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A b s t r a c t

The cardiovascular diseases are still the leading cause of mortality and impaired quality of life worldwide. This
fact implies the necessity of appropriate screening markers for focusing primary prevention on the individuals at
higher cardiovascular risk.

The relevance of arterial stiffness as a predictor of future cardiovascular events is due to the fact it is a mani-
festation of the cumulative effect of all the harmful factors acting on the vascular wall, their duration and intensi-
ty, as well as of the genetic background of the individual.

The major structure of the vascular wall of the large “conduit” arteries is reviewed and the organization of the
basic unit, the lamellar unit, is discussed in relation to the normal aging process and the concomitant alterations
in arterial stiffness.

A review of the modern non-invasive methods for arterial stiffness evaluation is carried out: imaging of the rela-
tionship between vascular size and distending pressure; pulse wave analysis; measurement of pulse wave velocity
(PWV).

A comparison of the resting brachial-ankle PWV (ba-PWV) is performed between two groups of young healthy
adults: offspring of parents with cardiovascular pathology (N+) and their age matched controls (N-). Brachial-ankle
PWV was significantly higher (8.72 ± 0.35 m/s) in N+ as compared to N- (6.72 ± 0.66 m/s) (P < 0.01). We consid-
er the increased PWV as a consequence to an autonomic dysbalance and to an elevated sympathetic stimulation
of the vascular smooth muscle in the healthy young adults with positive family history for cardiovascular pathol-
ogy. We can conclude that measurement of ba-PWV is a relevant and cost-effective method for screening the indi-
viduals at higher cardiovascular risk.
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INTRODUCTION

The cardiovascular diseases and their outcome are a major social burden. They are still
the leading cause of morbidity and mortality worldwide. Hence, scientific research is direct-
ed towards the search for appropriate markers of individuals at higher cardiovascular risk
in order to promote primary prevention.

The relevance of arterial stiffness as a predictor or marker of cardiovascular pathology has
been definitely acknowledged by the recent Expert Consensus Document (1). In fact, the
conduit and cushioning role (2) of large elastic arteries and the gradual impairment of the
cushioning function with age has been demonstrated long ago. William Osler was the first
to show that aging was frequently associated with arterial wall alterations, distinct from the
localized and primarily intimal vascular lesions specific for atherosclerosis (3).

Typically for medical science, the “physiological” transformation of vascular wall was
recently rediscovered and the introduction of sophisticated non-invasive diagnostic devices
focused the attention of cardiologists on arterial stiffness. The functional consequence of
aging per se is an increase in arterial stiffness, which results from the alterations and inter-
actions between the extracellular matrix and the smooth muscle cells (SMC) of the media
(4). Furthermore, the effects of aging are more pronounced in the proximal elastic arteries
than in the more distal muscular arteries. “Physiological” aging affects to a greater extent
the middle layer of the arterial wall, which is subjected to the continuous load of elastic
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recoil. (5). However, hormonal, inflammatory and growth factors might modulate the effect
of aging on vascular wall. For example, conditions like diabetes and renal dysfunction are
frequently accompanied by earlier alterations in the large arteries, described as premature
vascular aging (6).

In a brilliant way Nilsson and al. (7) gave ground for the significance of arterial stiffness
as a cumulative measure of all negative factors, which had impacted the arterial wall, as
opposed to the instantaneous condition shown by well-known markers as arterial pressure,
metabolic parameters, which might be altered by random factors. In fact arterial stiffness
reveals the specific long-term impact of various damaging factors, which depends both on
the genetic background and on the diversity, the intensity and the duration of the harmful
factor action on the arterial tree. 

FUNCTIONAL MORPHOLOGY OF TUNICA MEDIA IN THE LARGE ARTERIES

Understanding the mechanisms of arterial wall remodeling necessitates a detailed knowl-
edge of large artery structure and functions. The major structural elements of the vascular
tunica media are smooth myocytes embedded in extracellular matrix. The basic unit of the
media is the ‘lamellar unit’, which is composed of two elastic lamellae. The extracellular
matrix of the media consists mainly of elastin and collagen fibers, microfibrils, and inter-
lamellar ground substance containing glycosaminglycans and proteoglycans. This complex
structure plays a role in vascular function both as a mechanical support and through bio-
logical signaling. The clarification of the interaction between SMC and matrix components
may contribute to the development of new therapeutic approaches for the management of
vascular pathology.

The viscoelastic properties of the arterial wall depend on the arrangement of the major
structural components (8). Most lamellar units contain a single central layer of SMC,
enveloped by a network of elastin protrusions (Fig. 1). 

Fig. 1. The lamellar units consist of concentric layers of elastic lamellae, vascular smooth-muscle cells and inter-
lamellar matrix. The extracellular-matrix components ensure the integrity of the arterial wall (Reproduced with the
kind permission of DY Li (9).

The SMC are connected to the elastic protrusions with fibers build of the proteins fibrillin
and type VI collagen. It has been shown that fibrillin stabilizes the interaction between SMC
and the integrated matrix. Fibrillins bind to the integrins of SMC and this interaction is
essential for the cell attachment and adhesion (9). In close proximity to the lamellae colla-
gen fibrils form fibers, which are oriented in parallel to the lamellae. On the contrary, there
is no specific orientation of the collagen fibrils in the central portion of the unit. (10). 

Elastin is a protein of specific spring-like properties. This protein is the major factor con-
tributing to the elasticity of conduit vessels, lungs and skin. Its elastic modulus is around
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1 MPa (11). What is more important, elastin is a protein of a very slow turnover - the half-
life of elastin molecule is estimated to be more than 40 years. In addition, the synthesis of
elastin is negligible in the adult individual (12). The elastin degradation rate depends on
several factors: age, hormonal activity, stress, elastase activity, etc. (13)

The serine proteases and several matrix metalloproteinases (MMPs) possess the property
to destroy elastin. The MMPs are a family of enzymes, which decompose extracellular matrix
components and take part in morphogenesis and tissue remodeling. For example, the
increased activity of MMP-9 and MMP-2 may cause destruction of the elastic lamellae and
arterial remodeling (14). 

Collagen is a comparatively inextensible protein (it might be stretched out to no more than
10% above its initial length), which confers firmness to the arterial wall. Collagen fibers are
estimated to be 1000 times stiffer than elastin – collagen elastic modulus is around 1 GPa
(11). Yet, collagens are not only structural components; they are active participants of vas-
cular extracellular matrix.  They interact with many cell types within the arterial wall and
these effects depend on the geometric organization of matrix microenvironment as well.
Despite their strength, collagens are susceptible to proteolytic digestion and mineralization
like elastin, which might contribute to arterial wall remodeling and stiffening (15). In their
classic experiments Roach and Burton (16) showed the effect of trypsin digestion of elastin
or formic acid degradation of collagen on the tension-length curves of the iliac arteries. They
were the first to evidence the non-linearity of arterial wall elasticity. The increased stiffness
of arterial wall at larger distention of the vessel was attributed to the tensed collagen fibers.
Aortic collagen fibers are assembled in bundles and no specific arrangement of those bun-
dles is observed at low pressures. However, at higher than physiological pressures the col-
lagen fibers in the media align circumferentially and they are the main contributors to the
increased stiffness of the wall under these conditions (17).

The elastin/collagen ratio is highest in the large conduit arteries. It gradually decreases
with the concomitant increase in SMC number per unit of mass and the decrease of arteri-
al lumen in muscle arteries. Recent experiments using elastase-treated arteries demon-
strated the significance of elastin-collagen interdependence. Elastin destruction led to col-
lagen fiber recruitment and non-linearly increased arterial stiffness, especially in conditions
of elevated circumferential stress (18). 

ARTERIAL STIFFNESS

Arterial stiffness is a property of the vascular wall, which is hard to be defined and even
more difficult to be precisely measured. Arnett and al. defined arterial stiffness as an esti-
mate of the ability of large arteries to expand in response to the systolic ejection of stroke
volume (19). Arterial stiffness is inversely proportional to arterial distensibility and arterial
compliance (20). In fact the terms stiffness, compliance and elasticity are a manifestation of
volume changes in the vessel in response to a pressure change, while distensibility depends
on the initial vascular dimensions as well (21).

Further on, Greenwald (12) differentiates the terms material stiffness and functional stiff-
ness. Material stiffness of the arterial wall is manifested by its resistance to distension in
response to an applied force and, therefore, it is related to its structural components. Yet,
Greenwald introduces the term functional stiffness, which is the apparent stiffness of the
vascular wall. The apparent stiffness depends on the ratio thickness/lumen of the vessel as
well. The functional consequence is that an artery of a thicker wall would show greater
functional stiffness than a vessel with similar structural characteristics but of a thinner
wall. Theoretically, this also means that functional stiffness will depend on smooth muscle
tone, which determines vascular diameter. A constricted vessel would have a smaller thick-
ness/lumen ratio and its functional stiffness should be greater and vice versa.

Therefore, in short-term conditions the contractile function of smooth muscle cells (SMCs)
contributes to the arterial mechanical properties. The pattern of SMC arrangement is dif-
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ferent in the large arteries as compared to SMC architecture in the more distal muscular
arteries. In the conduit arteries the myocytes bridge the elastic lamellae, while in the mus-
cular arteries they form rings parallel to the elastic lamellae. This arrangement pattern in
the large arteries determines the specific contribution of SMC contraction to arterial wall
stiffness (22, 23, 24). On the contrary to resistance vessels, the relatively small amount of
SMC in the elastic arteries determines a small diameter reduction upon contraction. Hence,
the functional effect of SMC contraction is a redistribution of force between the collagen and
elastin fibers, i.e. modulation of tension. This might explain the existence of acute arterial
stiffness dynamics (25, 26). 

It also should be kept in mind that arterial stiffness is a function of the distending pres-
sure as already discussed due to the recruitment of collagen fibers; hence, arterial stiffness
should be considered a dynamic property of the vessel (27). 

All these assumptions give theoretical reasons for expecting a reduction in arterial stiff-
ness through appropriate interference with SMC contraction.

EFFECT OF AGING ON LARGE ARTERIAL CHARACTERISTICS

The long-term gradual stiffening of the elastic arteries might be related to changes in the
composition, altered geometry and the resulting redistribution of forces within the arterial
wall. The large arteries dilate, they get more rigid and their wall thickens (28, 29).

The structural alterations in the media components act not only as a causative agent for
a change in material stiffness; they lead to altered cell-matrix interactions as well (30).
There are a lot of putative mechanisms for intracellular signalling in the genesis of arterial
stiffness, which could be therapeutically targeted only after understanding the underlying
mechanisms. 

The typical changes in vascular media with aging are summarized by Lakatta et al. as ele-
vated collagen/elastin ratio, increased amount of matrix, matrix metalloproteinase (MMP)
dysregulation and increased number of SMC (31).

The gradual decrease in elastin content is a physiological manifestation of aging. Aging is
accompanied not only by loss of elastic fibers, but also by thinning, splitting and fragmenta-
tion of elastin (32, 33). This phenomenon was described by O’Rourke as elastin fatigue (34).
The elastin lamellae progressively thin, and, in addition, they are put under an increased wall
tension according to Laplace’s law due to arterial dilation accompanying aging. Therefore, the
aortic elastin reduction accounts for the decreased aortic compliance (35, 36). 

In addition, it should be pointed out that elastin has a high affinity for calcium, and age-
related elastic fiber fragmentation is associated with a greater predisposition for calcifica-
tion. Besides, it has been shown that MMP mediated elastin degradation leads to formation
of soluble elastin peptides, which also may induce calcium deposition. Elastin calcification
was associated with an up-regulation of the MMP mRNA expression, MMP-9 and MMP-2, in
particular (37). 

Those unfavorable changes in extracellular matrix (ECM) proteins are promoted and accel-
erated by inflammation and immunological stress, in which condition inflammatory cells
produce increased amounts of MMPs and elastase (38).

Several studies suggest that genetic factors might influence at least in part the elastic
properties of large arteries. A positive association between gene polymorphism of
angiotensin II receptor type 1 (AT1

1166A/C) and of aldosterone synthase (CYP11B2
344T/C)

with aortic stiffness has been shown in hypertensive subjects (39, 40). A significant
decrease in carotid artery distensibility was observed in individuals carrying Ser422Gly
polymorphism in the gene-encoding elastin. The interesting point was that the association
of elastin gene polymorphism and increased stiffness existed only in subjects above 50
years, which implies the existence of an age-genotype interaction (41).

Fibrillin-1 genetic polymorphism was also associated with large artery stiffening and
increased cardiovascular risk (4).
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It has also been shown that MMP-3 gene polymorphism could lead either to increased pro-
duction of the enzyme with the ensuing arterial wall weakness and risk of aneurysm for-
mation, or to increased extracellular matrix deposition because of decreased levels of MMP-
3. The optimal intermediate levels of the enzyme leading to a balance between matrix dep-
osition and breakdown are observed in individuals with heterozygous MMP-3 expression
(42). On the contrary, MMP-9 gene polymorphism with elevated levels of the enzyme in the
aorta was related to elastic matrix degradation and remodeling, which causes arterial stiff-
ening (43).

EVALUATION OF ARTERIAL STIFFNESS

In general, three approaches might be used to measure non-invasively arterial stiffness
(44):
1. Assessment of the relationship between vessel size and distending pressure usually by

means of echo-tracking techniques, aplanation tonometry and magnetic resonance imag-
ing;

2. Pulse wave analysis with the help of aplanation tonometry or echo-tracking, which pro-
vides data about the alterations in the aortic pulse wave contour;

3. The gold standard for arterial stiffness assessment is the measurement of pulse wave
velocity (PWV). This method is based on the equation of Moens–Korteweg: 
PWV2=Eh / 2rρ, where E is Young’s modulus (estimated by the slope of the stress–strain
relationship of the vessel); ρ is blood density, h is vascular wall thickness and r is vas-
cular radius. PWV in the central arteries increases with age and what is more important
– it increases non-linearly and of a higher rate above the age of 50 (45).

ASSESSMENT OF ARTERIAL STIFFNESS BY MEASUREMENT OF BRACHIAL-ANKLE
PULSE WAVE VELOCITY (BA-PWV)

Recently there are several papers, which give evidence for a good correlation between aor-
tic or central PWV and the brachial-ankle PWV (ba-PWV), which is easier for estimation
(46, 47).

We have measured ba-PWV to compare arterial stiffness in two groups of normotensive
young adults: young individuals with family history for increased cardiovascular risk (N+)
as compared to their age matched controls (N-). The (N+) individuals were the offspring of
parents and/or grand parents with hypertension, diabetes, obesity and/or target organ
damage like myocardial infarction or brain stroke. Their general characteristics are shown
on Table 1.
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Table 1. General characteristics of the studied individuals. 
Data are means ± SEM. HR – Heart rate at rest (min-1); SAP – Systolic arterial pressure at rest (mm Hg); PP – Pulse
pressure at rest (mm Hg).

Groups n Age                 BMI HR SAP PP

N+ 35 20.4 ± 0.4        23.3 ± 0.6 75 ± 1.3 119 ± 1.6 43 ± 1.3

N- 9 21.5 ± 0.8 22.2 ± 0.5 69 ± 3 113 ± 4 39 ± 2

As it is clearly seen from Table 1 the studied subjects were age matched, non-obese and
normotensive. There were slight differences in the resting heart rate, systolic arterial pres-
sure and pulse pressure. All these parameters were within the normal range, although high-
er in the N+ group. Yet, no statistical significance could be shown.



Fig. 3. Two screens from the AcqKnowledge software. A. Simultaneous recording of electrocardiogram and two pho-
toplethysmograms from a. brachialis and a. dorsalis pedis. B. Calculation of the time lag between two fiducial cor-
responding points of the photoplethysmograms: the onset of the anacrotic phase. It is measured as the time inter-
val between the respective peaks of the photoplethysmogram second derivatives.

The measurement of ba-PWV was carried out in supine position of the patient after 10
min for adaptation and taking the baseline brachial arterial pressure. Two photoplethys-
mograms (PPG) were simultaneously recorded from the right a. brachialis and the right
a. dorsalis pedis using the Biopac MP 100 digitizer and the Acknowledge software.
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Fig. 2. The route difference traveled by the pulse wave corresponds to the time lag between the foot of the brachial
and dorsal pedis photoplethysmograms. S2 corresponds to the shorter distance traveled by the pulse wave between
the sternal notch and the brachial artery recording site; S1 is the longer distance between the sternal notch and
the dorsal pedis recording site.



PWV calculation was based on the difference in the route traveled by the pulse wave (Fig.
2) to the sites of recording (brachial artery and dorsal pedis artery) and on the time lag (Δt)
between the start of the anacrotic phase in the respective PPG (Fig. 3). Hence, ba-PWV =
ΔL/Δt.

A screen from the software program AcqKnowledge with a simultaneous recording of the
two PPG is shown on Fig. 3A. Figure 3B demonstrates the calculation of the time lag
between the two fiducial corresponding points of the PPGs. It is measured as the time inter-
val between the peaks of the second derivatives of the PPG curves, which peaks coincide
with the opening of the aortic valve and the transition to the ascending phase of the curve
(48). The corresponding route is calculated as follows. The route traveled by the pulse wave
from the aortic semilunar valve to the branching of the truncus brachiocephalicus dexter
(positioned roughly beneath the sternal notch) is common for both distances. The shorter
route S2 is measured from the sternal notch to the brachial artery recording site. The greater
distance S1 to the dorsal pedis site is calculated using the formula S1 = (0.8129 x height
+12.328)/100, where S1 is in m and height is in cm. Hence, ΔL = S1 – S2 (46).

Our ba-PWV data correspond to the reference values given by Boutouyrie et al. (49) for
central PWV. Yet, we have shown the existence of a significantly higher ba-PWV in the N+
individuals as compared to the controls (P < 0.01, Fig. 4). The resting value in N- it was 6.72
± 0.66 m/s, while in N+ it was 8.72 ± 0.35 m/s.
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Fig. 4. Brachial-ankle PWV is significantly higher in the N+ individuals as compared to the control group.

We plan to carry out additional studies that could clarify the cause(s) for the higher PWV
in the individuals with positive family history for increased cardiovascular risk.

The putative underlying mechanisms comprise genetic factors that could determine a pre-
mature morphological “aging” of the arterial wall. There are studies showing the existence
of gene polymorphisms associated with variance in the arterial stiffness phenotype. These
studies are elegantly presented in the review of Lacolley and al. (50). Several candidate gene
polymorphisms are discussed in this review: renin–angiotensin–aldosterone genes, matrix
and metalloproteinase genes, endothelial cell related genes, inflammatory genes, etc. Yet,
the average age of the studied individuals in the above cited genome linkage studies is more
advanced than in our subjects: it is higher than 40. This fact is not surprising as the accu-
mulation of influences on a composite parameter such as the arterial stiffness needs more
time to produce a manifested alteration.



So, interpreting our results we are inclined to speculate that the higher PWV in the young,
healthy and normotensive individuals with positive family history for cardiovascular risk
could be associated with functional rather than structural causes. As it has been already
shown the change in the vascular smooth muscle tone due to sympathetic stimulation
might cause increased arterial wall rigidity (25, 51, 52, 53). Our hypothesis is that an auto-
nomic dysbalance with a sympathetic predominance exists in those individuals. This idea
is supported by earlier studies of ours showing the existence of altered heart rate variabili-
ty in similar groups of subjects (54). Although not statistically significant, the slightly high-
er resting heart rate, systolic pressure and pulse pressure in the N+ are also in favor of the
existence of elevated sympathetic drive to the cardiovascular system.

In conclusion, the measurement of ba-PWV is an easy for performance, non-invasive and
cost-effective method that might be used as an additional tool in a battery of functional tests
for screening individuals at higher cardiovascular risk.
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