortic central pressure assessment, 
and also underlined the fact that antihyperten-
sive regimens with the same effect on brachial 
pressure have different effects on central pres-
sure, demonstrating a superior efficacy of calcium 
channel blockers (CCB) versus beta-blockers (BB) 
in reducing aortic central pressure (amlodi pine-
based regimen versus atenolol-based therapy) (6).

In 2009, a study which compared the efficacy 
of four classes of antihypertensive therapies on 
vascular stiffness (in patients older than 60 years 
and with isolated systolic arterial hypertension 
who received treatment for 10 weeks) was pu-
blished. The results showed that only angiotensin-
converting enzyme inhibitors (ACE inhibitors), cal-
cium channel blockers and diuretics decreased 
the central pressure, while beta-blockers (ateno-
lol) did not. All four classes have peripheral antihy-
pertensive effect, and none of them have any ef-
fect on decreasing the PWV (46). These results 
may have been influenced by the particular cate-
gory of patients (older patients, with isolated sys-
tolic hypertension), by the treatment period (only 
10 weeks), and by the beta-blocker used (ateno-
lol, which determines peripheral vasoconstriction).

Another study has shown the efficacy of an 
ARB-thiazide combination on arterial rigidity in 
comparison with calcium channel blockers. Pa-
tients with type II diabetes and hypertension were 
followed-up for six months (47). There were no 
significant differences regarding the effect on Aix.

The results of the PARAMETER study (Prospec-
tive Comparison of an Angiotensin-Receptor Ne-
prilysin Inhibitor with an Angiotensin-receptor 
Blocker measuring arterial stiffness in the elder-
ly), which included 454 elderly patients with sys-
tolic blood pressure greater than 160 mmHg and 
pulse pressure greater than 60 mmHg, were re-
ported at the ESC Congress in 2015. The study 
showed that those taking angiotensin receptor-
neprilysin inhibitor – ARNI (valsartan/sacubitril 
combination) – had significantly greater decrea-
ses in central aortic systolic pressure, central aortic 
pulse pressure and brachial systolic blood pres-
sure at 12 weeks compared with those taking an-
giotensin receptor blockers (ARB) – olmesartan. 
The differences in favor of ARNI were main-
tained after the follow-up period of 52 weeks, 
but without being statistically significant (48). 

A study published in 2017 showed that most 
de-stiffening therapies are based on renin angio-
tensin aldosterone system (RAAS) inhibitors in 
combination with a CCB or a diuretic. It seems 
that RAAS inhibitors are superior to other antihy-
pertensive agents in reducing arterial stiffness, 
most likely due to an anti-fibrotic effect of the 
extracellular matrix in the vascular walls. In addi-
tion, ACE inhibitors determine the release of bra-
dykinin and NO, with consequent modulation of 
endothelial function. Long-term studies, such as 
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