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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 hypertension. 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

H

igh blood pressure remains one of
the most important health problems worldwide, involving substantial costs both from a human
and financial point of view (1). Although antihypertensive medication has evolved
considerably in recent years, only 53% of patients with documented arterial hypertension
achieve target blood pressure levels under medication (2). Risk factors contributing to the emergence of uncontrolled hypertension include old
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age, left ventricular hypertrophy, obesity, diabetes 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 proven
to be an important prognostic factor, and possibly
a therapeutic target in patients diagnosed with
high blood pressure. Studies conducted to date
have shown that arterial stiffness and implicitly,
pulse wave reflection are key determinants for elevated systolic pressure at the central level, resulting in the occurrence of cardiovascular events
independent of peripheral blood pressure (5).
In 2006, data from the CAFÉ study (a substudy 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 pressure, 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 European Society of Hypertension drafted a consensus
document recommending the assessment of central arterial pressure and hemodynamic parameters 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 clinical 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 arterial walls. Different arteries present various degrees of arterial stiffness, with central arteries being 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 hypertension, diabetes and chronic kidney disease amplify 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 diabetes 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 arterial 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 level, as a mechanism of accommodation. A relaxation of the LV occurs at the end of the systole,
with the subsequent decrease of the systolic pressure, 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 systole, the systolic pressure should be directly proportional 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 certain 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 minor 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 adventitia of arterial vessels (10, 11). The main components of the media (elastin, smooth vascular cells,
collagen, mucopolysaccharides) are arranged in
a complex way that has not yet been fully described, and this arrangement varies according to
the localization of the arteries, so that the elastin/
collagen ratio is a fixed one, being inversely proportional to the distance from the heart (12).
A fragmentation of elastin fibers occurs with
age, followed by degeneration and the deposition 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 affected 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 represented by the so-called advanced glycation end
products (AGEs), especially in patients with diabetes (increased production) or chronic kidney
disease (poor clearance). It appears that AGEs
form a crosslink connection in the collagen, making it more rigid and less susceptible to hydrolysis. It causes vasoconstriction by inhibiting nitric
oxide (NO) activity, secreting a variety of pro-inflammatory 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 factors and vascular adhesion molecules (9). All
these mediators contribute to endothelial dysfunction, with the consequent increase in smooth
muscle cell tone; they affect angiogenesis and
ultimately promote the formation of atherosclerotic 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 further increases arterial stiffness (17).
Aortic wall calcifications have also been associated with the occurrence of isolated high blood
pressure and aortic stiffness (18).
Besides structural changes, functional changes
also occur in the vascular walls, where the endothelium is believed to have an important role, especially NO. Previous studies have shown that
endothelial dysfunction is associated with the development of isolated systolic hypertension, as a
consequence of increased aortic stiffness (18).
Other substances involved in the occurrence
of arterial stiffness are homocysteine, whose levels
increase with age, hyperhomocysteinemia being
an independent risk factor for cardiovascular
events (19), and prolactin (20). Angiotensin II stimulates collagen formation, vascular hypertrophy
and matrix remodeling, reduces elastin production and increases oxidative stress by stimulating
growth factors and pro-inflammatory cytokines (21).
Aldosterone stimulates smooth muscle cell
hypertrophy, stimulates fibronectomy and synthesis of fibronectin, and endothelin 1 produc-
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tion, thereby contributing to arterial stiffness and
hypertension (22).
A high-salt diet increases arterial stiffness, especially in the elderly, by stimulating smooth
muscle cell tone, increased collagen production,
and endothelial damage (23).
In patients with diabetes mellitus, an important role in the development of arterial rigidity is
played by insulin resistance, studies demonstrating a positive correlation between these entities
(the mechanisms involved are renin-angiotensinaldosterone system activity, stimulation of vascular hypertrophy and fibrosis, as well as excessive
production of AGEs) (24).
In patients with chronic kidney disease, the increase in vascular rigidity is quasi-significant, especially in advanced stages, with PWV being an independent predictive factor for cardiovascular mortality
and all-cause mortality in this category of patients
(25). The mechanisms involved are related to the
increase of the intima-media thickness due to hypertension, but also to the activation of the reninangiotensin-aldosterone system with the subsequent stimulation of collagen production in the
extracellular matrix and smooth muscle hypertrophy and chronic inflammation. AGE products are
also involved, as well as calcifications of the media.
Chronic kidney disease may cause endothelial dysfunction (high oxidative stress, increased endothelin-1 concentrations, decreased synthesis of NO) (26).
Recent studies have shown the existence of a
genetic component in the development of arterial stiffness (17).
Evaluation of arterial stiffness
The “gold standard” for the non-invasive assessment 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 relatively 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 femoral 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 femoral waveform, using ECG sequential recording. In
the Complior system, carotid and femoral waveforms are recorded simultaneously. Another
method to asses PWV is the Arteriograph (TensioMed), which allows the simultaneous determination 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, frequent extrasystoles), possible errors due to the
measurement of the distance between the two
sites, the difficulty of measuring in obese patients, as well as a potential intimate factor derived 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 mathematical 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 patient categories, they cannot directly assess vascular 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 measurement of carotid thickness did not improve
prediction of cardiovascular events by the Framingham score (30), in contrast to the PWV assessment, whose role in predicting cardiovascular
risk has been demonstrated (31).
In addition to this technique, lately, US scanners 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 echotracking are available: QIMT (Quality IntimaMedia 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 modifications 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 financial 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 methods, clinical implications and therapeutic measures. 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 ventricular hypertrophy, decreases the efficiency of
cardiac ejection and causes a decrease in myocardial infusion. Two other important consequences are represented by isolated systolic hypertension 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, myocardial infarction, heart failure) in elderly patients. It
has been reported that each 2 mmHg increase in
systolic pressure causes a 5% increase in fatal coronary artery disease and a 7% fatal stroke risk (35).
Studies conducted to date have demonstrated the correlation between arterial stiffness and
traditional cardiovascular risk factors. These studies have shown that arterial rigidity is negatively
influenced by all pathophysiological changes occurring 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 between vascular rigidity and cognitive decline in
patients with dementia (41).
Can we reduce arterial stiffness?
Several potentially effective methods for decreasing 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 evidence exists in the case of metabolic syndrome.
However, there are studies that highlight the potential beneficial effect of dietary supplements on
vascular rigidity. Thus, it has been observed that a
diet rich in isoflavones (contained in soy) is associated with a decrease of PWV. The same effect
was also observed in healthy volunteers who received isoflavones extracted from red clover (42).
If aerobic exercise has been associated with
reduced arterial rigidity in elderly patients without other cardiovascular risk factors, resistance
exercises have a reverse effect, being associated
with an increase in the incidence of left ventricular hypertrophy and increased stiffness in the
proximal aorta (43).
Moderate alcohol consumption has been associated 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 compliance, 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 antihypertensive regimens with the same effect on brachial
pressure have different effects on central pressure, demonstrating a superior efficacy of calcium
channel blockers (CCB) versus beta-blockers (BB)
in reducing aortic central pressure (amlodipinebased regimen versus atenolol-based therapy) (6).
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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 published. The results showed that only angiotensinconverting enzyme inhibitors (ACE inhibitors), calcium channel blockers and diuretics decreased
the central pressure, while beta-blockers (atenolol) did not. All four classes have peripheral antihypertensive effect, and none of them have any effect on decreasing the PWV (46). These results
may have been influenced by the particular category of patients (older patients, with isolated systolic hypertension), by the treatment period (only
10 weeks), and by the beta-blocker used (atenolol, which determines peripheral vasoconstriction).
Another study has shown the efficacy of an
ARB-thiazide combination on arterial rigidity in
comparison with calcium channel blockers. Patients 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 (Prospective Comparison of an Angiotensin-Receptor Neprilysin Inhibitor with an Angiotensin-receptor
Blocker measuring arterial stiffness in the elderly), which included 454 elderly patients with systolic blood pressure greater than 160 mmHg and
pulse pressure greater than 60 mmHg, were reported at the ESC Congress in 2015. The study
showed that those taking angiotensin receptorneprilysin inhibitor – ARNI (valsartan/sacubitril
combination) – had significantly greater decreases in central aortic systolic pressure, central aortic
pulse pressure and brachial systolic blood pressure at 12 weeks compared with those taking angiotensin receptor blockers (ARB) – olmesartan.
The differences in favor of ARNI were maintained 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 angiotensin aldosterone system (RAAS) inhibitors in
combination with a CCB or a diuretic. It seems
that RAAS inhibitors are superior to other antihypertensive agents in reducing arterial stiffness,
most likely due to an anti-fibrotic effect of the
extracellular matrix in the vascular walls. In addition, ACE inhibitors determine the release of bradykinin and NO, with consequent modulation of
endothelial function. Long-term studies, such as
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REASON and ADVANCE, demonstrated the efficacy of ACEI/ARB therapies in reducing arterial
stiffness (49).
A meta-analysis published in 2013 showed
that BB increased AIx compared with all other antihypertensive therapies, which decreased Aix
(50). This is no longer the case with new beta
blockers (nebivolol, carvedilol), which have the
ability to decrease arterial stiffness. These effects
appear to be related to their ability to release NO,
which dilates the small resistance arteries (51).
A study which involved endothelin A receptor
blockers showed beneficial effects on vascular
rigidity in patients with chronic kidney disease
(52), while nitrates did not significantly affect rigidity in the proximal aorta (53).
A beneficial effect has also been observed after statin treatment, although their effect on arterial stiffness is more pronounced in the predominantly muscular arteries (54).
Thiazolidinediones increase insulin sensitivity
and control glycemic values, but may also favor vascular rigidity in patients with type II diabetes (55).
Other therapies have been studied (atrial natriuretic peptide, 5-phosphodiesterase inhibitors,

anti-TGF- agents), with promising results in the
preclinical phase (17). Another studies aim at the
potential effect on vascular stiffness of therapies
that reduce AGE formation (aminoguanidine,
pyridoxamine), block AGE receptors or non-enzymatically alter AGE (alagebrium). These substances have already been studied on a small
number of patients, with satisfactory results
(17). 
CONCLUSIONS

A

lthough considerable progress has been
made in understanding the mechanisms and
implicitly determining therapeutic targets for arterial stiffness, there are still many unclear aspects.
Ongoing and future studies are likely to further clarify these issues, so that future therapies
include agents with a clear effect on vascular rigidity and thus, have a more significant impact
on morbidity and mortality for certain categories
of patients. 
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