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 In recent years, our fundamental knowledge of atherosclerosis in the hu-
man being has dramatically increased, not only from a better understanding 
of the pathophysiological information, but also from the clinical use of new 
hypolipidemic agents which are so very different from the traditional thera-
peutic mechanisms directed toward atherosclerotic disease. This advance was 
exceedingly important for all clinical investigators since their clinical ap-
proach to atherosclerotic disease has changed, particularly regarding its links 
with hypertension and the aging process.

  Moreover, as a consequence of new epidemiological findings, we have di-
vided the well-established vascular ‘diseases’ into two pedagogic categories: 
those related to cardiovascular risk factors (hypertension, diabetes mellitus, 
dyslipidemia, obesity and smoking) and those related to specific clinical events 
affecting the target organ circulations (i.e., brain, kidney, heart, and lower 
limbs). Furthermore, because of increased longevity in recent years, a disso-
ciation of atherosclerosis from the effects of aging per se has been a major effort 
in presenting the concept of this textbook. Another important point needed to 
be clarified: in understanding the different clinical and hemodynamic features 
of atherosclerosis, it was important to present a current means of evaluating 
cardiovascular risk as well as a practical rationale for developing a therapeutic 
strategy.

  Finally, in arriving at a dissociation and understanding of the mecha-
nisms of hypertensive disease and of the aging process, the structural and 
functional changes of the vessels of each must be recognized as clearly as pos-
sible with respect to how they involve the totality of the arterial and arteriolar 
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system. Thus, it is necessary to comprehend both the aging phenomenon and 
the pathophysiology of hypertension and their respective global impacts on 
arterial stiffness, especially involving the aorta and its major large arterial 
branches. In this regard, the clinical aspects of arterial stiffness have been 
widely developed in hypertensive subjects over the last 10 years. In contrast, in 
patients with atherosclerosis, the distribution of arterial rigidity on large ves-
sels is much more patchy and predominates in certain arteries – for example 
the coronary arteries and at the level of the arterial bifurcations. In these ves-
sels, non-fibrous and non-calcified plaques do not necessarily contribute to 
increased vessel stiffness. Therefore, the problem of arterial rigidity in athero-
sclerosis is more difficult to resolve than in hypertension. For these reasons, 
the principal purpose of this book was to respond to the following questions: 
In which conditions does the atherosclerosis process contribute to the develop-
ment of vascular stiffness and to vascular calcifications since both of these fac-
tors independently participate in determining cardiovascular risk and, possi-
bly, in modifying therapeutic strategy?

  This book is composed of four sections. First, the definition and measure-
ment of arterial stiffness are described with respect to the pathophysiological 
aspects of atherosclerosis. Second, the mechanisms underlying arterial stiff-
ness are described successively in the major territories involved with athero-
sclerosis, particularly the coronary arteries. Third, arterial stiffness is dis-
cussed with respect to its relation with other cardiovascular factors such as 
diabetes mellitus or hyperlipidemia. Finally, in the fourth section the thera-
peutic means of approaching arterial stiffness are analyzed in detail. We hope 
this approach to the effects of arterial stiffness involving hypertension, athero-
sclerosis, and aging is now better understood and that it will, in turn, result in 
a more clearly developed concept for therapy in the future.

   Michel E. Safar , Paris
   Edward D. Frohlich , New Orleans, La.
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 Abstract 
  Arterial elasticity is a common index of medical semiology, easier to understand than 

blood pressure measurement. This chapter summarizes the most classical aspects which 
are important to understand in vascular medicine.    

 Copyright © 2007 S. Karger AG, Basel 

 
In biophysics, the theory of elasticity deals with the relations between the 

forces applied to a body and its subsequent deformations  [1–3] . The force per 
unit area is called the ‘stress’. The deformation, described as the ratio of the 
deformation to its original form, is called the ‘strain’. Because it is a ratio, strain 
is dimensionless. The slope of the strain-stress relationship is called ‘elastic 
modulus’.

  When forces act on a given solid body without displacing it, they will de-
form it, that is, cause a movement of the various parts of the body relative to 
one another. If the body regains its original form exactly when the force is re-
moved it is said to be ‘perfectly elastic’. If the body retains the deformation, 
then it is said to be ‘plastic’. A large number of substances exhibit properties 
appropriate to both an elastic solid and a viscous liquid, and the deformation 
suffered by such a material will depend on both the magnitude of the stress 
and on the rate at which it is applied. Such substances are called ‘visco-elastic’. 
It is to this large class that the arterial wall belongs.

 Arterial Stiffness: A Simplified Overview in 
Vascular Medicine 

 Michel E. Safar  

 Diagnosis Center, Hôtel-Dieu Hospital,  Paris , France
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  In the case of biology of arterial vessels, the stress-strain relationship is 
simplified in terms of pressure relationship applied to a cylindrical vessel of 
constant length. The mechanical stress is represented by pressure and the 
strain by the change in ‘diameter’ (or volume). Because the relationship is non-
linear, the slope of the curve at a given pressure represents the elasticity (or its 
inverse, the stiffness) of the system. Elasticity and stiffness are both qualitative 
terms. The corresponding establishing quantitative values are called ‘compli-
ance’ or ‘distensibility’. The purpose of this chapter is to define the visco-elas-
tic properties of the large artery walls in relation to their principal applications 
in vascular medicine, mainly in subjects with atherosclerosis. Arterial stiffness 
is the qualitative and most widely used term to define the visco-elastic proper-
ties of the vascular wall.

  Blood Pressure and the Mechanical Behavior of the Arterial Wall 

 The elastic thoracic aorta takes origin from the left ventricle and almost 
immediately curves, in a three-dimensional way, dividing into musculo-elastic 
and muscular branches to the heart, head, and upper and lower limbs (macro-
circulation). Beyond the early branches, the total cross-sectional area of the 
arterial tree begins to expand markedly. Whereas total cross-section increases, 
the average diameter is reduced, reflecting the increased number of bifurca-
tions toward arterioles and capillary network  [1, 2]  ( fig. 1 ). The microcircula-
tion begins when the arteriolar diameter is  ! 150  � m ( fig. 1 ). Along the arte-
rial and arteriolar tree, the forces governing flow are exclusively interested in 
the pressure generated by the heart. This quantity, which is the difference be-
tween the actual pressure and its hydrostatic component, is commonly referred 
to as ‘blood pressure’ (BP)  [1] . It is the gradient of excess pressure which drives 
the flow. The distribution of this excess pressure through the circulation, 
which is largely dissipated in forcing the blood through the microcirculation, 
is at the origin of the so-called ‘vascular resistance’. The behavior of BP along 
the arterial tree and its consequences on the arterial wall is the first objective 
of this chapter, taking into account that the heart is an intermittent and not a 
steady pump.

  Cardiac Contraction and Aortic Consequences of Intermittent Ventricular 
Ejection  [1–3]  
 There are three main consequences on large vessels of the intermittent 

ventricular ejection of the heart: (1) as a result of the systolic contraction of  the 
left ventricle, coronary blood flow is interrupted and the coronary arteries are 
perfused only during diastole  [1–3] ; (2) the thoracic aorta during systole acts 
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as an elastic reservoir (Windkessel function), and (3), following the systolic 
ejection of blood on the aortic wall, a shock wave acutely develops, resulting in 
the rapid propagation of this wave along the arterial tree. Only points 2 and 3 
of this description are detailed in this paragraph.

  At the end of ventricular ejection, the pressure in the aorta falls much 
more slowly than in the left ventricle because the large central arteries, and 
particularly the aorta, are elastic, and thus act as a reservoir during systole, 
storing part of the ejected blood, which is then forced out into the peripheral 
vessels, during diastole. More specifically, the pulsatile load is borne primar-
ily by elastic-containing central arteries, which fulfill the bulk of the cushion-
ing function by expanding during systole to store some, but not all, of each 
stroke volume, and then contracting during diastole to facilitate peripheral 
run-off of the stored blood. The cushioning function thus supports diastolic 
blood flow to peripheral tissues.

  Then the pressure pulse generated by ventricular contraction travels along 
the aorta as a  wave  ( fig. 2 ). It is possible to calculate the velocity of this wave 
(i.e., pulse wave velocity, PWV) from the delay between two BP curves located 
at two different sites of the arterial tree. Of course, the distance between mea-
suring sites should be known. An example is given in  figure 3 . Because a fun-
damental principle is that pulse waves travel faster in stiffer arteries, the mea-
surement of PWV is considered the best surrogate to evaluate arterial stiffness 
( fig. 3 ). Aortic PWV determines how quickly a disturbance of the arterial wall 
is moved away from the heart (up to 2 m/s with exercise). It approximates 3–
 5 m/s in young persons at rest, but increases considerably with age. Given that 

Proximal arterial

compartment

Distal arterial

compartment

Arterioles

Capillaries

Capillaries

!8 �m

++++

0

exchange

Muscular arteries

150 �m–2 mm

++

++

Compliance; resistance

Elastic arteries

12 mm

+

++

Conduit; compliance

Arterioles

8–150 �m

+++

+

Resistance

Diameter:

Endothelium:

Medial layer:

Function:

    Fig. 1.    Oversimplified description of the macro- and microcirculation. A semiquan-
titative evaluation of the extent of endothelium and medial layer function is indicated 
from + to +++  [1–4] . 
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peripheral arteries are markedly stiffer than central arteries, an important 
limitation of PWV measurements is the presence of a large heterogeneity of the 
arterial wall at its different sites.

  BP Propagation and Amplification  [2]  
 When several simultaneous BP measurements are done at different points 

all along the aorta, it appears that the pressure wave changes shape as it travels 
down the aorta. Whereas the systolic blood pressure (SBP) actually increases 
with distance from the heart, the  mean  level of the arterial pressure (MAP) 
slightly falls (about 4 mm Hg) during the same course along the length of the 
aorta ( fig. 2 ). Thus the amplitude of the pressure oscillation between systole 
and diastole, which is pulse pressure (PP), nearly doubles ( fig. 2 ). The SBP and 
PP amplification along the vascular tree is a physiological finding, which ap-
proximates 14 mm Hg between the origin of the thoracic aorta and the bra-
chial artery, and continues in the branches of the aorta out to the level of about 
the third generation of branches. Thereafter, both PP and MAP decrease rap-
idly to the levels found in the microcirculation, a territory in which a nearly 
steady flow is achieved ( fig. 4 ).

Femoral artery

Iliac artery

Abdominal aorta

Renal

artery

Thoracic

aorta

50

100

150

μm

Ascending

aorta

Age 24 years

    Fig. 2.    The BP curve propagates along the arterial tree at a given velocity (PWV: see 
text). Note that, from central to peripheral arteries, SBP increases markedly while DBP is 
slightly reduced, and MAP (corresponding to the cross-sectional area under the BP curve) 
remains unmodified. With age, this amplification phenomenon, which is mainly due to 
wave reflections, tends to disappear  [1–3] . 
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  Transition from the Macro- to the Microcirculation  [2]  
 Whereas the macrocirculation is characterized by pulsatile flow as well as 

by the propagation of pressure wave, PWV and PP amplification, the micro-
circulation is influenced by steady flow, and therefore by Poiseuille’s law. At 
the arteriolar level, the pressure gradient becomes proportional to the rate of 
flow, the viscosity of blood, and the length of the arteriolar tree, and mostly is 
inversely proportional to the fourth power of vascular diameter.

  In order to optimize the capillary exchanges, a low hydrostatic pressure 
profile is physiologically achieved in the microvascular network ( fig. 4 ). The 
general consensus is that the resulting BP decrease occurs predominantly in 
precapillary vessels ranging from 10 to 300  � m  [1–3] . Conversely, a very high 
vascular resistance (which represents, according to Poiseuille’s law, the me-
chanical forces that are opposed to flow) builds up abruptly from larger to 
smaller arteries and capillaries, over a transitional short length of the path be-
tween arteries and veins, thus causing a steep decrease in MAP ( fig. 4 ). At the 
same time, the PP amplitude decreases, resulting in almost completely steady 
flow through resistance vessels. However, a further contribution to opposition 

Pulse wave velocity

PWV = L/�T

Distensibility

D = (3.57/PWV)2

Carotid

Aorta

�T

L

    Fig. 3.    Non-invasive determination of PWV between the carotid artery and the ter-
minal aorta (i.e., the origin of femoral artery). The measured distance is L. If  � T repre-
sents the time delay between the feet of the two waves, PWV equals L/ � T. Distensibility 
may be then deduced from the Bramwell and Hill formula  [1–3] . Automatic PWV mea-
surements are widely used nowadays  [1–3] . 



 6  Safar
 

to flow is also derived from the reflection of arterial pulsations that cannot 
enter the high resistance vessels and are summated with pressure waves ap-
proaching the area of high resistance  [1, 2] . This area of reflection, which is 
directly related to the number and geometrical properties of arteriolar bifurca-
tions  [1] , contributes greatly to the hemodynamic profile of BP within large 
arteries ( fig. 2 ).

  Pulse Wave Morphology and Analysis  (fig. 5)  
 If, in an individual, body length is 2 m at most and aortic PWV approxi-

mates 5 m/s, something must happen to the shape of the BP curve within the 
one beat if heart rate is 60/min. What happens is generation of wave reflections 
and their summation with the incident wave, as summarized in  figure 5 A and 
B. The incident wave passes away from the heart along the highly conductive 
arteries. There is a mismatch of impedance at the junction of a highly conduc-
tive artery and high resistance arterioles. So the wave cannot enter the arteri-
oles and is repelled, traveling backward towards the heart. The morphology of 
any pulse wave results from the summation of incident (forward-traveling) 
and reflected (backward-traveling) pressure waves ( fig. 5 ). Reflected waves 
may be initiated from any discontinuity of the arterial or arteriolar wall, but 
are mainly issued from high resistance vessels  [2] . Pulse wave propagation and 

B
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Arteries Arterioles Capillaries

    Fig. 4.    Transition from the macrocirculation (large arteries) to the microcirculation 
(arterioles-capillaries). The decrease in BP along the vascular bed is represented under 
normal BP conditions (a), during arterial hypertensive without vasomotor adaptation (b), 
and after adaptation to the arterioles resulting in enhanced peripheral resistance but nor-
mal capillary pressure (c). During the same traject, the pulsatility disappears  [1–3] . 
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reflection varies considerably according to age. In young adults with full height 
and maximum elasticity of their central arteries (low PWV), the summation 
of the incident (forward-traveling) arterial pressure wave with the reflected 
(backward-traveling) wave results in progressive PP amplification so that SBP 
is higher at the brachial artery than at the ascending aorta ( fig. 2   and  5 a). This 
hemodynamic profile contrasts with MAP and DBP, which fall minimally 

a

b

    Fig. 5.    Schematic representation of pressure-wave transmission and reflection in a 
tubular model of circulation.  –––– =  Recorded pressure wave; – – – = incident/forward 
pressure wave; · · · · · = reflected pressure wave;   ]   = PWV. On the right, pressure waves in 
the peripheral circulation are represented, while on the left, the pressure waves in the 
aorta and central arteries are represented.   a   Description of a distensible arterial system 
with a low PWV. In the peripheral circulation, the reflected wave occurs as an almost im-
mediate response to the impact of incident pressure wave – the two waves are ‘in phase’ 
and their sum is the measured pressure wave. The reflected wave returns at a low PWV 
back to the central arteries and reaches the aorta after closure of the aortic valves or dur-
ing the telesystole. The reflected wave is not ‘in phase’ with the incident wave and has no 
effect on SBP, but produces an additive ‘boosting’ effect on DBP.   b   Description of a stiff 
arterial system with increased PWV causing the reflected wave to return towards the cen-
tral arteries and the aorta during ventricular ejection rather than during ventricular sys-
tole. In this situation the peripheral pressure amplification disappears. For   a   and   b  , the 
aortic BP curves are also represented in figure 6. 
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with distance from the heart in vessels at all ages ( fig. 2 ). Note that, at the site 
of the thoracic aorta, as PWV is relatively low, the reflected wave comes back 
during diastole, thus maintaining DBP and boosting coronary perfusion 
( fig. 5 a and  6 ). Thus an optimal arterial function is maintained, as well as an 
adequate coronary perfusion.

  Wave Reflection, Arterial Stiffness and Ventricular Load  [1–3]  
 The pattern of wave reflections and the pulse wave morphology are di-

rectly dependent on aging and arterial stiffness. The development of increas-
ing arterial stiffness (high PWV) and altered wave reflections with aging and 
hypertension completely abolishes the differences between central and periph-
eral PP by age 50–60 years ( fig. 5 b and  6 ), with major consequences for ven-
tricular load and coronary perfusion.

  Arterial stiffness impacts the left ventricle into two ways: (1) the ejection 
of the stroke volume from the left ventricle into a stiff aorta generates a high 
early SBP, and (2) as mentioned earlier, the increased velocity of the aortic 
pulse wave allows the reflected waves to return to the aortic root earlier, dur-
ing late systole ( fig. 5  and  6 ). In that condition, the reflected waves summate 
with the forward-traveling wave to create an increase of ‘augmentation’ of cen-

Young Old

Augmentation

index

    Fig. 6.    BP curve in a younger and an older subject for the same cross-sectional area 
under the curve (i.e., the same heart rate and MAP)  [1–3] . In younger subjects, the back-
ward wave returns in diastole and participates to the diastolic perfusion, i.e., to the filling 
of coronary arteries. In older subjects, the backward wave returns earlier, i.e., in systole, 
causing an increase in ‘augmentation index’ and peak SBP, while diastolic perfusion is 
reduced, favoring myocardial ischemia  [1–3] . ‘Augmentation index’ is the supplement of 
SBP due to the reflected wave and located between the two arrows indicated within the 
figure. 
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tral SBP ( fig. 6 ) and ventricular load. In elderly persons with isolated systolic 
hypertension, aortic SBP can be increased by as much as 30–40 mm Hg as a 
result of the early return of wave reflection  [1–3] .

   Furthermore, because the backward pressure returns in systole, and not 
in diastole, as a consequence of enhanced PWV ( fig. 6 ), DBP and coronary 
blood flow tend to be reduced, a situation favoring coronary ischemia.

  It is worth noting that the increased ventricular load is essentially ‘wasted’ 
cardiac work. Left ventricular workload is ultimately dependent on three ma-
jor components: systemic vascular resistance; early systolic impedance, which 
increases the forward-traveling wave caused by proximal aortic stiffening; and 
finally, late systolic impedance, which influences the early return of the re-
flected (backward-traveling) pressure wave.

  Vessel Wall and Mechanical Properties of Conduit Arteries 

 The vascular wall is composed of vascular smooth muscle (VSM) cells and 
extracellular matrix (ECM), which both contribute to the mechanical proper-
ties (i.e., arterial stiffness) of large vessels. The elastic behavior depends pri-
marily on the composition and arrangement of the materials that make up the 
tunica media or middle layer of the vascular wall. In the media of the thoracic 
aorta and its immediate branches are large attachments of elastic lamellae to 
VSM cells, constituting the contractile-elastic units, which are arranged in an 
alternating oblique pattern that exerts maximum forces in a circumferential 
direction  [4] . This arrangement is important for the balance of normal chang-
es in intraluminal pressure and tension that occur during systole and diastole. 
In a normal young healthy person, the medial fibrous elements of the thoracic 
aorta contain a predominance of elastin over collagen, but as one proceeds dis-
tally along the arterial tree, there is a rapid reversal of the proportion with 
more collagen than elastin in the peripheral muscular arteries  [2–4] . Thus, the 
thoracic aorta and its immediate branches show greater elasticity, whereas 
more distal vessels become progressively stiffer.

  Close study of the infrastructure of the arterial media has shown that the 
structure is a composite of subunits, each comprising a group of fascicles of 
commonly oriented VSM cells surrounded by a similarly oriented array of in-
terconnected elastic fibers  [4] . The smooth cells of individual fascicles are 
bound together by a continuous intercellular and pericellular basal lamina 
(type IV collagen) and by a basketwork of fine collagen fibrils (type III), many 
of which are embedded in the basal lamina. Separately organized, coarser col-
lagen fibers (type I) appear as bundles between adjacent musculo-elastic fasci-
cles and only occasionally within them. The size, orientation and distribution 
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of the musculo-elastic fascicles in relation to curves and branch regions suggest 
that they are aligned along lines of tensile force. The fiber bundles are crimped 
so that configurational rigidity may also contribute resistance to deformation 
or stretch. VSM cells are attached to the immediately surrounding elastin bars 
by a series of firm linear junctions. The collagen bundles are not attached to 
elastic fibers and are only occasionally attached to cells. This composite of 
stacked musculo-elastic fascicles results in a specific transmural distribution of 
aortic medial elements, not in layers of elastin-cells-elastin, but in layers of elas-
tin-cells-elastin:collagen:elastin-cells-elastin:collagen, and so on  [4] .

  The protein product of the elastin gene is synthesized by VSM cells and 
secreted as a monomer, tropoelastin  [2–4] . After post-translational modifica-
tion, tropoelastin is cross-linked and organized into elastin polymers that 
form concentric rings of elastic fenestrated lamellae around the arterial lumen. 
Elastin-deficient mice die from an occlusive fibrocellular pathology caused by 
subendothelial proliferation and accumulation of VSM cells in early neonatal 
life  [5] . Thus, elastin is a crucial signaling molecule that directly controls VSM 
cell biology, and stabilizes arterial structure and resting vessel diameter. On 
the other hand, vascular collagen is determined at a very early developmental 
stage and thereafter remains quite stable, due to a very low turnover. Neverthe-
less, the proportion of collagen types I and III has a differential mechanical 
impact on stiffness of the vessel wall  [6] . Furthermore, neurohumoral factors, 
particularly those related to angiotensin II and aldosterone, modulate collagen 
accumulation  [1–3, 6, 7] . Finally, under the influence of several enzymes 
 such as metalloproteinases, collagen is also subjected to important chemical 
modifications, such as breakdown, cross-linking or glycation, resulting in 
marked changes in stiffness along the vessel wall  [3] . Several other molecules, 
such as connexins or desmins, may contribute to the three-dimensional distri-
bution of mechanical forces within the arterial wall, acting on cell-cell and 
cell-matrix attachments and favoring resulting changes in arterial stiffness  [8, 
9] . Finally, ECM is mostly responsible for the passive mechanical properties of 
the arteries, in particular of the aorta and its main branches  [1, 2] . These pas-
sive properties, which must to be studied in the absence of VSM tone (after 
poisoning VSM cells by potassium cyanide), are usually mathematically de-
fined from a cylindrical model of the artery. When the transmural pressure 
rises, a curvilinear (and not a linear) pressure-diameter curve ensues, as a con-
sequence of recruitment of elastin at low pressure and of collagen fibers at high 
pressure ( fig. 7 )  [1, 2] . From this framework, various indices have been de-
scribed to define arterial stiffness and are summarized in  table 1 .

  Independently of ECM, VSM cells do not represent a homogenous popula-
tion. For the same genomic background, they have different mixtures of phe-
notypes, involving not only contractile and secretory but also proliferative and 
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apoptotic properties  [3, 10] . The distribution of these phenotypes is mainly 
influenced by age, by the location within the vascular tree, and the presence of 
underlying pathological factors. VSM contractile properties, which are main-
ly expressed in muscular arteries and arterioles, are responsible for the active 
mechanical properties of these vessels  [1–3] . Changes in VSM tone may occur 
either directly or through signals arising from endothelial cells. Endothelium 
is a source of substances, particularly nitric oxide (NO), and of signal trans-
duction mechanisms  [11] , that necessarily influence the biophysical properties 
of arteries and are defined according to the same mathematical formulas as 
passive mechanical properties ( table 1 ,  fig. 7 )  [1–3] . Many of these signals are 
influenced by blood flow through the mechanism of endothelium-dependent 
flow dilatation, which is observed for vessels of all sizes (muscular or musculo-
elastic). In contrast, the role of mediators arising from endothelium predomi-
nates in muscular distal arteries and arterioles  [3, 11, 12] . The wall-to-lumen 
ratio of such vessels is influenced by the local differential effects of NO and 
other vasodilating (bradykinin–prostaglandins) or vasoconstricting (norepi-
nephrine, angiotensin, endothelin) compounds.

Table 1. Arterial stiffness indices [1–3, 12–14] (see also pp. 22–24)

Pulse wave velocity1 Speed of travel of the pulse along an arterial
segment (fig. 3)
Distance/�t (cm/s)

Arterial distensibility1 Relative diameter (or area) change for a pressure 
increment; the inverse of elastic modulus (fig. 7)
�D/(�P • D) (mm Hg–1)

Arterial compliance1 Absolute diameter (or area) change for a given
pressure step at fixed vessel length
�D/�P (cm/mm Hg) (or cm2/mm Hg) (fig. 7)

Elastic modulus Intrinsic elastic properties of wall material
�P • V/�V • h (mm Hg/cm) (fig. 7)

 Nowadays, most of these indices are measured non-invasively in vivo using echo-
Doppler techniques with high resolution and high degree of reproducibility, particularly 
for D, �D and h. The most important difficulty is BP measurement, which may require 
local tonometry. The latter then requires calibration, which remains a difficult problem 
to resolve.

P = Pressure; D = diameter; V = volume; h = wall thickness; t = time.
1 These indices are site-specific and vary with distending pressure (fig. 7). They may 

be measured in vivo (active properties in the presence of VSM tone) or in vitro (or even 
in vivo, in situ) (passive properties after poisoning VSM cells).
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  In muscular arteries, dilators such as nitroglycerine cause a large degree 
of dilation but little change or even an increase in arterial stiffness, whereas 
constrictors seem to have an opposite effect. Such hemodynamic profiles can 
be explained on the basis of models connecting VSM cells to the stiff collagen 
and less stiff elastin fibers  [2] . It has been suggested that VSM cells are in series 
with collagen but in parallel with elastin  [2] . Hence, muscular contraction 
makes an artery stiffer as well as more narrow, whereas muscular relaxation 
makes the artery less stiff as well as wider. Nevertheless, the latter change may 
not be apparent if collagenous fibers are modified by the passive increase in 
diameter.

  Finally, through their dilating properties, arteriolar vessels may contrib-
ute to change the pattern of wave reflections. Reflection sites are located at 
any discontinuity of ECM and/or VSM cells. The reflectance properties of the 
arterial and arteriolar system are nowadays the subject of emerging re-
search.

Einc = 1

Einc = 2

dP/dV

Volume

    Fig. 7.    Schematic representation of the pressure-volume relationship in CV struc-
tures with different incremental elastic modulus ( E  inc : intrinsic stiffness of biomaterials) 
(see table 1). Increasing  E  inc  shifts the pressure-volume (or diameter) curve to the left, in-
creasing the pressure effect of volume changes  [1–3] . Note that each pressure-volume 
curve is curvilinear, due to the role of elastin at low pressure and collagen at high pres-
sure. Thus, the slope d P /d V  of the pressure-volume relationship is reduced when pressure 
increases, and characterizes, at each given pressure, the elasticity of the system (called 
also compliance or distensibility: see table 1). When the material of the arterial wall is 
changed (i.e., when  E  inc  changes from position 1 to position 2; see table 1), the pressure-
volume curve is reset  [1–3] . 
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  Mechanical Stress and Arterial Remodeling 

 An arterial wall is a complex tissue composed of different cell populations 
capable of structural and functional changes, in response to direct injury and 
atherogenic factors, or to modifications of long-term hemodynamic condi-
tions. The principal geometric modifications induced by hemodynamic alter-
ations are changes of arterial lumen and/or arterial wall thickness due to acti-
vation, proliferation and migration of VSM cells, and rearrangements of cel-
lular elements and ECM  [12–18] .

  The mechanical signals for arterial remodeling associated with hemody-
namic overload are cyclic tensile stress and shear stress  [13–17] . BP is the prin-
cipal determinant of arterial wall stretch and tensile stress, creating radial and 
tangential forces that counteract the effect of intraluminal pressure. Blood-
flow alterations result in changes of shear stress, the dragging frictional force 
created by blood flow. While acute changes in tensile or shear stress induce 
transient adjustments in vasomotor tone and arterial diameter, chronic altera-
tions of mechanical forces lead to modifications of the geometry and composi-
tion of the vessel walls  [15] .

  According to Laplace’s law, tensile stress ( � ) is directly proportional to ar-
terial transmural pressure ( P ) and radius ( r ), and inversely proportional to ar-
terial wall thickness ( h ) according to the formula  �  =  Pr / h   [1–3, 14] . In response 
to increased BP or arterial radius, tensile stress is maintained within the phys-
iological range by thickening of the heart and vessel walls, a process which is 
constantly observed in the cardiovascular (CV) system of atherosclerotic or 
hypertensive subjects  [14–16, 18] . Due to a very low stress level, this process 
cannot be clearly observed or is even absent at the site of smaller arterioles or 
capillaries.

  Shear stress is a function of the blood-flow pattern. In ‘linear’ segments of 
the vasculature, blood is displaced in layers moving at different velocities  [1, 
2] . The middle of the stream moves more rapidly than the side layers, generat-
ing a parabolic velocity profile. The slope of the velocity profile, i.e., the change 
of blood velocity per unit distance across the vessel radius, defines the shear 
rate. Shear stress is the product of the shear rate  !  blood viscosity. Thus, shear 
stress ( � ) is directly proportional to blood flow ( Q ) and blood viscosity ( � ) and 
inversely proportional to the radius (r) of the vessel, according to the formula 
 �  =  Q  � / �  r  3   [2, 14, 16] . Shear stress is often presented as the major mechanical 
factor acting in atherosclerosis while tensile stress is rather acting in hyperten-
sion. In fact, changes in shear and tensile stress are interconnected, because 
any modification of the arterial radius caused by alterations in blood flow and 
shear stress induces changes in tensile stress (unless the BP varies in the op-
posite direction).
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  The characteristics of arterial remodeling depend largely on the nature of 
hemodynamic stimuli applied to the vessel. To maintain tensile stress within 
physiological limits, arteries respond by thickening their walls (Laplace’s law), 
but the increased tensile stress results from both the direct effect of high BP 
and the pressure-dependent passive distension of the arterial lumen. Studies 
in animals and humans have shown that this pressure-related distension of the 
arterial diameter is limited to central (elastic-type) arteries, being absent from 
peripheral (muscular-type) arteries, and causes an increase of the wall-to-lu-
men ratio which is proportional to the pressure  [2, 3, 14] . The limitation or 
absence of a pressure-dependent diameter increase efficiently maintains ten-
sile stress within normal limits. The nature of the mechanism(s) preventing 
the passive ‘dilatory’ effect of pressure is unknown but requires the presence 
of an intact endothelium  [14] . Pertinently, but beyond the scope of this chapter, 
endothelial function is consistently altered in subjects with hypertension and/
or atherosclerosis  [14, 15, 19] .

  Experimental and clinical data indicate that acute and chronic augmenta-
tions of arterial blood flow induce proportional increases in the vessel lumen, 
whereas decreasing flow reduces the arterial inner diameter  [14, 15] . An ex-
ample of flow-mediated remodeling associates arterial dilation and sustained 
high blood flow after the creation of an arteriovenous fistula  [20] . Increased 
arterial inner diameter is usually accompanied by wall hypertrophy and in-
creased intima-media cross-sectional area (following increases in the radius 
and wall tension). The presence of the endothelium is a prerequisite for normal 
vascular adaptation to chronic changes of blood flow, and experimental data 
indicate that flow-mediated arterial remodeling can be limited through inhi-
bition of NO synthase  [19] . Finally, although the alterations of tensile and shear 
stresses are interrelated, changes of tensile stress primarily induce alterations 
and hypertrophy of the arterial media, whereas changes of shear stress princi-
pally modify the dimensions and structure of the intima.

  Pathophysiological Changes of Arterial Stiffness and Wave 

Reflections 

 Physiologically, MAP is quite similar throughout the arterial tree, while 
PP and vessel stiffness increases progressively from the proximal to the distal 
part of the vascular traject. These changes in elasticity result from the combi-
nation of the continuous decrease of the vessel cross-sectional area along the 
arterial tree, the progressive increased rigidity of vascular wall material, and 
the physiological rise in PP from central to peripheral arteries, which largely 
results from changes in wave reflections  [2] . Because vascular elasticity is 
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higher in proximal than in distal arteries, a progressive increase in the stiffness 
gradient of wall tissue is observed from proximal to distal arteries. In humans, 
the increase in stiffness between the carotid and the radial artery approxi-
mates 25% in normal subjects  [3, 21] . With age, the difference in stiffness be-
tween proximal and distal arteries is significantly reduced, due to a more rap-
id increase in stiffness with age in the central than in the peripheral arteries 
 [3, 21] . This rapid increase in stiffness of central (but not peripheral) arteries 
is largely independent of MAP and involves enlargement of mean diameter, 
reduction of pulsatile diameter, age-mediated reduction in endothelial func-
tion, development of connective tissue, early wave reflections and reduction of 
PP amplification  [3] . The latter relates to the more rapid increase of aortic than 
peripheral PP with age, due both to increased stiffness and altered reflectance 
properties of the vessel wall.

  Aging is the dominant process altering vascular stiffness, wave reflec-
tions, and PP. There is however an extreme variability of the age-mediated 
changes  [21] . This variability is influenced by the histopathological particu-
larities of arterial tissue (muscular or musculo-elastic), and mostly by the pres-
ence of other CV risk factors inside the microenvironment. In subjects with  
middle-age hypertension, when other CV risk factors (tobacco consumption, 
diabetes mellitus, dyslipidemia, obesity...) are not or minimally present, high 
MAP contributes dominantly to the increase of arterial stiffness, whereas 
MAP-independent structural and functional changes in stiffness play a more 
important role in older subjects, as described earlier  [3, 21] . MAP-independent 
increase of arterial stiffness largely predominates in subjects with endothelial 
dysfunction as observed prematurely in the evolution of patients with diabetes 
mellitus, metabolic syndrome, obesity, end-stage renal disease or finally with 
multiple atherosclerotic alterations  [3, 21] .

  Environmental (sodium) and genetic factors are now considered to play a 
major contribution in the mechanisms of changes in arterial wall mechanics 
 [3, 7] . The mostly described gene polymorphisms are often related either to 
hypertension (as gene polymorphisms of the renin-angiotensin-aldosterone 
system), or to atherosclerosis, or to CV aging  [3] . The combination of two or 
three specific polymorphisms can affect vessel wall properties more consis-
tently than a single one. In particular, in elderly subjects with systolic hyper-
tension, the DD genotype of the angiotensin-converting-enzyme gene poly-
morphism, mostly associated with specific genotypes of the aldosynthase and 
 � -adducin genes, involves in men a consistent increase of arterial stiffness to-
gether with an increase of SBP and PP  [22, 23] .
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  Arterial Stiffness, Aging, Arteriosclerosis and Atherosclerosis 

 As described earlier, age is the major determinant of increased arterial 
stiffness. The CV risk factors mentioned earlier contribute greatly to arterial 
wall stiffening, even independently of MAP level. However, the most impor-
tant connection of increased arterial stiffness is atherosclerosis.

  Aging, Loss of Elastin and Fatigue  [2]  
 Central artery elasticity is critically dependent on normal content and 

function of the matrix protein elastin, which with a half-life of 40 years, is one 
of the most stable proteins in the body. Despite this stability, fatigue of elastin 
fibers and lamellae can occur by the sixth decade of life from the accumulated 
cyclic stress of more than 2 billion aorta expansions during ventricular con-
traction. Long-standing cyclic stress in the media of elastic-containing arteries 
produces fatigue and eventual fracturing of elastin along with structural 
changes of the ECM that include proliferation of collagen and deposition of 
calcium  [2] . Humoral factors, cytokines, and oxidative metabolites may also 
play a role. This degenerative process, classically termed  arteriosclerosis , is the 
pathologic process that results in increased central arterial stiffness. In un-
treated, and even long-term treated hypertensive subjects, an acceleration of 
the rate of development of conduit artery stiffness is observed. This process in 
turn may perpetuate a vicious cycle of accelerated hypertension and further 
increase in aortic rigidity, particularly through the associated development of 
vascular calcifications.

  Atherosclerosis versus Arteriosclerosis 
 Disease processes such as diabetes, chronic renal failure and generalized 

atherosclerosis can accelerate aging of the aorta and central arteries with ear-
lier development of arterial stiffness. Arteriosclerosis is often confused with 
atherosclerosis, but these two disease states are independent, but frequently in 
overlapping, conditions ( table 2 )  [1–4] . Atherosclerosis is primarily focal, 
starts in the intima, and tends to be occlusive. Arteriosclerosis tends to be dif-
fuse, starts in the media, and frequently results in a dilated and tortuous aorta. 
Moreover, the pathophysiology of atherosclerosis is that of inflammatory dis-
ease with lipid-containing plaques and predominantly downstream ischemic 
disease, which results in increased thoracic aortic stiffness and elevated left 
ventricle workload.

  Finally, the purpose of this book is not only to give some insight into the 
relationship between arterial stiffness and atherosclerosis, but also to establish 
the possible interactions with age and high BP, and therefore to define new 
therapeutic perspectives for CV prevention.
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Table 2. Differential features of atherosclerosis and arteriosclerosis [2]

Feature Atherosclerosis Arteriosclerosis

Distribution Focal Diffuse
Location Intima Media, adventitia
Geometry Occlusive Dilatory
Pathology Plaque fElastin, dcollagen, Ca2+

Physiology Inflammation Large artery stiffness
Hemodynamics Ischemia dLeft ventricular workload

f = Decrease; d = increase.
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 Abstract 
  Aging and hypertension interact and are associated with long-term changes in arte-

rial structure and function. Systolic BP is not constant along the arterial tree due to dif-
ferent proportional contributions of forward and reflected pressure waves. Brachial cuff 
BP values are inadequate to detect these changes. Increased PP is the result of an imbal-
ance between arterial flow and arterial impedance, which can be due to increased effective 
arterial wall stiffness or to a smaller proportional arterial diameter. After middle age, 
there is both dilation and stiffening of large arteries, along with increased effective stiff-
ness caused by the corresponding changes in content   of collagen, elastin, and VSM in the 
vascular wall. Intermediate conduit arteries also dilate with age but their functional char-
acteristics remain relatively preserved. In the microcirculation, vasoconstriction, VSM 
hypertrophy and rarefaction accompany and may contribute to changes in organ func-
tion.

 Copyright © 2007 S. Karger AG, Basel 

 The last few years have witnessed a radical change in thinking about the 
syndrome of hypertension. Systolic blood pressure (BP) is widely accepted as 
the primary endpoint of clinical concern  [1, 2]  and it is now recognized that 
aging and hypertension interact to alter the relations between systolic and dia-
stolic BP  [3–6] . Although interrelated, it can even be argued that systolic and 
diastolic hypertension are two fundamentally different hemodynamic abnor-
malities  [5, 7] . At the very least, the pathogenesis of essential hypertension is 
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not described adequately by the historical model of increased distal vasocon-
striction. This chapter reviews available epidemiologic and pathophysiologic 
studies that cast new light on the ventricular-vascular interactions that under-
lie wide pulse pressure (PP) and systolic hypertension  [3–10] .

  Aging and Blood Pressure 

 Systolic hypertension is an acquired, age-related characteristic that has 
moderate and variable genetic contribution  [11–15]  but aging is not inexorably 
associated with systolic hypertension. In primitive or cloistered societies, there 
are no relations between age and BP and the incidence of hypertension at any 
age is very low  [16, 17] . In industrialized societies, complex relations between 
age and BP are found ( fig. 1 )  [6, 18] , where systolic BP increases linearly with 
age, while diastolic BP increases until about age 50 then declines. Mean arte-
rial pressure (MAP) increases until about age 50 then plateaus, while PP is 
constant until age 50 then increases. In adults, systolic hypertension is thus the 
predominant form of the condition and the percent with diastolic hyperten-
sion rapidly dwindles with aging. Furthermore, systolic hypertension is not a 
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  Fig. 1.  Age and blood pressure. In the 3rd National Health and Nutrition Examina-
tion Survey (NHANES III) of the US population, there was a trend for systolic blood pres-
sure (SBP) to increase with age, while diastolic (DBP) increased until about age 50 and 
then declined. Mean arterial pressure (MAP) reached a plateau at about age 50, while 
pulse pressure (PP) continued to increase in later years. Data shown are for white males; 
trends are similar for all races and both genders. Adapted from Burt et al.  [18] . 
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consequence of longstanding diastolic hypertension, as once thought. Systolic 
hypertension arises de novo at any age, and often preceding diastolic hyper-
tension  [6] . What is usually different from a pathophysiologic viewpoint is that 
the underlying hemodynamic mechanisms of systolic BP elevation and wide 
PP vary considerably as systolic hypertension presents itself in various clinical 
populations.

  BP Components and Risk 

 The information conveyed by PP is fundamentally different from that 
conveyed by MAP, the product of cardiac output and systemic vascular resis-
tance (SVR). While MAP is closely related to SVR, PP is determined princi-
pally by flow-impedance relations in large arteries, often called ‘ventricular-
vascular interactions’. When the aorta cannot optimally accommodate the de-
gree of pulsatile flow, either due to an inappropriately small aortic diameter 
 [19]  or increased aortic wall stiffness  [7, 8, 20] , PP and systolic BP inevitably 
increase ( fig. 2 ). Increased SVR can further exacerbate increased systolic BP 
( fig. 2 ) because PP and MAP have additive effects on systolic BP. In contrast, 
these two physiologically and anatomically distinct components of BP have 
opposing effects on diastolic BP. An increase in MAP is associated with high-
er DBP, while an increase in PP is generally associated with a lower DBP.

F LV stroke

volume

F Systolic BP
F Wall stiffness

F Diastolic BP

f Diameter

F Aortic
impedance

F Systemic
vascular

resistance

  Fig. 2.  Pathogenesis of systolic and diastolic BP elevations. Increased systemic vas-
cular resistance (SVR) causes parallel elevations in diastolic, mean arterial, and systolic 
BP. Rarely, increased left ventricular (LV) stroke volume can cause elevated systolic BP. 
The determinant of wide pulse pressure is increased aortic impedance, either due to a 
smaller aortic diameter or increased effective wall stiffness. At older ages, high aortic im-
pedance is usually associated with wide pulse pressure due to increased aortic stiffness, 
which acts to reduce diastolic BP even when SVR is moderately elevated (see text). 
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  To make matters more confusing, higher MAP and higher PP are each in-
dependently associated with increased cardiovascular disease risk. The con-
trasting effects of MAP and PP on diastolic DBP contribute to the frequently 
described and often misunderstood non-linear (U- or J-shaped) relation be-
tween diastolic BP and cardiovascular events. For example, low diastolic BP 
and wide PP are associated with increased risk of mortality  [21]  yet high dia-
stolic BP independently increases risk  [22] . The problem is in the confounding 
caused by the use of diastolic BP as a risk surrogate. The situation becomes 
much clearer if risk is attributed to  either  elevated MAP  or  elevated PP. Hyper-
tension as a clinical condition is thus intrinsically heterogeneous, and is per-
haps best considered as an admixture of disordered large artery function (gen-
erating systolic hypertension) and disordered microcirculatory function (gen-
erating diastolic hypertension). Understanding which form of hypertension to 
treat and how to improve therapy begins with a discussion of normal and ab-
normal vascular function.

  Arterial Wall Structure-Function Relations 

 Changes in the structure and function of the aorta and to a lesser extent 
the central arteries are the principal features underlying changes in PP. Large 
‘elastic arteries’ are composed of three layers: the intima, the tunica media, and 
the adventitia  [23] . In the proximal (thoracic) aorta, elastic lamellae are nor-
mally attached to smooth muscle cells to form ‘contractile-elastic units’  [24]  
that damp pulsation. Collagen is found in the adventitia and media, while elas-
tin is located in the tunica media, not only in the internal and external elastic 
laminae, but also throughout the interstitial spaces surrounding the vascular 
smooth muscle (VSM) cells. Collagen fibers are oriented longitudinally, elastin 
forms a trabeculated sheath, and VSM are oriented in a spiral pattern. This 
geometric pattern contributes to the sequence of loading of the arterial wall 
that generally begins at low pressure with VSM, then shifts at higher pressures 
to elastin, and finally at the highest pressures to collagen. Overall, this se-
quence creates a non-linear loading response of arterial diameter and wall ten-
sion that limits pressure-dependent arterial dilation. Farther down the arte-
rial tree, the proportion of wall constituents changes substantially. Elastin de-
creases markedly and the proportion of VSM cells increases. Distal arteries 
function less as dampers and more as ‘conduits’. In resistance arterioles, there 
is little elastin and a markedly reduced proportion of collagen; the function of 
these microvessels is highly dependent on the tonic state of contraction of VSM 
and its relation with the endothelium.
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  The combined effects of wall thickness (h), wall stiffness (Young’s modu-
lus, E) and lumen radius (R) determine the impedance and compliance prop-
erties of large arteries. Changes in smooth muscle tone and remodeling in re-
sponse to alterations in ambient flow can modulate each of the foregoing prop-
erties of the artery. The slope of the non-linear relation between arterial wall 
stress and strain (load) is the elastic modulus (E) of the vessel. The effective 
elastic modulus at any given distending pressure depends on the composition 
of the arterial wall (i.e., relative content of the three major structural ele-
ments – elastin, collagen and VSM), the state of smooth muscle activation, the 
extent of cross-linking within and between collagen and elastin fibers and the 
content and properties of other matrix components including various proteo-
glycans. Vascular loading characteristics also vary within the cardiac cycle, 
with contractile-elastic units being preferentially loaded during diastole, while 
elastin and collagen are loaded more fully in systole.

  Stiffness of a given artery is pressure-dependent and non-linear, and var-
ies according to the stiffness measure evaluated. Measures of arterial stiffness 
have differing dependencies on the three independent and interdependent de-
terminants (E, h and R) that combine differently in various settings. Clinical 
estimation of aortic stiffness usually involves measurement of pulse wave ve-
locity (PWV), which determines the speed of wave propagation in an artery, 
or characteristic impedance (Zc), which determines the early systolic pressure 
rise associated with a given pulsatile flow prior to the return of any reflected 
waves. These related measures of arterial function differ considerably in their 
relation to arterial lumen radius:

  PWV = k(Eh/R) 1/2             Zc = k(Eh/R 5 ) 1/2 

  where E = elastic modulus, h = arterial thickness, and R = arterial radius.
  An increase in smooth muscle tone generally has little effect on PWV be-

cause the reduction in R (which reduces wall tension) is counteracted by the 
increases in medial thickness (h) and the intrinsic increase in E caused by VSM 
contraction. In contrast, Zc invariably increases substantially with local VSM 
activation because of the amplified (fivefold greater) dependency of Zc on R. 
Any process that primarily increases effective arterial wall stiffness (Eh) will 
limit the increase in R at a given distending pressure and will therefore have a 
greater effect on Zc than PWV. 

   Each artery has a range of maximum compliance (or minimum Zc) that 
usually corresponds to the physiologic operating range of pressures occurring 
in that vessel  [25] . Relative to this nominal value, physiologic systems (e.g. sym-
pathetic nervous and renin-angiotensin or local nitric oxide generative) that 
control vascular tone have relatively complex effects on local and systemic vas-
cular elastic properties as described above. The in vivo regional response to in-
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creased VSM tone is further complicated by the associated changes in MAP. A 
localized increase in smooth muscle tone will tend to increase Zc as noted above. 
However, when MAP increases because of associated changes in resistance ves-
sel tone, large artery diameter and Zc may remain unchanged (or may increase) 
while PWV is likely to be increased because of the attenuated dependency of 
PWV on R. Thus, PWV is also more dependent on diastolic BP than is Zc.

  Arterial Changes in Aging and Hypertension 

 Arteriosclerosis is the process of age-related large artery stiffening usu-
ally found in individuals with wide PP or systolic hypertension. This adventi-
tial and medial process must be differentiated from atherosclerosis, the occlu-
sive low-grade endovascular inflammatory process that results from endothe-
lial dysfunction and lipid oxidation. Arteriosclerosis often coexists with 
atherosclerosis but is worth differentiating from the former because preven-
tion and treatment of the two conditions probably differ significantly. Histo-
pathologically, arteriosclerosis is a diffuse non-inflammatory fibrotic process 
affecting primarily the adventitia and media, with breakdown of elastin, in-
creased collagen and matrix deposition, and VSM hypertrophy  [23] . Changes 
in other arterial wall components such as the vasa vasora may contribute to 
arteriosclerosis because occlusion of these adventitial vessels tends to increase 
the collagen:elastin ratio and arterial stiffness  [26] .

  The difference between ‘usual’ and ‘optimal’ aging and the related ques-
tion of the etiology of arteriosclerosis remain unclear. Nevertheless, over a life-
time, excessive burdens of pressure (causing cellular deformation and hyper-
trophy) and pulsatile flow (cyclic shear stress) are likely contributors to re-
duced elasticity and increased wall stiffness. Age-related dilation usually 
occurs in large arteriosclerotic arteries  [27, 28] , increasing PWV, while it min-
imally affects Zc  [9, 10, 19] . Metabolic phenomena, including oxidative burden 
and different forms of cross-linking of proteins in the arterial wall, may be im-
portant as well. Overstimulation of physiologic systems can also influence ar-
terial structure and function. In rats, chemical sympathectomy acutely in-
creases aortic diameter and compliance but chronically reduces elastin con-
tent, vessel diameter and distensibility  [29] . Exercise conditioning in rats 
reduces sympathetic nervous activity and lowers BP but does not affect the 
proportion of elastin or arterial wall constituents  [30] . There are several lines 
of evidence that suggest a role for the renin-angiotensin-aldosterone system as 
an important modulator of arterial properties. Angiotensin II increases aortic 
wall thickness and stiffness in rats  [31, 32] . Aldosterone administration revers-
ibly increases rat aortic stiffness and fibronectin content in dose-dependent 
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fashion independent of wall stress, with no changes in collagen or elastin  [33] . 
Arterial stiffness in humans has been related to genetic variation in compo-
nents of the renin-angiotensin-aldosterone system. Variability in PWV has 
been related to polymorphisms in the angiotensin II receptor (AGTR1)  [34, 
35] , while variation in PP has been related to genetic variation in the angioten-
sin-converting enzyme gene  [36] .

  Chronic structural changes are at least partially reversible, suggesting a 
tonic dependence on mechanical and neurohumoral inputs. Compared to an-
giotensin-converting enzyme inhibition alone, there are greater improvements 
in human Zc caused by neutral endopeptidase inhibition (which increases 
 atriopeptins and further augments bradykinin)  [37] . Matrix metalloprotein-
ases are sensitive to nitric oxide, so neutral endopeptidase inhibition inhibitors 
may directly affect remodeling of vessels. The idea that aortic stiffness is large-
ly independent of distal vascular resistance has practical applications for the 
future in the form of drugs that may reduce aortic stiffness by affecting large 
arterial wall components, especially those that block or disrupt collagen cross-
links without affecting arteriolar function  [38] .

  Wide Pulse Pressure: Stiffness vs. Diameter 

 As introduced in the foregoing discussion, the relation between large ar-
teries and BP involves age-dependent and BP-dependent changes in arterial 
diameter, wall thickness, and wall composition that are themselves interde-
pendent. The problem in understanding these complex associations begins 
with the many observations that MAP and PP are remarkably constant across 
the animal kingdom and throughout growth and development, despite wide 
variations in body size and heart rate. This relative constancy of MAP in nor-
mal animals is due to the proportional scaling of flow and impedance. There 
is a similar ‘built-in’ proportional scaling between arterial radius and effective 
stiffness (Eh), where both the numerator and the denominator of the imped-
ance equation move in the same direction with aging. In humans, population 
variation and a long life span lead to differences between biologic and chrono-
logic aging and in turn to greater variation in BP between individuals.

  It has long been assumed that systolic hypertension simply represents 
‘burned out’ diastolic hypertension and that the age-related widening of PP in 
older age is simply the result of ‘normal’ aging. There is no doubt that there is 
increased aortic stiffness, wall thickness, and elastic modulus with age and 
that wide PP can arise from the loss of aortic storage capacity (or compliance) 
and the concomitant loss of elastic recoil function. In a sense, the proximal 
aorta is the third pumping chamber of the heart. Although its function is large-
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ly passive, an elastic aorta dampens and sustains pulsatile flow throughout the 
cardiac cycle. If the aorta is not sufficiently elastic to expand during systole, Zc 
is increased, a reduced fraction of each cardiac stroke volume is retained in the 
central arteries during systole, and there is increased peak systolic flow veloc-
ity with systolic BP elevation. In diastole, lessened aortic retention of the ‘re-
sidual’ fraction of the stroke volume and diminished aortic elastic recoil leads 
to reduced diastolic flow and pressure. Thus with a stiff aorta, early systolic BP 
and flow are proportionally higher, while diastolic BP and flow are propor-
tionally lower, leading to increased PP, even if cardiac stroke volume remains 
normal.

  Yet increased aortic wall stiffness does not explain the observation that 
elevated systolic BP is also the most common presentation of hypertension in 
middle age, when arterial elasticity is not necessarily abnormal  [6, 9, 12, 19] . 
In these cases, increased aortic impedance is related primarily to smaller aor-
tic diameter, not a stiffer aortic wall  [19] . Inspection for the formula for Zc re-
veals that aortic diameter is profoundly important in the determination of 
systolic BP and PP because Zc varies inversely with R 2.5 . Aortic diameter 
steadily increases with age in humans – a change that has been attributed in 
the past to ‘breakdown’ of elastic elements in the aortic wall. However, increas-
ing aortic diameter with advancing age may also be viewed as a maladaptive 
attempt by the aorta to limit the age-related increase in aortic impedance that 
would otherwise accompany age-related stiffening of the aortic wall. Age-re-
lated arterial dilation tends to reduce (not increase) arterial impedance, there-
by reducing systolic BP and PP  [39] . The idea that systolic hypertension can be 
caused by a disproportionately small aortic diameter runs counter to older 
thinking and has been attacked on the basis of studies showing increased 
PWV, elastic modulus, and aortic wall thickness in convenience samples of 
older people  [40–42] . However, two large, community-based studies have 
shown an inverse relation between aortic diameter and PP  [43, 44] , adding 
support for the hypothesis that a mismatch between (inappropriately low) aor-
tic diameter and resting flow contributes to elevated Zc and PP in humans.

  The roles of the two competing phenomena in arterial impedance (de-
creased radius vs. increased effective stiffness) can be fully reconciled if one 
accepts that systolic hypertension is a heterogeneous condition dictated pri-
marily by the aorta (and to a lesser degree other large central arteries), with 
modification by increased distal vasoconstriction ( fig. 2 ). It is most likely that 
the well-documented age-related increase in aortic diameter  [27, 28]  represents 
the mechanical impact of the lifetime BP burden, as modified by genetic pre-
dispositions at multiple loci on several chromosomes  [12] . In this context, aor-
tic dilation may be a maladaptive response that tries to lower central PP at the 
expense of increased aortic wall tension, which presumably induces structural 
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changes in the arterial wall that increase effective stiffness. Individuals with 
smaller initial aortic diameters simply begin at a different starting point in the 
relation between radius and Eh. It is entirely possible that individuals with ini-
tially smaller aortic diameters ‘age’ faster than their counterparts in that they 
make a more rapid transition to a stiffer aortic wall. A study of the natural his-
tory of the functional changes that occur with age and hypertension is under-
way in the third-generation cohort of the Framingham Heart Study.

  Pulse Transmission in Conduit Arteries 

 There has been a long tradition of assuming that changes in brachial cuff 
BP are similar to those at the heart or in peripheral target organs. As dis-
cussed, this is simply not the case due to intra- and interindividual differ-
ences in forward wave transmission and wave reflection  [45, 46] . Differences 
in systolic BP from one site to another can be traced to alterations in the tim-
ing and amplitude of the forward and reflected pressure waves ( fig. 3 ). Unlike 

BrachialAortic

High apparent PPA
(low reflection)

Low apparent PPA
(high reflection)

Apparent PPA

Apparent PPA True PPA

True PPA

  Fig. 3.  Pulse pressure amplification (PPA). In healthy individuals, peripheral sys-
tolic BP is usually higher than central systolic BP because increased impedance in vessels 
of decreasing caliber causes true PPA (and high apparent PPA) of the forward pressure 
wave. True PPA, the difference between the forward pressure wave peak centrally (first 
central systolic peak, horizontal dotted lines) and peripherally, is almost always due to 
intrinsic vascular properties affecting forward wave alone. Current custom is to report 
‘apparent PPA,’ which is confounded by the fact that peak central SBP includes compo-
nents related to both forward and reflected waves (the second systolic peak, horizontal 
solid lines). When there is a substantial component of wave reflection, apparent PPA de-
clines and measured central and peripheral systolic BP values are more equal. 
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diastolic or mean BP, systolic BP is thus not constant throughout the arterial 
tree. Within an individual, smaller distal arteries have higher input imped-
ances than large central arteries because of the combined impact of decreas-
ing lumen diameter and increasing effective wall stiffness. This increasing 
arterial stiffness gradient leads to the phenomenon of true pulse pressure am-
plification (PPA), where the amplitude of the forward wave increases within 
large and medium-sized arteries, so that systolic BP is normally higher in the 
peripheral arteries than in the aorta. PPA is variable between individuals but 
follows certain rules  [47] . With normal aging, there is a reversal of the normal 
tendency for distal arterial stiffness (PWV) to exceed central arterial stiffness, 
a phenomenon that would be expected to lower the degree of PPA observed 
 [9] . Muscular conduit arteries (e.g. brachial or femoral arteries) in hyperten-
sion do not usually differ from normal arteries in their stiffness, probably due 
in large measure to the fact that they also dilate with age, presumably by the 
same pressure-dependent mechanisms that affect the aorta  [39] . Age-adjusted 
compliance of conduit arteries is also higher in hypertension compared to 
normals, another result of the generalized increase in arterial diameter.

  Amplification and Reflection: Central vs. Peripheral BP 

 The morphology of a pulse contour at any point along the vascular tree 
represents the sum of the forward and reflected pressure waves at that point. 
Pulse wave morphology is unique in each artery because of differences in time 
of arrival of the forward and reflected pressure waves. Unlike diastolic or mean 
BP, systolic BP is thus not constant throughout the arterial tree.

  In the arm, the amplitude of the forward wave is generally much greater 
than the amplitude of the reflected wave, so brachial cuff systolic BP conveys 
information primarily about the forward wave, including PPA, but is largely 
blind to changes in wave reflection ( fig. 3 ). In contrast, peak central systolic BP 
is the result of a different admixture of the forward and reflected pressure waves, 
where the pulse pressure generated by the forward pressure wave may be aug-
mented by as much as 100% by the reflected wave. In such cases, there may be 
very little difference between central and peripheral peak systolic pressure  [40]  
and thus very little  apparent  PPA. This does not mean that  true  PPA of the for-
ward wave is absent, just that the sum of the forward and reflected waves in the 
aorta is equal to the degree of true PPA of the forward wave in the arm. PPA 
tends to be greater in young individuals with isolated systolic hypertension de-
spite lower SVR  [47] .

  Relations between age and wave reflection are complex in normal and hy-
pertensive individuals. Augmentation index (AI, the fractional increment of 
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central PP caused by the principal reflected wave) is higher in hypertension but 
in the general population, AI increases until middle age, then plateaus or de-
clines  [9, 48] . There has also been significant confusion in the literature about 
the relation between AI and arterial stiffness. AI is only minimally related to 
the properties of central arteries  [49–52]  and is more governed by the degree 
of arteriolar narrowing of the distal circulation  [52–54] . In contrast, widening 
of PP with age is almost always due to increased amplitude of the forward wave 
due to increased Zc in the central aorta.

  Because the reflected wave is not apparent in the peak systolic BP mea-
sured by arm cuff, phenomena related to altered wave reflection go unnoticed 
in everyday clinical medicine. Newer techniques of pulse wave analysis offer 
new insight into this problem, however. The most popular method utilizes a 
generalized transfer function to derive central systolic BP from peripheral to-
nometric recordings of radial pressure. There is recurring debate regarding the 
reliability of the generalized transfer function in estimating central systolic BP 
 [55] , in part due to the need for different formulas for different disease states 
 [56] . Nevertheless, the insensitivity of brachial cuff BP readings to detect clin-
ically important changes in central systolic BP has been demonstrated in re-
cent studies. For example,  � -blockers have been found to be less effective than 
vasodilators in reducing augmentation pressures or central systolic BP  [57–59] . 
Such studies suggest that non-invasive assessment of central systolic BP may 
be useful in assessing cardiac loading characteristics and the relative benefits 
of different antihypertensive drug classes  [60] .

  Small Arteries and Arterioles 

 Aging and disease modify vascular structure and function. Hyperten-
sion is associated with vasoconstriction, VSM hypertrophy and rarefaction 
in the microcirculation. Pulse volume, pressure, and velocity are important 
physiological variables that may function as biologic signals to the endothe-
lium and VSM of the microcirculation. The capillary pulse volume modifies 
and in turn is modified by microcirculatory structure and function. For ex-
ample, both MAP and PP affect glomerular filtration rate independently, 
presumably through direct effects on glomerular filtration pressure  [61] . 
Increased systolic BP or PP is associated with a variety of disorders related 
to aging, including atherosclerotic cardiovascular disease  [62, 63] , heart 
failure  [64] , stroke  [65, 66] , cognitive disorders  [67–69] , white matter lesions 
 [70, 71] , macular degeneration  [72] , renal dysfunction  [73] , osteoporosis 
 [74] , and glucose intolerance  [75–77] . Abnormal microcirculatory pulsation 
may participate in the pathogenesis of organ dysfunction in these various 
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disease states  [7, 78–84] . Endothelial function in medium-sized and smaller 
arteries may also be impaired by increased pressure pulsatility  [85, 86] . Cap-
illary rarefaction has been demonstrated in young prehypertensive indi-
viduals with wide PP, suggesting a relation between PP and microcircula-
tory surface area  [87, 88] . Wide PP is also associated with increased albu-
minuria, a marker of microcirculatory damage  [89] . Since structure and 
function in small arteries may be adversely affected by exposure to high PP, 
the possibility exists that increased aortic stiffness and elevated PP may con-
tribute directly to the pathogenesis of the various small vessel disorders and 
diseases described above, including hypertension.
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   Abstract 
 The material composition and morphology of vulnerable atherosclerotic plaque 

components are considered to be more important determinants of acute coronary syn-
dromes than the degree of stenosis. Rupture of a plaque causes thrombogenic material to 
contact the blood, resulting in a thrombus. Rupture-prone plaques contain an inflamed 
thin fibrous cap covering a large soft lipid pool. Mechanically, rupture occurs when 
plaques cannot withstand the internal stresses induced by the pulsating blood. These 
stresses concentrate within/around the cap/edge, since the lipid pool cannot bear much 
stress. During plaque development these stresses further increase when caps become thin-
ner, lipid pools become larger, or the difference in stiffness (modulus) between the cap 
and the lipid pool increases. Intravascular ultrasound (IVUS) strain elastography/palpog-
raphy and IVUS modulus elastography are imaging techniques that assess local plaque 
elasticity (strain and modulus) based on the principle that tissue deformation (strain) by 
a mechanical stress is a function of its elastic properties (modulus). Combined use of these 
techniques provides clinicians an all-in-one modality for detecting plaques, assessing 
their rupture proneness and imaging their elastic material composition. This chapter de-
scribes the terminology and pathophysiology of vulnerable plaques and discusses the 
techniques behind, the methods for and the validations of the elasticity imaging tech-
niques. 

 Copyright © 2007 S. Karger AG, Basel 
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 1. Vulnerable Plaque: Description and Pathophysiology 

 Introduction 

 Investigators, working in the field of identification and treatment of 
high-risk/vulnerable atherosclerotic plaques and patients, have recognized 
that an increased understanding of the pathophysiology of coronary throm-
bosis and onset of acute coronary syndromes has created the need for agree-
ment on nomenclature  [1] . This chapter gives a summary of that agree-
ment.

  Conceptual Terms 

 Overview 
 The terms in  figure 1  are proposed for use on a conceptual basis. The pro-

gression from asymptomatic atherosclerosis, to a high-risk/vulnerable plaque, 
to a thrombosed plaque, and to clinical events is presented. It is of note that the 
later stages of the progression may be repeated in a relatively short time inter-
val as documented by the high short-term risk of a recurrent event in patients 
with acute coronary syndromes. This may be caused by rethrombosis of the 
lesion causing the index event, and/or the simultaneous occurrence of multiple 
high-risk/vulnerable plaques and/or thrombosed plaques that have not previ-
ously caused symptoms. An acute coronary syndrome may be a clinical mark-
er of widespread (multifocal) disease activity in the coronary arteries, possibly 
related to inflammation  [2–9] .

  The Vulnerable Patient 
 The primary clinical and preventive goal is to identify patients who are 

vulnerable to acute coronary thrombosis. Such patients are likely to have a 
high atherosclerotic burden, high-risk/vulnerable plaques, and/or thrombo-
genic blood  [2] . There is an important need to improve diagnostic methods to 
identify vulnerable patients, and the plaques, which contribute to their in-
creased risk.

  Vulnerable/High-Risk/Thrombosis-Prone Plaques 
 Studies indicate that there are plaques at increased risk of thrombosis and 

rapid stenosis progression, which often lead to symptomatic disease. Synonyms 
to be used for such plaques are ‘vulnerable’, ‘high-risk’, or ‘thrombosis-prone’ 
plaques.
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  At the present time, there is no widely accepted diagnostic method to pro-
spectively identify these plaques. Until such information is provided, the sug-
gested synonyms should only be used to describe the concept and function of 
these plaques, and not their histologic basis.

  Histologic Features of Plaques Causing Coronary Artery Thrombosis 

 At present, the most detailed evidence concerning the plaques causing 
coronary thrombosis and rapid lesion progression, or symptomatic disease, is 
derived from autopsy studies  [10–14] .

  In the acute coronary syndromes, the lesion causing most clinical events 
is often a plaque complicated by thrombosis extending into the lumen  [12–15] . 
Such plaques are termed ‘thrombosed plaques’. In some cases, multiple throm-
bosed plaques may exist, only one of which is acting as the culprit lesion. A 
plaque may also develop thrombosis, which remains asymptomatic due to the 
presence of collaterals, or failure of the thrombus to significantly impede blood 

Normal coronary arteries

Over decades may develop

Asymptomatic atherosclerosis

Which, over years, may lead to

High-risk/vulnerable plaques

Which may progress, in an unpredictable manner, to

Thrombosed plaques

Which lead to

Progression of stenosis
causing stable angina

pectoris

Asymptomatic progression of
stenosis

An acute coronary syndrome
 • Unstable angina
 • Myocardial infarction
 • Sudden cardiac death

  Fig. 1.  Development of atherosclerosis and progression to thrombosis and clinical 
events. 
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  Fig. 2.  Various types of plaque.   A   Ruptured plaque with thrombosis: a cross section 
of a coronary artery is cut just distal to a bifurcation. The atherosclerotic plaque to the left 
(circumflex branch) is fibrotic and partly calcified whereas the plaque to the right (mar-
ginal branch) is lipid-rich with a non-occluding thrombus superimposed.   B ,  C   Eroded 
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flow. However, such subclinical thrombosis may contribute to the rapid pro-
gression of stenosis  [16, 17] . In cases of stable angina, the culprit lesion is often 
a non-thrombosed plaque.

  The following terms are proposed to describe the thrombosed plaques 
causing the coronary syndromes:  ‘A ruptured plaque’  – a plaque with deep in-
jury with a real defect or gap in the fibrous cap that had separated its lipid-rich 
atheromatous core from the flowing blood, thereby exposing the thrombo-
genic core of the plaque ( fig. 2 A). This is the most common cause of coronary 
thrombosis  [11–13] .  ‘An eroded plaque’  – a plaque with loss and/or dysfunction 
of the lumenal endothelial cells leading to thrombosis ( fig. 2 B, C). There is no 
structural defect (beyond endothelial injury) or gap in the plaque, which is of-
ten rich in smooth muscle cells and proteoglycans  [14] .  ‘A plaque with a calci-
fied nodule’  – a heavily calcified plaque with the loss and/or dysfunction of 
endothelial cells over a calcified nodule ( fig. 2 D). This is the least common of 
the three causes of thrombosis described here  [14] .

  Prospective Identification of a Vulnerable Plaque 

 There is considerable interest in the identification of plaques prior to the oc-
currence of thrombosis. On the basis of knowledge of the types of plaques iden-
tified as causes of thrombosis (ruptured, eroded and calcific nodule plaques), 
the following types of plaques are suspected to be vulnerable plaques.

  A Plaque Prone to Rupture 
 Retrospective pathologic studies of plaque rupture with thrombosis sug-

gest that prior to the event, the plaque was an inflamed, thin-cap fibroathero-
ma (TCFA) ( fig. 2 E)  [11–14, 18–20] . The major components of such TCFA are: 

plaques with thrombosis: plaque erosion lesions from two different patients showing in  B  
a lesion with lipid pool (Lp) and in   C   a necrotic core (Nc) with luminal thrombi (Th). Note 
a thick fibrous cap above the necrotic core in   C   and a lack of communication between it 
and the lumen.   D   Calcified nodule: a section of the mid right coronary artery shows an 
eccentric lesion with extensive calcification (calcified plate) and surface calcified nodules 
with loss of fibrous cap and luminal fibrin deposition.   E   Inflamed thin-cap fibroathero-
ma: a section of a coronary artery contains a large lipid-rich core that is covered by a thin 
fibrous cap (arrowheads). The lumen contains contrast medium injected postmortem. 
The fibrous cap is severely inflamed, containing many macrophage foam cells (asterisk), 
and extravasated erythrocytes within the necrotic and avascular core just beneath the 
cap, indicating that the cap is ruptured nearby. 
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(a) a lipid-rich, atheromatous core; (b) a thin fibrous cap, with (i) macrophage 
and lymphocyte infiltration and/or (ii) decreased smooth muscle cell content, 
and (c) expansive remodeling.

  A Plaque Prone to Erosion 
 Retrospective pathologic studies of plaque erosion with thrombosis sug-

gest that, prior to the event, the plaque was often rich in proteoglycans, but, in 
most cases, lacked a distinguishing structure such as a lipid pool or necrotic 
core. If a lipid-rich core is present, the fibrous cap is usually thick and rich in 
smooth muscle cells  [14] . These plaques are often associated with constrictive 
remodeling.

  A Plaque with a Calcified Nodule 
 Retrospective pathologic studies of plaques with thrombosis covering a 

calcified nodule suggest that, prior to the event, the plaque appeared to be 
heavily calcified with a calcified nodule protruding into the lumen  [14] .

  While such plaques (an inflamed TCFA, a proteoglycan-rich plaque, and 
a plaque with a calcified nodule) are suspected to be vulnerable plaques, they 
cannot be designated as such until prospective studies provide the necessary 
supporting data. Hence, an inflamed TCFA is best described as a ‘suspected’ 
vulnerable plaque, since, while confirmatory data are lacking, its structure 
definitely resembles that of ruptured plaques.

  Novel Imaging Techniques Will Provide Additional Information on 
Vulnerable Plaques 
 New technologies to improve characterization of plaque in patients are 

under development  [19–29] . These techniques seek to identify the histologic 
features, discussed above, of plaques suspected to represent vulnerability, and 
provide additional information about plaques that has not heretofore been 
available (data on structure, composition, deformability, pathophysiology, me-
tabolism, temperature, etc.). The novel information will expand the list of fea-
tures suspected to represent vulnerability. These features need validation in 
longitudinal, prospective, clinical trials that will document the natural history 
of plaques. Once such trials are positive, it may then be possible to identify a 
vulnerable plaque prospectively in an individual patient.

  Finally, it is the hope that widespread adoption of the terminology estab-
lished in Schaar et al.  [1] , and briefly summarized in this chapter, will acceler-
ate progress in the prevention of acute coronary events.
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  2. Vulnerable Plaque: Elasticity Imaging 

 Introduction 

 Intravascular ultrasound (IVUS) is the only commercially available clini-
cal technique providing real-time cross-sectional images of the coronary ar-
tery in patients  [30] . IVUS provides information on the severity of the stenosis 
and the remaining free luminal area. Furthermore, calcified and non-calcified 
plaque components can be identified. Although many investigators studied the 
value of IVUS to identify the plaque composition, identification of fibrous and 
fatty plaque components remains limited  [31, 32] . IVUS radiofrequency (RF)-
based tissue identification strategies appear to have better performance  [32, 
33] . However, none of them is yet capable of providing sufficient spatial and 
parametric resolution to identify a lipid pool covered by a thin fibrous cap.

  Identification of different plaque components is of crucial importance to 
detect the vulnerable plaque since these are characterized by an eccentric 
plaque with a large lipid pool shielded from the lumen by a thin fibrous cap 
 [13, 34] . Inflammation of the cap by macrophages further increases the vulner-
ability of these plaques  [35] . The mechanical properties of fibrous and fatty 
plaque components are different  [36–38] . Furthermore, fibrous caps with in-
flammation by macrophages are weaker than caps without inflammation 
 [39] .

  The stress that is applied on an artery by the pulsating blood pressure must 
balance the circumferentially directed load integrated over the whole arterial 
wall. To maintain the connection between mechanically different tissue struc-
tures (like soft lipid pools and stiff fibrous caps) during arterial deformation, 
relatively soft regions will therefore carry only a fraction of the total circum-
ferential load and the surrounding stiffer material a greater portion  [40, 41] . 
This mechanism causes circumferential stress concentrations in and around 
the stiff cap, which will rupture if the cap is unable to withstand this stress. 
This increased circumferential stress will result in an increased radial defor-
mation (strain) of the tissue due to the incompressibility of the material. There-
fore, methods that are capable of measuring the radial strain provide informa-
tion about plaques that may influence clinical decision-making.

  In 1991, Ophir et al.  [42]  proposed a method to measure the elasticity 
(strain and modulus) of biological tissues using ultrasound. The tissue was de-
formed by externally applying a stress on it. Different strain values were found 
in tissues with different material properties. Implementing this method for 
intravascular purposes has potential to identify the vulnerable plaque by 
(i) identification of elastically different plaque components and (ii) detection 
of high radial strain/circumferential stress regions.
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  This chapter discusses the technique behind the method for and the vali-
dation of IVUS strain elastography, which is differentiated into IVUS strain 
elastography/palpography when the strain is imaged and IVUS modulus elas-
tography when the modulus is imaged.

  Elasticity Imaging 

 The Movement Begins 
 In 1991, Ophir and colleagues  [42, 43]  developed an elasticity imaging 

technique called elastography, which is based on (quasi-)static deformation of 
a linear elastic, isotropic material. The tissue under inspection is deformed by 
applying stress (i.e., force normalized by area) on a part of its boundary. The 
resulting distribution of strain (i.e., length of a small block of tissue after de-
formation, divided by its length before deformation) depends upon (i) the dis-
tribution of the tissue’s material properties (Young’s modulus and Poisson’s 
ratio) and (ii) the displacement or stress conditions on the remaining tissue 
boundaries. The Young’s modulus E [kPa] is a material property, which can be 
interpreted as the ratio between the normal stress S [kPa] (tensile or compres-
sive) enforced upon a small block of tissue and its resulting strain (elongation 
or compression). The Poisson’s ratio is also a material property and it quanti-
fies a material’s local volumetric compressibility. The resulting strain is deter-
mined, directly or indirectly using displacement, with ultrasound using two 
pairs of ultrasound signals, one signal obtained before and the other after de-
formation  [44] . The method was initially developed for detection and charac-
terization of tumors in breast. Nowadays, this principle is also applied to many 
other biological objects  [45] , including prostate, kidney, liver, myocardium, 
skin, coronary artery and superficial arteries.

  Although Ophir et al.  [42, 43]  never explored the quasi-static approach for 
intravascular purposes, this approach seems to be the most fruitful concept. In 
this application, beside knowledge of the material properties of the different 
plaque components, the strain in itself may be an excellent diagnostic param-
eter. Furthermore, in intravascular applications, the arterial deformation is 
naturally present and is caused by the systemic blood pressure. Also user-con-
trolled deformation is possible by inflating an intravascular balloon  [46] .

  IVUS Strain Elastography/Palpography 
 The principle of IVUS strain elastography is illustrated in  figure 3 . An 

echogram of a vessel phantom with a stiff wall and a soft eccentric plaque is 
acquired at a certain intraluminal pressure using an IVUS catheter. Notice that 
there is no difference in echogenicity between the wall and the plaque, which 
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results in a homogeneous echogram. A second acquisition at a higher pressure 
is obtained. The radial strain information is plotted as a complimentary image 
to the echogram and is called a (strain) elastogram. The elastogram reveals the 
presence of an eccentric region with increased strain values, thus identifying 
the soft eccentric plaque. The differences in strategies to perform IVUS strain 
elastography/palpography (i.e. assess the local deformation of the tissue) are 
due to (i) the way of detecting the strain and (ii) the type of source that deforms 
the vascular tissue.

  The principle of IVUS strain palpography is similar to the principle of 
IVUS strain elastography. There are two minor differences that make palpog-
raphy faster and more robust and, therefore, more suited for real-time in vivo 
applications. Firstly, palpography restricts its region of interest to the inner-

  Fig. 3.      Principle of intravascular ultrasound (IVUS) strain elastography measure-
ment procedure. An IVUS catheter is inserted into an object, in this case a vessel-mim-
icking phantom with a soft plaque (  A  ). Next, at two different intraluminal pressures (  B  ), 
an IVUS echogram is acquired (  C  ,   D  ); in this case dP = 1 mm Hg. In each echogram, the 
gray circle indicates the catheter tip of 1.1 mm diameter. Finally, the local deformation 
(i.e., strain) of the tissue is determined using cross-correlation processing on the acquired 
IVUS RF data. This information is plotted as an additional image to the IVUS echogram 
and called a (strain) elastogram (  E  ). In this example, the eccentric soft plaque of a vessel-
mimicking phantom is clearly visible between 4 and 8 o’clock in the elastogram, as a re-
gion of high strain, whereas this plaque cannot be identified from the IVUS echograms. 
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most layer of the arterial wall (first 450  � m), making it faster. Secondly, it uses 
a slightly larger amount of ultrasound signal making it more robust but at the 
expense of spatial resolution  [47, 48] . A strain image obtained with IVUS strain 
palpography is called a (strain) palpogram.

  Implementation of the Technique 
 Typically for in vivo IVUS strain elastography/palpography, intraluminal 

pressure differences in the order of 1–5 mm Hg are used. The strain induced 
by this pressure differential in vascular tissue is in the order of 2%. This means 
that a small block of tissue with an initial length of 100  � m will be deformed 
to 98  � m. To differentiate between strain levels, sub-micron estimation of the 
tissue displacement is required.

   Envelope Based.  Talhami et al.  [49]  and Ryan and Foster  [50]  introduced 
IVUS strain elastography using the envelope of the ultrasound RF signal. Al-
though robust, their techniques do not provide sufficient resolution and sig-
nal-to-noise ratio for intravascular applications. Based on work of Varghese 
and Ophir  [51] , a smaller variance of the strain estimate and a higher spatial 
resolution is expected using the RF signal instead of its envelope.

   Radiofrequency Based.  Shapo et al.  [52]  developed a technique based on 
cross-correlation of A-lines. They aimed at maximizing the signal-to-noise 
ratio of the displacement and strain estimation. To achieve this, the artery had 
to be deformed much more that occurs in vivo .  This high deformation was ob-
tained by inflating a non-compliant balloon within the artery. So far, their 
technique has not yet been developed towards clinical applications.

  De Korte et al.  [53]  incorporated ‘correlation-based’ elastography  [42]  for 
intravascular purposes and is called IVUS strain elastography/palpography. 
The intraluminal pressure strains the vascular tissue; this strain is calculated 
from local tissue displacements, as follows. First, the local tissue displacements 
are determined using cross-correlation analysis of the gated RF signals ( fig. 4 ). 
A cross-correlation function between two signals will have its maximum if the 
signals are not shifted with respect to each other. If a shift between the signals 
is present, the peak of the cross-correlation function is found at the position 
representing the tissue displacement. For each angle, the tissue displacement 
at the lumen vessel-wall boundary is determined. Next, the displacement of the 
tissue at D micrometer from the vessel-wall boundary is determined. The 
strain of the tissue is then calculated by dividing the differential tissue dis-
placement (displacement of tissue at bound  ary – displacement of tissue in 
wall) by the distance between these two locations (= D micrometer). Strain is 
thus dimensionless and it is common practice to multiply it by 100% to obtain 
strain values around 1%. The strain for each angle is color-coded and plotted 
as a ring on the IVUS echogram at the lumen vessel-wall boundary  [47, 48, 54]  
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  Fig. 4.  Principle of displacement (or time delay) estimation using the peak of the 
cross-correlation coefficient function. In the upper part, two segments (  A  ,   B  ) of the pre-
deformation (solid line) and post-deformation (dotted, and preshifted for better visual 
comparison) RF signals are shown. Both segments start at a different position in the tis-
sue. For each segment, the cross-correlation coefficient function between the two signals 
is computed (  C  ,   D  ). The functions show a decreasing position of the peak with increasing 
echo depth. The difference in peak position represents the differential tissue displace-
ment; normalizing this difference by the distance between the segments, i.e. 0.2 mm, gives 
the strain of the tissue between 0.2 and 0.4 mm. 
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and this ring is called a (strain) palpogram. If the strain is determined for mul-
tiple regions per angle, the strain for the whole vessel-wall cross section can be 
constructed; this additional image to the IVUS echogram is called a (strain) 
elastogram. For palpography, the value for D is approximately 450  � m and for 
elastography approximately 225  � m.

  The used cross-correlation technique is suited for strain values smaller 
than 2.5%; these values are present during in vivo acquisitions when only a 
part of the heart cycle is used to strain the tissue  [55] .

  Frequently used IVUS catheters are the 20-MHz phased-array catheter 
(Volcano Corp., Inc., Rancho Cordova, Calif., USA) and the 30-MHz mechan-
ically rotating single-element catheter (ClearView, CVIS, Boston Scientific 
Corp., Watertown, Mass., USA).

  IVUS Strain Elastography/Palpography: Results 

 In vitro Validation on Human Arteries 
 De Korte et al.  [56]  performed a validation study on excised human coro-

nary (n = 4) and femoral (n = 9) arteries ( fig. 5 ) to investigate the capability of 
IVUS strain elastography to characterize different plaque components. First, 
the elastographically imaged cross sections were segmented in regions (n = 
125) based on the strain value in the elastogram. The dominant plaque types 
in these regions (fibrous, fibro-fatty or fatty) were obtained from histology 
(i.e., collagen, smooth muscle cells and macrophages) and correlated with the 
average strain and echo intensity.

  Mean strain values of 0.27, 0.45 and 0.60% were found for fibrous, fibro/
fatty and fatty plaque components (at a pressure differential of 20 mm Hg). The 
strain for the three plaque types as determined by histology differed signifi-
cantly (p = 0.0002). This difference was independent on the type of artery 
(coronary or femoral) and was mainly evident between fibrous and fatty tissue 
(p = 0.0004). The plaque types did not reveal echo-intensity differences in the 
IVUS echogram (p = 0.992).

  Since fibrous and fatty tissue resulted in different strain values and high 
strain values often co-localized with increased concentrations of macrophages, 
these results revealed the potential for identification of the vulnerable plaque.

  Later, Schaar et al.  [21]  performed a study on excised human coronary ar-
teries (n = 24) with IVUS strain elastography in order to: (i) quantify its pre-
dictive value for detecting vulnerable plaques, and (ii) use it for characterizing 
vulnerable plaque features.

  In histology, a vulnerable plaque was defined as a plaque consisting of a 
thin cap ( ! 250  � m) with moderate to heavy macrophage infiltration and at 
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least 40% of atheroma. In a radial strain elastogram, a vulnerable plaque was 
defined as a plaque with a high strain region at the surface with adjacent low 
strain regions ( fig. 6 ). 54 cross sections were studied. In histology, 26 vulner-
able plaques and 28 non-vulnerable plaques were found. The sensitivity was 
88% and the specificity 89% to detect vulnerable plaques. Linear regression 
showed high correlation between the strain in caps and the amount of macro-
phages (p  !  0.006) and an inverse relation between the amount of smooth 
muscle cells and strain (p  !  0.0001). Plaques, which were declared vulnerable 
in IVUS strain elastography, had a thinner cap than non-vulnerable plaques 
(p  !  0.0001).

  Fig. 5.  IVUS strain elastography in vitro   of a human femoral artery and correspond-
ing histology.   A   IVUS echogram.   B   IVUS strain elastogram superimposed on the IVUS 
echogram.   C–E   Histology: (  C  ) collagen, (  D  ) smooth muscle cells, and (  E  ) macrophages. 
The elastogram reveals that the plaque contains a region of high strain between 1 and 4 
o’clock. Histology shows that this region is heavily infiltrated by macrophages and lacks 
smooth muscle cells and collagen. Furthermore, the remaining plaque region between 4 
and 1 o’clock shows low strain and at this region histology reveals that the plaque contains 
much smooth muscle cells and collagen but no macrophages. 
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  This study showed that IVUS strain elastography has a high sensitivity 
and specificity to detect human vulnerable plaques in vitro and that strain in 
caps had a high correlation with vulnerable plaque features.

  In vivo Animal Studies 
 IVUS strain elastography was also validated in vivo using iliac and femo-

ral arteries of atherosclerotic Yucatan mini-pigs (n = 6) to investigate its poten-
tial for identifying different plaque components in vivo  [57] .

  In total, 20 cross sections were investigated. Tissue was strained by the 
pulsatile blood pressure. Histology (collagen, fat (oil red O), and macrophages) 
was used to classify plaques as absent, as early fatty lesion, early fibrous lesion 

  Fig. 6.  IVUS strain elastography in vitro   of a human coronary artery and corre-
sponding histology.   A   IVUS echogram.   B   IVUS strain elastogram superimposed on the 
IVUS echogram.   C–E   Histology: (  C  ) collagen, (  D  ) smooth muscle cells, and (  E  ) macro-
phages. Histology shows that the plaque consists of a homogeneous soft lipid pool covered 
by a stiff fibrous cap with much collagen and smooth muscle cells. Increased strain is 
found at both shoulders of the lipid pool. In the IVUS echogram, the gray circle defines 
the catheter tip of 1.1 mm diameter and the black circle removes part of the catheter ring-
down diameter 2 mm. 
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or as advanced fibrous plaque. The mean strain in these plaques and normal 
cross sections was determined.

  Strains were similar in the plaque-free arterial wall and the early and ad-
vanced fibrous plaques. Cross sections with early fatty lesions had significant-
ly higher strain values than those with fibrous plaques (p = 0.02). The presence 
of a high strain spot had a high predictive value to identify the presence of 
macrophages (sensitivity and specificity = 92%). In case there was no high 
strain spot present, no fatty plaque was found.

  In vivo Patient Studies 
 IVUS strain elastography was applied to patients (n = 12) during percuta-

neous transluminal coronary angioplasty procedures  [58] . Tissue was strained 
by the pulsatile blood pressure. This strain was determined using cross-cor-
relation analysis of sequential RF frames. A likelihood function was deter-
mined to obtain the frames with minimal motion of the catheter in the lumen, 
since motion of the catheter prevents reliable strain estimation. Minimal mo-
tion was observed near end-diastole. Reproducible strain estimates were ob-
tained within one pressure cycle and over several pressure cycles. Validation 
of the results was limited to the information provided by the echogram. Strain 
in calcified material, as identified from the echogram was significantly lower 
than in non-calcified tissue. The elastogram of stented plaques revealed very 
low strain values, except for two regions: these are between the stent struts and 
at the shoulders of the plaque.

  Recently, Schaar et al.  [59]  used 3D IVUS strain palpography in patients 
undergoing percutaneous intervention to assess the incidence of a specific 
high-strain pattern, which has shown in vitro to have a high sensitivity and 
specificity for detecting the TCFA. Furthermore, they explored the relation of 
such patterns to clinical presentation and to C-reactive protein levels.

  3D strain palpograms were derived from continuous IVUS pullbacks 
through arteries ( fig. 7 ). Patients (n = 55) were classified by clinical presenta-
tion as stable angina, unstable angina, or acute myocardial infarction (MI). In 
every patient, one coronary artery was scanned (culprit vessel in stable and 
unstable angina, non-culprit vessel in acute MI) and the number of plaques 
with a vulnerable plaque-specific strain pattern were assessed.

  Stable angina patients had significantly less deformable plaques per vessel 
(0.6  8  0.6) than unstable angina (p = 0.0019) patients (1.6  8  0.7) or acute MI 
(p  !  0.0001) patients (2.0  8  0.7). Levels of C-reactive protein were positively 
correlated with the number of mechanically deformable plaques (R 2  = 0.65, 
 p  !  0.0001).
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  The main conclusion was that 3D IVUS palpography detects vulnerable 
plaque-specific strain patterns in human coronary arteries that correlated 
both with clinical presentation and levels of C-reactive protein.

  Ultrasound Modulus Elastography 

 Motivation 
 IVUS strain elastography has proven to be a clinically available tool that 

is able to detect the presence of vulnerable plaques in vitro with high sensitiv-
ity and specificity  [21] . In vivo animal experiments and in vitro human ex-
periments demonstrated that discrimination between fibrous and fatty plaques 
is possible  [56, 57] .

  However, a strain elastogram (and also a palpogram) cannot be interpret-
ed directly as a morphology and material composition image of a plaque, since 
there is no one-to-one relation between the local radial strain value in a strain 
elastogram and the local plaque component type (calcified, fibrous, fatty or 
tissue weakened by macrophage inflammation). The underlying reason for 
this is that the stresses that induce local strain depend upon the structural 

  Fig. 7.  3D IVUS strain palpography of a patient in vivo.   A   Angiogram of the right 
coronary artery.   B   2D IVUS strain palpogram superimposed on the IVUS echogram, 
which was taken at the location indicated by arrow in   A  . The echogram shows an eccentric 
plaque and the high strain regions with adjacent low strains at the shoulders of this plaque 
suggest that it is vulnerable.   C   A map of multiple 2D IVUS strain palpograms stacked af-
ter each other. The dotted line corresponds to the palpogram shown in   B  . This map pro-
vides an overview of the deformability of the inner layer of the arterial wall. 
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build-up of the artery, the stiffness (i.e., Young’s modulus) and geometry of its 
plaque components; furthermore, the radial component of the strain depends 
upon the catheter position used during imaging  [60, 61] .  Figure 6  exemplifies 
this. Histology shows a TCFA that consist of a soft homogeneous lipid pool 
covered by a stiff fibrous cap. Because the lipid pool is soft and homogenous, 
one would expect high radial strain throughout the same region in the IVUS 
strain elastogram. However, due to the stiffness of the cap and its circumfer-
entially distributed geometry, stress concentrations occur at the shoulders of 
the lipid pool  [41]  resulting in local high strain. Furthermore, the presence of 
the cap hinders deformation behind it, which results in the low-strain region 
at the center of the lipid pool.

  To overcome this limitation, one could image the Young’s modulus distri-
bution of a plaque. In general, modulus elastography (also called modulogra-
phy) is the name for methods that compute a Young’s modulus image (also 
called a modulogram) from a strain (or displacement) image. The Young’s 
modulus E [kPa] is a material parameter, which can be loosely interpreted as 
the ratio between the normal stress S [kPa] (tensile or compressive) enforced 
upon a small block of tissue and its resulting strain (elongation or compres-
sion)  [62] . The Young’s modulus of soft tissue (e.g., lipid pool) is low and of stiff 
tissue (e.g., media or fibrous cap) high. There are two main reasons for per-
forming modulography: (i) a modulogram can be interpreted as a material 
composition image because there is large difference between the Young’s mod-
uli of various tissue components, including plaque components  [63] , and (ii) a 
modulogram shows the modulus of tissue, which is a material property and, 
therefore, the appearance of the modulogram is independent of the geometry 
of tissue components, in contrast to strain.

  In this section, the technique behind the methods and the results with 
IVUS modulus elastography are discussed.

  Implementation of the Technique 
 The general approach to perform ultrasound modulus elastography is to 

firstly use ultrasound displacement/strain elastography to measure one or 
more components of the displacement vector and/or strain components of the 
deformed tissue. Next, a deformation model for computing the deformation, 
strain and/or stress of tissue is defined. This model consists of (i) a set of math-
ematical (partial differential) equations that describe the equilibrium of tissue, 
(ii) the relation between displacement and strain of tissue and, finally (iii) the 
constitutive equation, which defines the relation between stress and strain of 
tissue  [62] . Many researchers approximate the behavior of biological tissue by 
a linear, isotropic, nearly incompressible (Poisson’s ratio  1 0.49) elastic mate-
rial. In those cases, the constitutive relation contains only one material param-
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eter, namely the Young’s modulus. Finally, the deformation model and the 
measured displacement/strain components are used to compute the modulo-
gram by a ‘direct reconstruction approach’ or by an ‘iterative reconstruction 
approach’.

   Direct.  In the direct approach the measured displacement/strain data are 
plugged in the deformation equations, which are mathematically manipulated 
so that the moduli can be considered and expressed as the unknowns. Next, 
the moduli are computed using a discretization  [64]  or numerical integration 
of the manipulated deformation equations  [65, 66] .

   Iterative.  In the iterative approach, the deformation model is treated as a 
finite element (computer) model (FEM). The FEM fills the space of the tissue 
with a mesh that consists of small discrete (finite) elements (e.g. triangles, 
bricks) and each element is given a constitutive relation, i.e. Young’s modulus. 
Next, an initial modulus value for each element is defined. Finally, the modu-
lus value of each individual mesh element or groups of mesh elements in the 
FEM are iteratively changed such that the computed FEM deformation output 
eventually closely matches the measured deformation (displacement/strain 
data). This matching is fully automatically performed by a minimization algo-
rithm  [67] .

  Much research has focused on applying these two approaches on non-vas-
cular tissue geometries such as a cross section of a homogeneous rectangular 
medium with a circular or rectangular inclusion, or a breast, brain, heart. To 
date, only a few groups have investigated modulography for vascular geome-
tries. Most of them used an adjusted iterative reconstruction method  [68–71]  
and  [72]  some others an adjusted direct reconstruction method  [73, 74] . All 
groups encountered difficulties in computing a modulus elastogram (related 
to uniqueness and continuity), which may be caused by noisy measurements, 
a limited number of measured displacement/strain components, type of 
boundary data  [75] , using an inadequate deformation model for the tissue, 
non-uniqueness of the inverse problem  [76] , converging to non-optimal local 
minima by the minimization algorithm.

  IVUS Modulus Elastography 
 Baldewsing et al.  [28]  focused on performing modulography of athero-

sclerotic vascular geometries by using a newly developed iterative reconstruc-
tion approach with geometric constraints. To this end, they used the arterial 
radial strain, as measured with IVUS strain elastography, and an a priori para-
metric plaque geometry model. Their motivation for using a priori informa-
tion is threefold. Firstly, they want to compute a modulogram of an atheroscle-
rotic plaque that is diagnostically useful and easy to interpret in clinical set-
tings. Secondly, the computation should suffer at least as possible from 
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converging problems. Finally, they want to be able to investigate and quantify 
reconstruction difficulties (uniqueness and continuity) and limitations for 
computing a modulogram of plaques in a structured manner.

  Their approach is specially suited for TCFAs  [1, 77] . To this end, the de-
formation output calculated with a parametric finite element model (PFEM) 
representation of a TCFA ( fig. 8 ) is matched to the plaque’s radial strain, as 
measured with IVUS strain elastography. The PFEM uses only six morphology 
and three material composition parameters, but is still able to model a variety 
of these TCFAs. The computed modulogram of the TCFA shows both the mor-
phology and Young’s modulus values of three main plaque components, name-
ly lipid, cap and media, and should therefore be easy to interpret.

  In the next three subsections, the main parts of their iterative solution ap-
proach are discussed, namely the PFEM for a TCFA, the used deformation 
model, and used minimization algorithm.

   PFEM Geometry for a Plaque.  An idealized TCFA  [77]  is used as a model 
for a plaque and is an extension of the PFEM model used by Loree et al.  [40] . 
The PFEM geometry consists of a media area containing a lipid pool, which is 
covered by a fibrous cap. The borders of the lipid, cap and media areas are de-
fined using circles ( fig. 8 ). Lipid is defined by region QTQ, cap by region 
 PQTSP, and media by the remaining area. Each circle is parameterized by its 
center with cartesian coordinates (X, Y) and radius R, resulting in a total of six 
morphology parameters.

  Fig. 8.  Parametric finite element model for a vulnerable plaque.   A   Each circle is pa-
rameterized by its center (X, Y) and a radius R. The dynamic control points P, Q, R, S, T, 
and U are used to define the three plaque component regions.   B   Finite element mesh re-
gions corresponding to geometry in   A  . Each finite element in a region has the same mate-
rial property values as other elements in that region. L = Lipid, c = cap. 
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   Material Deformation Model.  Baldewsing et al.  [78]  used coronary arteries 
(n = 5) to demonstrate that radial strain elastograms measured in vitro using 
IVUS strain elastography could be simulated with a (finite-element) computer 
model. Their material deformation model treated the arterial tissue as a linear 
elastic, isotropic, plane strain, nearly incompressible material with a Poisson’s 
ratio of 0.4999  [79] .The computer-model geometry and material properties 
were determined from histology (collagen, smooth muscle cells and macro-
phages). The agreement between a simulated and measured elastogram was 
performed upon features of high-strain regions. Statistical tests showed that 
there was no significant difference between simulated and corresponding 
measured elastograms in location, surface area and mean strain value of a high 
strain region (n = 8).

  The same material deformation model is used for the PFEM. Lipid, cap 
and media region are assumed to have a constant Young’s modulus value E L , 
E C , and E M , respectively. This results in a total of only three material composi-
tion parameters.

  The PFEM radial strain deformation is computed using the finite element 
package SEPRAN (Sepra Analysis, Technical University Delft, The Nether-
lands), with the catheter center as origin. This radial strain field is called a 
PFEM elastogram. The whole process from defining the PFEM morphology 
and material composition parameters up to the calculation of the PFEM strain 
elastogram is fully automatic.

   Minimization Algorithm.  The modulus elastogram of a plaque is deter-
mined by a minimization algorithm. This algorithm tries to find values for the 
six morphology and three modulus parameters of the PFEM such that the cor-
responding PFEM elastogram ‘looks similar’ to the measured IVUS strain 
elastogram. The similarity between elastograms is quantified as the root-
mean-squared (RMS) error, between PFEM strain elastogram and measured 
IVUS strain elastogram. The sequential-quadratic-programming minimiza-
tion algorithm fully automatically searches a local minimum of the RMS by 
iteratively updating the nine PFEM parameters. Each update gives a lower 
RMS error. The algorithm stops when the either the RMS itself or each of a few 
consecutive RMS values is below a threshold value. When the resulting final 
PFEM elastogram has qualitatively enough strain pattern features in common 
with the measured elastogram, the corresponding modulus elastogram is con-
sidered as a good approximation of the real plaque.

  IVUS Modulus Elastography of Vulnerable Plaques: Results 
 Baldewsing et al.  [28, 80]  have shown the feasibility and robustness of 

their approach by successfully applying their modulography approach to ra-
dial strain elastograms of vulnerable plaques that were (a) simulated, (b) mea-
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sured in vitro and (c) measured in vivo in a patient. Two computer-simulated 
plaques, a plaque-mimicking phantom and two human coronary plaques (in 
vitro and in vivo) were used. FEMs were used to simulate strain elastograms 
for two plaque geometries, both having a lipid pool covered by a cap; one ge-
ometry was defined by circles, the other by tracing arterial histology. For their 
in vitro phantom and coronary artery, strain elastograms were processed from 
RF data obtained with a 20-MHz 64-element phased-array IVUS catheter. For 
the patient’s case, multiple in vivo strain elastograms, obtained during the 
diastolic phase of a cardiac cycle where catheter motion was minimal, were 
averaged into one in vivo compounded strain elastogram to increase the sig-
nal-to-noise ratio. All the computed modulus elastograms approximated the 
geometry and material properties of the real plaque composition.  Figure 9  
shows computation of an IVUS in vivo modulus elastogram from the in vivo 
measured compounded IVUS strain elastogram of the patient. The echogram 
( fig. 9 A) reveals the presence of a large eccentric plaque between 10 and 5 
o’clock, but cannot discriminate between the possible cap and lipid component 
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  Fig. 9.  Modulography of a patient in vivo: a Young’s modulus image is computed 
from an IVUS strain elastogram that was measured in vivo from a patient with a vulner-
able plaque.   A   IVUS echogram.   B   In vivo measured compounded strain elastogram. 
  C   Computed Young’s modulus image in kPa.   D   PFEM strain elastogram computed 
from   C  . 
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of the plaque. The in vivo measured compounded IVUS strain elastogram 
( fig. 9 B) suggests the presence of a soft lipid pool covered by a stiff cap by 
means of a typical high radial strain region at the shoulders of the plaque and 
mechanical shadowing, which causes the low strain at the center of the plaque. 
The computed Young’s modulus elastogram ( fig. 9 C) with (E L  = 2, E C  = 216, 
and E M  = 137 kPa) is a likely candidate for the real underlying plaque compo-
sition, since the measured compounded IVUS strain elastogram ( fig. 9 B) and 
the PFEM strain elastogram ( fig. 9 D) show two co-localizing high-strain re-
gions and mechanical shadowing.

  IVUS Modulus Elastography of Arbitrary Atherosclerotic Plaques 
 Atherosclerotic plaques can have a complex, heterogeneous material com-

position consisting of a mixture of plaque components, like lipids, fibrotic tis-
sue, calcified nodules or tissues weakened by extracellular matrix breakdown 
caused by macrophages. Imaging of such complexes may require a different, 
more local approach, e.g., like that used by Soulami et al.  [71] , which does not 
enforce a restriction on the plaque structure. Although their approach does not 
require a priori information, the large number of moduli to be computed might 
prevent a successful convergence of the minimization algorithm.

  Recently, Baldewsing et al.  [80]  extended their modulography approach 
 [28]  so that it also works for arbitrary atherosclerotic plaques. To this end, they 
first developed a deformable plaque geometry model, which (i) has deformable 
curves as distal borders of the PFEM lipid pool and cap region, instead of circle 
borders, and (ii) uses the true lumen and media contours, as extracted from 
the IVUS echogram. This deformable model led to a more accurate and reliable 
modulogram, for a much larger collection of complicated TFCA plaque com-
ponent morphologies, than the TCFA plaque geometry model did. They then 
combined this deformable model with a compounding procedure to obtain a 
heterogeneous modulogram from various individual modulograms  [29] . The 
preliminary results showed that the modulogram of a TCFA or heterogeneous 
plaque can be well approximated using their compounding procedure.

  Discussion and Conclusion 

 Identification of plaque components and the proneness of a lesion to rup-
ture is a major issue in interventional cardiology. IVUS echography is a real-
time, clinically available technique capable of providing cross-sectional im-
ages and identifying calcified plaque components.

  IVUS strain elastography/palpography are clinically available IVUS-de-
rived techniques capable of mechanically identifying the rupture-prone plaque. 
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This is of paramount importance to investigate the underlying principle of 
plaque rupture, the effectiveness of pharmaceutical treatments and, in the long 
term, preventing sudden cardiac deaths. Since palpography is a faster and more 
robust technique, its introduction in the catheterization laboratory is easier. 
Although palpography reveals no information on the composition of material 
deeper in the plaque, it identifies the weak, soft spots in an artery. If a plaque 
ruptures, this rupture will start at the lumen vessel wall boundary, the region 
imaged by palpography. Clinical studies have been (and are being) performed 
to assess the potential role of palpography to identify patients at risk of future 
clinical events and to quantify the effect of pharmaceutical drugs and circulat-
ing biomarkers on reduction of these events  [81] .

  Modulography is a new method for plaque-tissue characterization. It can 
be used in combination with other imaging modalities that are capable of mea-
suring deformation, e.g. (intra)vascular OCT elastography or MRI elastogra-
phy. Since modulography only needs a deformation elastogram as input, it may 
also be applied to other organs from which deformation can be measured, such 
as the breast, prostate, femoral or carotid. Finally, modulography, in combina-
tion with IVUS strain elastography, provides in vivo plaque morphology, strain 
and Young’s modulus, therefore, one can perform an in vivo finite element-
based stress analysis. This may be a more reliable analysis than when a priori 
Young’s modulus values, plaque model or plaque structure obtained from trac-
ing histology are used. Furthermore, it may aid the development and valida-
tion of plaque vulnerability indices, which are defined from local strain, stress 
and Young’s modulus information.

  In conclusion, the combined use of IVUS, IVUS strain elastography/pal-
pography and modulography provides clinicians/researchers an all-in-one 
modality for detecting plaques, assessing information related to their rupture 
proneness and imaging their elastic material composition.
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   Abstract 
  Atherosclerosis and its complications represent the leading cause of morbidity and 

mortality in the industrialized as well as in the developing countries. Classical cardiovas-
cular risk factors have been identified over the past decades leading to recommendations 
for life style modifications and to the development of efficient and well-tolerated drug 
regimens aimed at reducing the occurrence of cardiovascular complications. The endo-
thelium due to its position in the circulation is the first organ being exposed to circulating 
noxious elements and solutes as well as to the mechanical aggressions generated by heart-
beats and pulsating blood flow. This review addresses the relevance of the combined ef-
fects of the mechanical stress and cardiovascular risk factors on the early phases of 
 atherosclerosis.    

 Copyright © 2007 S. Karger AG, Basel 

 

This chapter on endothelium involves four sections: normal endothelial 
function; effect of atherosclerosis; role of mechanical stress, and relation be-
tween arterial stiffness and endothelial function.

  Normal Endothelial Function 

 The endothelium is a monolayer of endothelial cells lining the vascula-
ture. It lies at the interface of the vessel wall and the circulating blood and con-
stitutes a protective barrier between the two elements. Endothelial cells play a 
crucial role in maintaining vascular homeostasis. They function as sensors 
and integrators of hemodynamic and hormonal stimuli and they control the 
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bidirectional transport of macromolecules and blood gases through the vascu-
lar wall  [1] . As a result, endothelial cells release a number of autocrine and 
paracrine factors that regulate vascular permeability, vasomotion, coagula-
tion, cell adhesion, inflammation and mitogenesis  [2] . Disruption of the bal-
anced release of these bioactive factors can be a critical factor in the pathogen-
esis of vascular diseases and more specifically of atherogenesis.

  It is now well established that endothelial dysfunction is a very early event 
if not the earliest in the process of atherogenesis and therefore, testing endo-
thelial function may serve as a biomarker of lesion formation  [3] . For this rea-
son it became manifest that evaluation of endothelial function integrity was of 
utmost importance in vascular biology both in clinical as well as in experimen-
tal conditions. Impairment in endothelial function has been related to all 
known atherogenic risk factors (dyslipidemia, hypertension, smoking, diabe-
tes mellitus, aging, menopause…). Several studies have now recognized the 
prognostic value of endothelial dysfunction for atherothrombotic complica-
tions  [4–8] . Although endothelial dysfunction may not homogeneously affect 
the vascular bed, strong evidence suggests that a close relationship exists be-
tween human peripheral artery and coronary vasomotor abnormalities lead-
ing to the concept of systemic endothelial dysfunction  [9] . As a consequence, 
endothelial function testing is no longer restricted to patients undergoing in-
vasive cardiac catheterization. Originally, endothelial function was assessed 
during quantitative angiography by measuring the vasomotor response of epi-
cardial arteries to increasing concentrations of muscarinic receptor agonists 
(acetylcholine, metacholine)  [10] . Nowadays, it can be tested in the upper limb 
by measuring forearm blood flow using strain gauge plethysmography during 
intra-arterial infusion of muscarinic receptor agonists  [11] . The brachial artery 
is the most frequent peripheral artery tested for this purpose. However, the test 
remains invasive and therefore limited to research centers. With the advent of 
high-resolution ultrasound technology, a totally non-invasive method was 
proposed to evaluate endothelial function  [12, 13] . Reactive hyperemia follow-
ing a localized ischemic stimulus, distal to the measuring site, generates an 
increased shear stress that induces nitric oxide (NO) release. This test, known 
as the endothelial-dependent flow-mediated dilation (FMD) of the conduit ar-
tery, is now widely used to test the integrity of endothelial function  [14] . As 
demonstrated years ago it is less sensitive than the muscarinic receptor chal-
lenge but much more practical and it can be applied to asymptomatic popula-
tions as well as to patients  [10] . Indeed, subjects with cardiovascular risk fac-
tors and smooth coronary arteries show paradoxical vasoconstriction upon 
intracoronary acetylcholine infusion  [10] . In patients with significant coro-
nary artery disease, diagnosed at angiography, preserved although reduced 
FMD could still be observed despite significant vasoconstriction during ace-
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tylcholine challenge. In the latter case, blood flow was increased by peripheral 
arteriolar dilation following papaverine infusion distally from the arterial seg-
ment under investigation.

  Brachial artery FMD was shown to be predictive of clinical complications 
associated with atherosclerosis  [9] . Although more easily available than the 
invasive techniques, brachial FMD assessment performed by high-resolution 
ultrasound remains quite a challenging test and requires appropriate qualifi-
cation and training. In this respect, guidelines have been published to try to 
standardize the methods and protocols between centers in order to be able to 
compare results among investigators  [14] .

  Recently, more practical and simpler devices have been designed to mea-
sure endothelial function ( table 1 ). One such device uses a digital plethysmog-
raphy technique based on an observation that was made earlier in hypercho-
lesterolemic patients demonstrating reduced flow reserve and elevated resis-
tance during hyperemia  [15] . This system allows to assess endothelial function 
in a very simple way. Using this device, it has been demonstrated that digital 
reactive hyperemia response can identify patients with early coronary micro-
vascular endothelial dysfunction  [16] . Further studies will be needed to fully 
assess the potential of this simple and non-invasive endothelial function test.

  Laser Doppler iontophoresis is another attractive technique requiring spe-
cific tools to assess skin microvascular endothelial function  [17, 18] . The test 

Table 1. Current methods to assess in vivo endothelial function in human subjects

Method Vascular bed Convenience Risk Accuracy

Venous occlusion
plethysmography

Forearm resistance
vessels

Invasive Arterial cannulation
Critical vasoconstriction

Highly accurate

Laser Doppler
flowmetry (reactive 
hyperemia,
iontophoresis)

Skin microvessels Non-invasive None High accuracy for acute 
pharmacological or physical 
challenges
Needs further validation

Flow-mediated
dilation

Conduit arteries Non-invasive
(echo-Doppler)
Invasive 
(flow-wire)

None

Critical vasoconstriction 
Arterial cannulation and 
dissection

Equipment-dependent
(hardware, software)

PET scan Resistance vessels Non-invasive
Very expensive

Irradiation Highly accurate
Needs further validation

Pulse wave analysis Large and small
arteries

Non-invasive
Ease of use

None Further characterization 
needed to establish association 
between arterial stiffness and 
endothelial function
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is quite reproducible but several problems still need to be overcome such as 
variability in skin conductivity and current-induced vasodilation. As for the 
previously mentioned plethysmography method, further studies will be neces-
sary to evaluate the prognostic value of skin microvascular dysfunction in de-
tecting individuals at increased coronary heart disease (CHD)  [19] .

  A number of circulating factors have been considered for their potential 
predictive value of endothelial function and atherothrombotic complications. 
Among them, highly sensitive CRP, which is closely related to systemic and 
vascular low-grade inflammation, has been identified as one of the most valu-
able factors. Elevated levels of circulating CRP have been shown to be closely 
associated with the increased 10-year risk of CHD, regardless of the presence 
or absence of known cardiac risk factors. A single CRP measurement provided 
information beyond conventional risk assessment, especially in intermediate-
Framingham-risk men and high-Framingham-risk women  [20] . Can CRP 
measurements replace the predictive value of the cumbersome FMD assess-
ment in determining the quality of endothelial function? Apparently not, as 
demonstrated in a large healthy cohort of subjects in whom the predictive val-
ue of CRP was shown to be largely independent of abnormalities in endothe-
lial function assessed by FMD testing  [21] .

  Microalbuminuria is another laboratory parameter which is considered to 
be a marker of endothelial dysfunction. Whether microalbuminuria is associ-
ated with FMD has recently been investigated in an elderly population. Micro-
albuminuria is linearly associated with impaired endothelium-dependent 
flow-mediated vasodilation in elderly individuals without and with diabetes 
 [22] . Unfortunately, microalbuminuria, which is easy to measure, appears to 
be a rather late marker of endothelial dysfunction. Indeed, endothelial dys-
function, as estimated by plasma von Willebrand factor concentration, pre-
cedes and may predict the development of microalbuminuria in insulin-de-
pendent diabetes mellitus  [23] .

  In conclusion, up to now, no circulating factor has been convincingly 
shown to yield earlier and more sensitive information on endothelial function 
as a prognostic factor of cardiovascular events than muscarinic receptor stim-
ulation or FMD.

  Endothelial Function and Atherosclerosis 

 As mentioned in the previous section, endothelial dysfunction represents 
the primary event in atherogenesis. We have described above the different 
methods currently used for the in vivo assessment of endothelial function. In 
this section we present some of the main mechanisms linking endothelial dys-
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function to atherosclerosis. Endothelial cells are the target of local and sys-
temic injuries. Among the systemic factors that affect endothelium homeosta-
sis, hyperlipidemia, diabetes mellitus, hypertension and smoking represent the 
most prevalent conditions in clinical settings. The initial description of the 
endothelium-derived vasodilator agent by Furchgott and Zawadski  [24]  later 
identified as NO occupies a key position in the pathogenesis of atherosclerosis. 
NO was first described as a vasodilator whose production can be controlled by 
different physiological agonists as well as by pharmacological agents acting on 
the endothelial isoform of the NO synthase (eNOS or NOSIII) gene. NO not 
only regulates vascular tone by directly acting on smooth muscle cells, but it 
also counterbalances the action of other vasoconstrictors such as endothelin-1 
(ET-1)  [25]  and angiotensin II (Ang II)  [26] . In addition, NO limits recruitment 
of leukocytes, inhibits platelet adhesion and aggregation, inhibits smooth 
muscle cells proliferation and tissue factor production  [27] . Although not lim-
ited to NO metabolism, endothelium homeostasis is greatly dependent on the 
NO-balanced release because of the pleiotropic actions NO exerts in control-
ling most of the other endothelial factors. Reduced NO bioavailability is the 
common denominator of endothelial dysfunction associated with cardiovas-
cular risk factors.

  Most of these cardiovascular risk factors are associated with an increased 
production of reactive oxygen species (ROS), such as the superoxide radicals 
which in turn reduce vascular NO bioavailability  [28] . Superoxide radicals can 
react with NO released by endothelial nitric oxide synthase (eNOS), thereby 
generating peroxynitrite. A vicious circle can then be initiated where the anti-
atherosclerotic NO-producing enzyme is converted into an enzyme (uncou-
pling) that may trigger or even accelerate the atherosclerotic process by pro-
ducing superoxide rather than NO. Therefore, reducing ROS and improving 
eNOS activity to increase NO bioavailability represents the mainstay of the 
management of cardiovascular risk factors in primary and secondary preven-
tion.

  Low-grade inflammation has been shown to contribute to atherogenesis. 
Leukocyte recruitment and monocyte adhesion on the activated endothelium 
represent one of the earliest responses in the inflammatory process associated 
with atherosclerosis  [29] . Complex interactions exist between cytokines, che-
mokines, and inflammation in the development of atherosclerosis. However, 
cardiovascular hormones directly involved in the control of hemodynamics 
and volume homeostasis may also play a crucial role in the initiation and the 
development of atherosclerotic plaques. We have recently demonstrated the 
pressure independent role of an activated renin-angiotensin-aldosterone sys-
tem on atherosclerotic plaque development and vulnerability  [30] . To study the 
contribution of Ang II in plaque vulnerability, hypertensive hypercholesterol-
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  Fig. 1.  Atherosclerotic plaque, mean blood pressure (MBP) and serum interleukin-6 
(IL-6) in ApoE knockout (ApoE KO) mice: sham is compared to high-renin and low-renin 
animals. K = Kidney; C = clip; PRC = plasma renin concentration. * p !  0.05 versus sham; 
** p !  0.05 versus 1K1C.  
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emic ApoE –/–  mice were generated with either normal or endogenously in-
creased Ang II production (renovascular hypertension models) ( fig. 1 ). Hyper-
tensive high Ang II ApoE –/–  mice developed unstable plaques, whereas in hy-
pertensive normal Ang II ApoE –/–  mice, plaques showed a stable phenotype. 
Vulnerable plaques from high Ang II ApoE –/–  mice had a thinner fibrous cap, 
larger lipid core, and increased macrophage content than even more hyperten-
sive but normal Ang II ApoE –/–  mice. Our findings suggest that Ang II via the 
AT1 receptor, within the context of hypertension and hypercholesterolemia, 
independently from its hemodynamic effect behaves as a local modulator of 
atherosclerotic plaque phenotype probably via a T-helper cells switch. The ex-
act role of the AT2 receptor in the proatherogenic process remains to be fur-
ther clarified since recent data have demonstrated contradictory results  [31, 
32] .

  Mechanical Stress and Endothelial Function 

 It is well established that endothelial dysfunction can be demonstrated 
quite early in the setting of cardiovascular risk factors such as hypercholester-
olemia, hypertension, diabetes mellitus, and chronic smoking. However, de-
spite the systemic effects of these cardiovascular risk factors, atherosclerosis is 
a focal disease which clearly shows a non-random distribution within the arte-
rial vasculature  [33] . Plaques persistently occur at definite sites such as branch 
points and curved areas of conduit arteries  [34] . The clinical manifestations of 
atherothrombotic complications are determined by the non-random localiza-
tion of atherosclerotic plaques. Strong evidence suggests that fluid dynamics 
and mechanical forces play a critical role in the initiation and the focal distri-
bution of atherosclerotic lesions  [35, 36] .

  Mechanical forces affecting the endothelial cells during the cardiac cycle 
can be distinguished in two types. The first is parallel to the flow direction. It 
is due to the frictional forces generated by the viscous fluid on the luminal sur-
face of blood vessels, we therefore talk about shear stress. The second force is 
due to the cyclic strain and is known as circumferential stretch. It is perpen-
dicular to the vessel wall. Circumferential stretch is a critical parameter for 
smooth muscle cells while it has been shown to play a minor role on the endo-
thelium when combined with near physiological flow conditions (mean shear 
stress of 10 dyn/cm 2 )  [37] . Conversely, several reports have demonstrated that 
cyclic strain mediates a significant endothelial response in the absence of flow 
and/or when supraphysiological strain conditions (10–20% strain) are applied 
 [38] . Similarly, endothelial cell activation can be observed when cells are acute-
ly submitted to cyclic strain from resting culture conditions.
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  Therefore, in this section we will mainly focus on shear stress, the tangen-
tial drag force which appears to be the predominant mechanical stimulus in-
ducing changes in structure and function of endothelial cells. Early experi-
ments were performed in in vitro flow models to study fluid dynamics along 
the different carotid bulb sections and revealed that low shear stress zones 
matched arterial surface alterations observed in cadaveric arteries. Regions 
exposed to low mean and oscillatory (bidirectional) shear stress were found to 
be prone to develop atherosclerotic lesions. These observations are somehow 
in opposition with those made in animal models where endothelial lesions 
were demonstrated in regions exposed to high shear stress induced by lumen 
reduction  [39]  but corroborate data obtained in more physiological atheroscle-
rosis animal models  [40] . The latter confirmed that low shear stress zones with 
cyclic reversal flow direction are prone to develop early atherosclerotic trans-
formations. Therefore, it became manifest that disturbed blood flow plays a 
critical role in determining plaque location. Because it is quite difficult to study 
individual hemodynamic effects on endothelial functions in animal models, 
owing to the redundant biofeedback systems, several in vitro models mimick-
ing physiological blood flow conditions were developed. Our laboratory has 
played a seminal role in this development by proposing to study the effect of 
combined and controlled hemodynamic parameters on different endothelial 
cells seeded on tubular structures with biomechanical properties similar to 
those of native arteries. Primary as well as endothelial cell lines have been 
studied to better appreciate the mechanisms by which endothelial cells sense 
and respond to changes in shear stress, cyclic strain, and hydrostatic pressure 
 [37, 41, 42] .

  Like other laboratories, we were able to show that shear stress has a pro-
found effect on endothelial cell cytoskeletal proteins. Endothelial cells respond 
in a dose-dependent manner to the increase in shear stress by reorganizing 
their stress fibers and by releasing atheroprotective factors or by reducing ath-
erogenic mediators. Stress fibers are aligned in parallel to the flow direction 
and perpendicular to the circumferential strain and the Rho-ROCK pathway 
plays a critical role in the flow-induced rearrangement of the stress fibers  [43] . 
The effects observed using the in vitro flow modulation were in total accor-
dance with the observations made by Nerem et al.  [44]  using animal models of 
flow disturbances.

  For a given mean shear stress value, we showed that pulsatile shear stress 
exerts a greater influence on endothelial cells than a constant shear stress  [42] . 
Because endothelial cells in vivo are subjected to concomitant shear stress and 
cyclic strain, acting in perpendicular directions, a time lag between flow and 
pressure waves generated by wave reflection may influence cell function. In-
deed, asynchronous shear stress and circumferential strain were demonstrated 
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to induce an atherogenic profile of eNOS, ET-1 and COX-2  [45] . These results 
emphasize the importance of local hemodynamic conditions on the localiza-
tion and initiation of atherosclerosis.

  As mentioned earlier, increased production of ROS, such as the superox-
ide radicals, leads to decreased NO vascular bioavailability, thus promoting 
atherosclerosis. Shear stress modulates the redox state of the endothelial cells 
 [46] . We demonstrated that the pulsatility of flow, but not cyclic stretch, was a 
critical determinant of flow-induced superoxide anion production  [42] . 
p22phox mRNA levels increased in cells exposed to both unidirectional and 
oscillatory shear stress, suggesting that p22phox gene expression upregulation 
contributes to flow-induced increase in superoxide anion production in endo-
thelial cells. Different results were obtained in absence of pulsatility but do not 
correspond to the in vivo situation and therefore should be interpreted with 
limitation  [47] . Agents that block the renin-angiotensin system (ACE-I and 
ARBs)  [48, 49]  and statins  [50]  have been shown to favorably influence oxida-
tive stress by reducing or suppressing NADPH oxidase activity independently 
from their primary therapeutic effect.

  Shear stress does appear to have a favorable effect on inflammation. In-
deed, endothelial cells release a number of factors that prevent atherogenesis 
such as NO, prostacyclin and SOD, to name a few that counteract inflamma-
tory stimuli. Physiologic flow conditions have a positive impact by turning on 
atheroprotective genes and by turning off genes that contribute to atheroscle-
rosis initiation or progression (adhesion molecules). Recently, Berk and col-
leagues  [51]  demonstrated that preconditioning of endothelial cells by steady 
laminar flow decreased apoptosis and reduced TNF-mediated endothelial cell 
activation by inactivation of the MAPK cascade. All these in vitro results must 
be interpreted bearing in mind that cells are not exposed to the full physio-
pathological array of conditions such as hyperlipidemia and increased oxida-
tive stress that are normally found in the in vivo situation.

  Nitric Oxide and Age-Related Changes in Stiffness 

 Arterial stiffness is frequently considered to result mainly from the dis-
tending pressure and from the quality/quantity of elastic and collagen fibers 
arterial media content. However, the media is rich in smooth muscle cells that 
respond actively to sympathetic activation and to the paracrine release of va-
somediators such as NO, ET-1 and prostacyclin to name a few. Therefore, it is 
not surprising that alterations in NO bioavailability influences arterial stiff-
ness  [52] . There are different ways to assess arterial elasticity. Pulse pressure 
which is a surrogate of large artery stiffness has been shown to be a strong in-
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dependent predictor of the endothelial response to muscarinic receptor ago-
nists in normotensive subjects  [53] . Similar results have been obtained in 
healthy subjects and in patients with coronary artery disease in whom an in-
verse correlation was observed between the degree of arterial stiffness and im-
paired endothelial function  [54] .

  Recently, it has become evident that for any given mean blood pressure 
level, aging is accompanied by vascular wall stiffening which induces opposite 
hemodynamic effects on blood pressure  [55] . Systolic blood pressure tends to 
steadily increase with aging whereas diastolic blood pressure reaches a plateau 
around age 55–60 years before declining  [56] . This trend which has been ob-
served in most of the studied populations so far clearly shows that pulse pres-
sure, thus arterial stiffness, increases with age.

  Pulse wave velocity is another measure of arterial stiffness which is a good 
predictor of cardiovascular outcome in various clinical settings such as hyper-
tension, diabetes and end-stage renal disease  [57, 58] . In the latter case, accu-
mulation of asymmetrical dimethylarginine, a potent inhibitor of eNOS, may 
play a critical role in the development of severe arterial stiffening in combina-
tion with media calcification due to hyperphosphatemia  [59] . With aging of 
the population, new problems are emerging. It has been observed in the gen-
eral population that low bone mass is associated with a higher mortality rate 
due to atherosclerotic cardiovascular disease. The degree of aortic calcification 
is strongly related with a lower bone mineral density. Therefore, one may spec-
ulate that low bone mineral density is a predictor of increased arterial stiffness 
 [60, 61] . Patients with chronic renal failure also present with renal osteodystro-
phy. Preliminary data tend to support that pulse wave velocity is related to the 
severity of osteodystrophy in ESRD patients and with osteoporosis in the gen-
eral elderly population  [62] . To which extent endothelial dysfunction contrib-
utes to large artery stiffening with time remains to be fully addressed. Studies 
have looked at the acute effect of NO blockade in healthy volunteers showing 
an increased arterial stiffness  [52] . To discriminate the effect of blood pressure 
increase from that of the inhibition of NO release vasoconstricting agents such 
as noradrenaline and dobutamine were compared to  L -NMMA measuring ca-
rotido-femoral PVW as a marker of elastic artery stiffness in healthy volun-
teers. No apparent effect of NO blockade other than the pressure effect could 
be detected. This observation may not be true for muscular arteries where 
other factors than NO may play a role in modulating vascular tone. Chronic 
inhibition of NO synthase or clinical conditions associated with endothelial 
dysfunction may induce vascular remodeling which in the long run may favor 
development of atherosclerosis and increased left ventricular afterload.

  Endothelial function is impaired with increasing age and may therefore 
contribute to the steady increase in arterial stiffness observed in epidemio-
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logical studies. Measures aimed at controlling cardiovascular risk factors 
which improve endothelial function may reverse some of the age-related stiff-
ening of the conduit arteries by influencing both on the active component of 
the vessel wall via smooth muscle tone and on the passive elements such as the 
elastic and collagen fibers and the matrix proteins.

  There is now a very large body of evidence showing that endothelial dys-
function is an early marker of atherosclerotic changes. Several mechanisms are 
implicated in the progression of endothelial dysfunction. Some of them are 
modifiable and measures to limit atherosclerosis development via endothelial 
alteration have proven successful. Although interesting, the demonstration of 
an improvement in endothelial function should be taken with great caution 
before being considered as a valid surrogate of clinical improvement. Indeed, 
recent clinical trials have demonstrated a discrepancy between improved en-
dothelial function following estrogen, COX-2 inhibitors or vitamin treatment 
and increased cardiovascular events  [63, 64] .
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   Abstract 
 The growing prevalence and associated risk of arterial stiffness provide a major chal-

lenge to better understand the underlying causes and the resultant physiological impact 
of this condition. Structural components within the arterial wall, mainly collagen and 
elastin, are considered to be major determinants of arterial stiffness. Thus, quantitative 
and qualitative alterations of collagen and elastin fibers are involved in arterial stiffening 
that is associated with the aging process and disease states such as hypertension, diabetes, 
atherosclerosis, and chronic renal failure. Elucidation of mechanisms leading to the above 
alterations will aid in more specifically targeted therapeutic interventions because cur-
rently available cardiovascular medications fall short at reducing the stiffness of the large 
arteries. Reduction of arterial stiffness will likely have a significant impact on morbidity 
and mortality of older adults, as well as subjects suffering from cardiovascular and renal 
diseases. 

 Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 Increased arterial stiffness is a hallmark of the aging process and the con-
sequence of many disease states such as hypertension, diabetes, atherosclero-
sis, and chronic renal failure. Accordingly, there is a marked increase in the 
incidence and prevalence of clinical surrogate markers of arterial stiffness, 
such as pulse pressure and isolated systolic hypertension, with age and these 
associated conditions  [1–5] . Arterial stiffness is also a marker for increased 
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cardiovascular risk, including myocardial infarction, heart failure, and total 
mortality, as well as stroke, dementia, and renal disease  [6–14] .

  Although arterial stiffness is a dynamic parameter, which can be modu-
lated by changes in smooth muscle tone  [15] , endothelial function  [16] , and the 
vasa vasorum microcirculation network  [17] , it is classically recognized that 
structural components within the arterial wall, mainly extracellular (ECM) 
macromolecules, together with transmural pressure are the major determi-
nants of arterial stiffness  [18] . This chapter reviews the contribution of ECM 
macromolecules to arterial stiffness, including the roles of collagen, elastin, 
and other ECM proteins. In addition, the potential role of vascular integrins 
that act as a link between the ECM and the intracellular environment will also 
be considered.

  Vascular Collagen 

 By definition, a collagen is a structural protein of the ECM that contains 
at least one domain in the characteristic triple helical conformation  [19] . The 
triple helix is formed by three polypeptide chains ( �  chains). All collagen mol-
ecules are characterized by a central collagen domain composed of repeating 
Gly-Xaa-Yaa triplets, a high concentration of proline, alanine, and lysine resi-
dues and non-collagenous domains at their terminal ends  [20, 21] . To date, 20 
different collagen types have been identified  [22] . Collagen types I, III, IV, V, 
VI, VIII, XV, XVIII, and XIX have all been detected in normal adult vascular 
tissue  [23–27] . Based on their structural properties, these collagens can be de-
scribed as fibrillar and non-fibrillar ( table 1 ). Fibrillar collagen types I and III 
are the major collagens detectable in vessels, representing 60 and 30% of vas-
cular collagens, respectively  [28, 29] . These molecules contain triple helical 
domains of about 1,000 amino acids, highly conserved carboxy-terminal non-
collagenous domains of about 250 amino acids, and variable amino-terminal 
non-collagenous domains of 50–520 amino acids  [20]  ( fig. 1 ).

Table 1. Collagen types present in vascular tissue classified in accordance with their 
structural properties

Fibrillar Sheet-forming Fibril-associated Microfibrillar

Type I Type IV Type XV Type VI
Type III Type VIII Type XVIII
Type V Type XIX
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  The regulation of collagen deposition and turnover in tissue is complex 
( fig. 2 ). Firstly, the amount of procollagen precursors secreted by the cells is 
controlled at the level of transcription  [30]  and by regulating intracellular deg-
radation  [31] . Secondly, extracellular conversion in collagen molecules and de-
position are controlled by proteolytic processing and is counteracted by deg-
radation via collagenolytic enzymes.
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  Fig. 1.  Electron micrograph of segment-long-spacing aggregates of procollagen type 
I (top) and a model of procollagen type I molecule (bottom). B = Amino-terminal pro-
peptide extension; C = minor triple helix of the amino-terminal protease cleavage site; 
D = amino-terminal telopeptide; E = triple helix; F = carboxy-terminal telopeptide; 
G = carboxy-terminal propeptide extension. 
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  Synthesis and Secretion 
 While most of the collagens in the vascular intima and media are synthe-

sized by smooth muscle cells (SMCs), fibroblasts are responsible for collagen 
synthesis in the adventitia. Contractile SMCs in the arterial media are respon-
sible for the gross muscular changes that occur in the vessel in response to 
nervous and paracrine stimuli. These are quiescent cells which in the adult 
show little division, migration, or matrix production. SMCs are, however, phe-
notypically plastic and can modulate to the so-called synthetic phenotype. 
These cells resemble the more immature fetal or neonatal cells and are com-
monly found in secondary culture and in the arterial intima; they migrate, 
divide, and produce ECM, namely collagen. Thus, a number of chemical and 
physical factors influence collagen production by SMCs through their pheno-
typic modulation ( table 2 )  [32] .

  After secretion of procollagen molecules in the extracellular compartment, 
the amino- and carboxy-terminal non-collagenous domains are removed by 
specific proteinases. The resulting collagen triple helices aggregate in quarter-
staggered fibrils. Newly formed collagen fibrils are soluble in salt solutions and 

Procollagen type I
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Proteinases Terminal propeptides 

Collagen type I
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  Fig. 2.  Diagrammatic representation of fibrillar collagen turnover in the vascular 
wall. SMC = Smooth muscle cell; MMP = matrix metalloproteinase. 
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dilute acid, and have no tensile strength. During the formation of intermolecu-
lar cross-linking, collagen fibers become increasingly insoluble, more refrac-
tory to the action of enzymes and show a progressive increase in tensile strength. 
The cross-linking process is initiated by the enzyme lysyl oxidase, through the 
oxidation of specific lysine or hydroxylysine residues in the telopeptide regions. 
The resulting aldehydes undergo a series of reactions with adjacent reactive 
residues to give both inter- and intramolecular cross-links  [33] .

  Degradation and Turnover 
 The metabolic turnover of mature collagen in adult animals is relatively 

slow  [34] . Although only small amounts of these proteins are degraded nor-
mally, increased degradation and fragmentation of collagen fibers are observed 
in vascular diseases. Collagenolytic enzymes are found in a number of mam-
malian cells and tissues including polymorphonuclear neutrophils and mono-
cytes/macrophages. Collagenolytic enzymes are mainly matrix metallopro-
teinases (MMPs) and have been described extensively in previous reviews  [35, 
36] . Vascular MMPs include collagenases (MMP-1 and MMP-8), gelatinases 
(MMP-2 and MMP-9), elastases (MMP-7 and MMP-12), stromelysins (MMP-
3) and membrane-type metalloproteinases (MT1-MMP) ( table 3 ). The sub-
strate specificity differs for the various MMPs present in the vascular wall. 
Whereas MMP-1 degrades collagen types I and III, gelatinases act on gelatin 
and collagen type IV, and MMP-3 degrades proteoglycans, fibronectin, and 
laminin  [37] .

  The proteolytic activity of each MMP is tightly regulated at three levels: 
first, gene expression and protein secretion levels; second, activation of the in-
active pro-enzyme, and, third, inhibition by the tissue inhibitors of MMPs 
(TIMPs) or other inhibitors ( �  2 -macroglobulin). The activation of secreted 
pro-MMPs requires the disruption of the Cys-Zn 2+  (cysteine switch) interac-
tion and the removal of the propeptide. In vivo, pro-MMPs are activated 

Table 2. Factors influencing collagen synthesis and secretion by vascular smooth 
muscle cells

Stimulating factors Inhibiting factors

Transforming growth factor-� Basic fibroblast growth factor
Platelet-derived growth factor Interferon-�
Angiotensin II Tumor necrosis factor-�
Periodic stretching Prostaglandin E2

Insulin? Cell-matrix contact
Aldosterone? Nitric oxide?
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by tissue or plasma proteinases – plasmin, thrombin, other MMPs or MT-
MMPs – and reactive oxygen species. The activation of MMPs and their inhi-
bition by TIMPs are the main regulatory mechanisms of MMP activities in the 
vascular wall  [35, 36] . The very well controlled balance between active protein-
ases and inhibitors is perturbed during pathological processes, particularly 
when polymorphonuclear neutrophils or macrophages are present. However, 
through their capacity to synthesize enzyme inhibitors, SMCs have an ex-
tremely high capacity to respond to these increased enzyme levels.

  Functions in the Vascular Wall 
 The biomechanical properties of vessels, particularly of the major arteries, 

are largely dependent on the absolute and relative quantities of fibrillar colla-
gens (and elastin)  [38] . Collagen fibers run longitudinally in the intima and 
adventitia, and run spirally between muscle layers in the media  [39] . These fi-
bers are often crimped or ‘wavy’ in order to both allow and resist distension of 
the vessel  [40] . The larger diameter type I fibers are believed to confer high 
tensile strength while the thinner, type III fibers are associated with increased 
tissue flexibility  [41] . Molecules of fibrillar collagen type V can either form 
fine type V filaments or can copolymerize with type I and III molecules in 
larger fibers. It is believed that inclusion of type V molecules may regulate as-
sembly and structure of the vascular collagen fiber network  [42] .

  Vascular collagens may also interact with SMCs resulting in changes of 
their phenotype and activity. In fact, type I collagen promotes change to the 
synthetic phenotypic while type IV collagen inhibits, or even reverses, this 

Table 3. Metalloproteinases active on extracellular macromolecules present within 
the vascular wall and cellular origin

Detectable in vascular cells Detectable in inflammatory cells

MMP-1 (ECs)1 MMP-1 (monocytes)
MMP-2 (ECs, SMCs, fibroblasts) MMP-2 (macrophages, PMNs)
MMP-3 (SMCs) 1 MMP-7 (monocytes)
MMP-7 (SMCs) MMP-8 (PMNs)
MMP-9 (ECs, SMCs, fibroblasts) 1 MMP-9 (macrophages, PMNs)
MT1-MMP (SMCs) MMP-12 (macrophages)

MT1-MMP (macrophages)

1 Enzymes not expressed in basal conditions.
MMP = Matrix metalloproteinase; MT-MMP = membrane-type MMP; ECs = en-

dothelial cells; PMNs = polymorphonuclear neutrophils; SMCs = smooth muscle cells.
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change  [43, 44] . In addition, interactions with the surrounding collagen ma-
trix may control collagen production in phenotypically modified SMCs by 
posttranslational mechanisms. For instance, SMCs grown inside type I colla-
gen lattices, unlike cells grown on plastic, do not dramatically increase fibrillar 
collagen secretion in response to serum and growth factors  [45] . Serum in-
creases transcription and translation of collagen mRNA in lattice cells, but 
intracellular degradation of the newly translated collagen prevents it from be-
ing secreted  [46] .

  Finally, the possibility exists that collagen and other ECM molecules par-
ticipate in the regulation of vascular tone. Recently, Davis et al.  [47]  defined 
matricryptic sites as biologically active sites that are not exposed in the mature 
secreted form of ECM molecules, but which become exposed following con-
formational or structural changes in these molecules (e.g., the Arg-Gly-Asp 
peptide or RGD sequence). The same authors hypothesized that exposure of 
matricryptic sites in altered ECM molecules is a critical component of a coor-
dinated vascular response to tissue injury. In support of this notion, they 
showed that proteolytic fragments of collagen type I (which contain the RGD 
sequence) induce vasoconstriction  [48, 49] . Furthermore, it has been shown 
that these molecules induce integrin-dependent vasoconstrictor effects that 
are regulated through calcium signaling and which are mediated in some cas-
es by the L-type calcium channel of SMCs  [48] .

  Vascular Elastin and Other ECM Molecules 

 Elastin is the most abundant protein of the large arteries that are subject-
ed to a large pulsatile pressure generated by cardiac contraction  [50–52] . How-
ever, elastin is also detectable in resistance arteries – mainly in the internal and 
external elastic lamina – and veins. Elastin represents 90% of the elastic fibers, 
the other constituents being microfibrillar glycoproteins such as fibrillins and 
microfibrillar-associated glycoproteins  [53–55] . The precursor of elastin, tro-
poelastin, is a highly hydrophobic protein which is soluble in salt solution like 
the collagen triple helix. In contrast, elastin is an insoluble protein. This in-
solubility results from the cross-linking process between lysine residues. Cross-
linking of tropoelastin molecules begins with the oxidative deamination of 
some lysine residues by lysyl oxidase, as previously described for collagen 
cross-linking. The spontaneous condensation reaction between four lysine/al-
lysine residues leads to the formation of the specific cross-links for elastin, 
desmosine and isodesmosine. Cross-links resulting from the condensation of 
two or three lysine/allysine residues are also detectable in elastin  [33] . This 
cross-linking process confers to elastin its function, i.e. elasticity, essential in 
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large arteries which distend during systole and recoil during diastole. Another 
property of elastin has been recently demonstrated by the study of patients suf-
fering from supravalvular aortic stenosis and of knockout mice for elastin: 
elastin controls, directly or indirectly, the proliferation and phenotype of SMCs 
 [56–58] .

  Other structural glycoproteins play an essential role in the structure and 
function of the ECM in the arterial wall, including fibronectin, vitronectin, 
laminin, entactin/nidogen, tenascin and thrombospondin. These glycopro-
teins have a multidomain structure, potentially enabling simultaneous inter-
actions between cells and other ECM components  [59, 60] .

  The proteoglycans contained in the vascular wall are the large aggregating 
proteoglycans aggrecan and versican, the small non-aggregating interstitial 
proteoglycans biglycan, decorin and fibromodulin and the cell-associated pro-
teoglycans syndecan, fibroglycan and glypican. Proteoglycans are proteins 
that have one or more attached glycosaminoglycan chains  [61, 62] . They con-
tain distinct protein and carbohydrate domain structures, which interact with 
other ECM molecules. They participate in ECM assembly and confer specific 
properties to the tissues (hydration, filtration, etc.). Proteoglycans also regu-
late various cellular activities (proliferation, differentiation, adhesion, migra-
tion) and control cytokine biodisponibility and stability (basic fibroblast 
growth factor, transforming growth factor- �  or TGF- � , etc.)  [63] .

  Vascular Integrins 

 Integrins are a large family of cell surface receptors that provide for adhe-
sion of cells to both the ECM and neighboring cells. In addition, integrins act 
as a membrane coupling and assembly point for a growing list of cytoskeletal 
and cell signaling components. Of the approximately 24 known integrins, 16 
have been reported to have involvement in some aspect of vascular biology 
( table 4 ), including the processes involved in the synthesis, degradation, and 
structural modification of the ECM  [64] .

  As early as 1976, Leung et al.  [65]  had shown that SMCs grown on elastic 
sheets and stimulated by cyclic strain upregulate their synthesis of collagen I 
and III. Integrins are the best candidates for being the mechanosensors ca-
pable of detecting changes in stress and strain. In addition to their role in 
regulating ECM production, integrins also participate in controlling the pro-
duction of several MMPs. Type VIII collagen binding of  �  1  �  1  and  �  2  �  1  integ-
rins stimulates MMP-2 and MMP-9 expression and activity in SMCs  [66] , 
while osteopontin and tenascin-C do so through ligation of the  �  v  �  3  integrin 
 [67, 68] .
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  SMCs transformation from a contractile to a synthetic/proliferative phe-
notype is, in part, modulated by integrin  �  5  �  1   [69] . Interestingly, integrins 
 �  1  �  1 ,  �  2  �  1 , and  �  v  �  3  are upregulated during the phenotypic transformation 
 [70–72] . As mentioned before, contact with the surrounding collagen matrix 
may control ECM production in phenotypically modified SMCs. In this re-
gard, cell adhesion studies in SMCs indicate that the  �  1  �  1  and  �  2  �  1  integrins 
may be the dominant receptors for triple helical domains in collagen types I 
and III  [73, 74] .

  Integrins have been also implicated in the conformational and structural 
rearrangement of ECM proteins. ECM proteins synthesized and secreted by 
cells of the vascular wall need to be in an ordered arrangement for best per-
forming their structural support role. Recent evidence suggests that integrins 
may be, in part, responsible for this process. For example, experiments carried 
on in primary human foreskin fibroblasts show that soluble fibronectin mol-
ecules are converted into elaborate fibrillar matrices in a process that requires 
the participation of integrins  [75] . Soluble fibronectin molecules bind  �  5  �  1  in-
tegrins in complex cellular contacts that run parallel to actin bundles of the 
cytoskeleton. Once ligated to  �  5  �  1 , fibronectin can be actively translocated 
along stress fibers.

Table 4. Integrin heterodimers pres-
ent in vascular cells

Endothelial
cells

Smooth muscle
cells

�1�1 �1�1

�2�1 �2�1

�3�1 �3�1

�5�1 �4�1

�6�1 �5�1

�6�4 �6�1

�V�3 �7�1

�V�5 �8�1

�9�1

�V�1

�V�3

�V�5

�6�4
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  ECM Molecules, Integrins and Arterial Stiffness 

 Arterial stiffening develops from a complex process of interactions be-
tween stable and dynamic factors determining structural and functional 
changes of the vessel wall ( fig. 3 ). This process is influenced by hemodynamic 
forces  [76]  as well as by genetic determinants  [77]  and extrinsic factors such as 
vasoactive substances, hormones, salt, lipids and glucose regulation  [78]  
( fig. 3 ).

  The structural changes involved in arterial stiffness include cellular 
changes (i.e., SMC hypertrophy and/or hyperplasia), and non-cellular changes 
(i.e., increased collagen deposition, reduction in the elastin/collagen ratio, al-
terations in the organization of collagen and elastin fibers, and alteration in 
the glycosaminoglycan contents and metabolism)  [76] . These changes are not 
uniformly disseminated throughout the vascular tree but are often patchy  [79–
81]  occurring in central and conduit arteries while sparing more peripheral 
arteries  [82, 83] . On the other hand, since SMC and ECM volume in large ar-

Hemodynamic forces
Transmural pressure

Increased wall stiffness

Extrinsic factors
Neurohormones

Lipids
Glucose

Salt

Genetic predisposition
Gene polymorphisms
Monogenic disorders

Functional alterations
SMC contraction
EC dysfunction

Structural alterations
SMC growth and phenotypic change
Alterations of ECM macromolecules

Alterations of integrins

  Fig. 3.  Schematic view of the multiple causes and mechanisms of arterial stiffness. 
SMC = Smooth muscle cell; EC = endothelial cell; ECM = extracellular matrix. 
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teries is roughly 50–50%, whereas in resistance arteries more than 70% of the 
tissue volume is occupied by SMC, cellular changes are likely to have more im-
pact on stiffness of resistance arteries  [76] . In contrast, stiffness of large arter-
ies is more likely influenced by non-cellular changes  [76] .

  On gross pathologic vascular specimens, structural changes related to ar-
terial stiffness manifest as a doubling to tripling of intima-medial thickness 
between ages 20 and 90  [84, 85] . Histological examination of the intima of 
stiffened vessels reveals abnormal and disarrayed endothelial cells, increased 
collagen ( fig. 4 ), frayed and broken elastin molecules, infiltration of SMCs, 
macrophages and mononuclear cells, and increased MMPs, cell adhesion mol-
ecules and cytokines, namely TGF- �   [86] .

  Role of ECM Macromolecules 
 In order to explain the respective role of collagen and elastin on the stiff-

ness of the vessel wall, Burton  [87]  assessed the Young’s modulus (wall tension 
per centimeter wall thickness for 100% diameter increase) of isolated elastic 
and collagen tissues and showed that the latter made the major contribution to 
the stiffness of the vessel wall. These data were expanded in the experiments 
of Dobrin et al.  [88]  in which human isolated arterial vessels were studied in 

  Fig. 4.  Section of a human aorta stained with sirius red and photographed under 
polarized light. Whereas deposition of collagen type I fibers (red/yellow) is predominant-
ly seen within the intima, collagen type III fibers (green) are mostly accumulated in the 
media and the adventitia. 
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the presence of elastase and collagenase. With elastase, the pressure-volume 
relationship of the arterial vessel was shifted towards higher values of arterial 
diameter and volume, indicating that the loss of elastin greatly influenced the 
geometry of the vessel without changing its mechanical properties (i.e. the 
slope of the curve). On the other hand, with collagenase the slope of the curve 
increased greatly, indicating a decreased stiffness of the vessel wall, without 
substantial change in its geometry.

  The relative content of ECM macromolecules is normally held stable by a 
slow, but dynamic, process of production and degradation. Dysregulation of 
this balance, mainly by stimulation of an inflammatory milieu, leads to over-
production of abnormal collagen and diminished quantities of normal elastin, 
which contribute to vascular stiffness  [89] . Increased luminal pressure, or hy-
pertension, also stimulates excessive collagen production and facilitates dis-
ruption and fracture of elastin  [90] . In addition, several neurohumoral factors, 
particularly those related to the renin-angiotensin-aldosterone system, may 
induce collagen accumulation and reduce elastin deposition, thus leading to 
increased arterial stiffness  [91–93] . In this regard, it is of interest to mention 
that some studies have shown positive associations between aortic stiffness 
and polymorphisms of genes encoding for angiotensinogen  [94] , angiotensin-
converting enzyme  [95, 96] , the angiotensin II type 1 receptor  [95, 97] , and the 
aldosterone synthase  [98] .

  Collagen molecules provide the tensile strength of the vessel wall and are 
enzymatically cross-linked soon after their formation to render them insoluble 
to hydrolytic enzymes  [99] . Breaks in the integrity of these intermolecular 
bonds cause unraveling of the collagen matrix. Moreover, because of their slow 
hydrolytic turnover rate, collagen is particularly susceptible to non-enzymatic 
glycation cross-linking. This leads to increased collagen content, often with a 
more unorganized and dysfunctional fiber distribution resulting in increased 
stiffness. Elastin molecules are also stabilized by cross-linking to form desmo-
sine and isodesmosine. Disruption of these cross-links contributes to weaken-
ing of the elastin array with predisposition to mineralization by calcium and 
phosphorous, together increasing arterial stiffness  [100–102] . In addition, ac-
tivation of various serine proteases and MMPs generate broken and frayed 
elastin molecules  [103] . In this regard, it has been reported recently that aortic 
stiffness is related to serum MMP-9 levels and serum elastase activity in pa-
tients with isolated systolic hypertension and apparently healthy individuals 
 [104] . Furthermore, it has been reported that aortic stiffness is greater in aged 
subjects homozygous for the 5A promoter polymorphism of MMP-3 than aged 
subjects homozygous for the 6A promoter polymorphism  [105] . Interestingly, 
both MMP-3 gene and protein expression were higher in 6A subjects than in 
5A subjects  [105] .
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  Arterial stiffness is also caused by advanced glycation end products 
(AGEs), which result from non-enzymatic protein glycation to form irrevers-
ible cross-links between long-lived proteins such as collagen  [106, 107] . AGE-
linked collagen is stiffer and less susceptible to hydrolytic turnover. This re-
sults in an accumulation of structurally inadequate collagen molecules  [108] . 
Similarly, elastin molecules are susceptible to AGE cross-linking reducing the 
elasticity of the wall  [109, 110] .

  Increased deposition of chondroitin sulfate, heparin sulfate, proteogly-
cans, and fibronectin can also contribute to stiffening of the arterial wall  [111] . 
Of interest, recent studies by Et-Taouil et al.  [112] , performed in spontaneous-
ly hypertensive rats, indicate that the aortic wall glycosaminoglycans contents 
play a more important role than the collagen and elastin contents, in terms of 
wall rigidity or compliance.

  Potential Role of Integrins 
 In addition to changes in ECM protein components, alterations in vascu-

lar expression of integrins have been reported in clinical conditions that are 
associated with increased arterial stiffness (i.e., diabetes and hypertension) 
 [113–116] . Recently, Durier et al.  [117]  determined the expression profiles of 
the human aorta and identified several genes that were differently expressed 
between patients with increased aortic stiffness and patients with distensible 
aorta. In particular, integrins  �  2b ,  �  6 ,  �  3 , and  �  5  transcript levels were different 
between stiff and distensible aortas. The  �  2b  and  �  6  integrin transcripts were 
present in all samples from stiff aortas, and absent in all samples from disten-
sible aortas. Integrin  �  6  forms heterodimers with  �  1  or a  �  4  integrin subunit, 
binds to laminin, and plays a role in the regulation of SMC phenotype  [118] . 
The  �  5  integrin transcript was less abundant in stiff aortas than in distensible 
aortas. The  �  5  subunit of the integrin receptor, generally coupled with the  �  V  
subunit, forms a heterodimer involved in cell adhesion to vitronectin and os-
teopontin  [118] . It has been shown that osteopontin interacts with collagen and 
fibronectin, which suggests a possible role in ECM organization and stability 
 [119, 120] .

  On the other hand, the possibility exists that collagen glycation affects 
integrin binding sequences through alterations in protein structure, possibly 
by either exposing or making less accessible integrin binding sites. For in-
stance, it has been shown that modification of RGD sequences in collagen by 
AGEs inhibits cell-matrix interactions, most likely via the loss of specific res-
idues involved in integrin-mediated cell attachment  [121] . Therefore, to de-
termine the exact role of integrins in arterial stiffness, there is a need for stud-
ies involving use of specific anti-integrin agents and of transgenic animal 
models.
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  Conclusions and Perspectives 

 Arterial stiffness is an important, independent predictor of cardiovascu-
lar risk. Alterations in structural components within the arterial wall, namely 
ECM macromolecules, are major determinants of increased arterial stiffness. 
Importantly, direct pharmacological manipulation of ECM macromolecules 
seems to be possible and therapeutic strategies that specifically target collagen 
and elastin in large arteries to reduce stiffness may be helpful, particularly in 
those individuals with increased arterial stiffening. For instance, recent data 
suggest that a thialozium derivative (ALT-711), which breaks down established 
AGE cross-links between collagen and elastin proteins, can reduce arterial 
stiffness in diabetic rats  [122] , older monkeys  [123]  and older humans with 
increased arterial stiffness  [124] . The time has come to perform therapeutic 
trials designed to test whether an improvement in morbidity and mortality is 
produced on the basis of influencing arterial stiffness in elderly people and 
patients suffering from cardiovascular diseases and/or chronic renal failure 
 [125] .
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    Section I – Pathophysiology

 Safar ME, Frohlich ED (eds): Atherosclerosis, Large Arteries and Cardiovascular Risk.
Adv Cardiol. Basel, Karger, 2007, vol 44, pp 96–116 
  

   Abstract 
Animal models of large artery wall stiffness fall into two categories: firstly those that 

slowly develop multifactorial vascular dysfunction spontaneously, such as the ageing rat. 
The second type of model consists of those in which a specific pathology is induced by 
surgical, chemical, or genetic means. Such models are based on a short-term, highly trau-
matic insult to the arterial wall of a young animal and its acute reaction to such insult. 
This is very different from the human situation in which changes in wall stiffness arise 
from the long-term accumulation of relatively minor episodes of vascular insult in the 
vulnerable elderly.     

 Copyright © 2007 S. Karger AG, Basel 

 
In this chapter, I will discuss animal models of human, age-linked arte-

rial wall damage leading to increased wall stiffness. Such animal models gen-
erally exhibit diffuse, dilatory, medial arteriosclerotic deterioration, essential-
ly following non-enzymatic, post-transcriptional modification of extracellular 
matrix proteins rather than focalized obstructive intimal atheroma. In man 
the two processes – arteriosclerosis and atheroma – often develop simultane-
ously with age such that a temporal relationship may mask any causal relation-
ship (see later). The pathophysiology and clinical consequences of increased 
large artery wall stiffness are shown in  figure 1 .

 Animal Models of Arterial Stiffness 
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  Within this scheme, animal models are used in preclinical research re-
garding: (1) proof of concept for a supposed etiological factor or pathophysi-
ological consequence, and (2) evaluation of efficacy of a new drug candidate, 
generally in terms of some surrogate change in cardiovascular function (e.g. 
decreased wall stiffness, systolic or pulse pressure) but almost never in terms 
of cardiovascular morbimortality (potential drug targets are indicated DT).

  Animal models generally involve a single massive insult to one suppos-
edly rate-limiting system over a short period in a young, short-lived mammal, 
in most cases the rat. They supposedly mimic the changes following the slow 
accumulation over a long period of millions of minor insults to multiple sys-
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  Fig. 1.  Etiology, pathophysiology and clinical consequences of increase large artery 
stiffness. VSMC = Vascular smooth muscle cells; ECM = extracellular matrix; DT = drug 
target. Enzymatic and non-enzymatic post-transcriptional modifications of ECM include 
proteolysis, racemation, cross-linking, glycation, nitration. 
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tems culminating in pathological change in an elderly, long-lived mammal 
(man). It is possible that the rat and other laboratory mammals do not live long 
enough to develop the same cardiovascular changes seen in man, cardiovas-
cular pathology being essentially seen in the elderly. It is possible that animals 
such as the rat die from cancer  [1]  and nephropathy  [2]  before reaching an age 
at which they start to develop cardiovascular disease. Whilst lifespans may be 
very different, there is no reason to suspect that the time courses of key bio-
chemical events such as scleroprotein turnover and post-transcriptional mod-
ification of extracellular matrix proteins is different between man and other 
mammals. Finally, it should be noted that although pronounced changes in salt 
intake, body weight or aerobic capacity may modify some aspects of cardiovas-
cular aging, few – if any – efficacious drugs or drug candidates with a direct, 
specific effect on large artery stiffness are available. Thus there is no standard 
treatment to which a new treatment could be compared.

  Interest in animal models of arterial wall stiffness arose at an early date 
[e.g.  3 ]. The latter author expressed his hope ‘...to be enabled to obtain trust-
worthy data from experiments on the blood vessels of living animals’: the 
problem still exists. Models for the study of large artery stiffness are given in 
 table 1 . This subject has been reviewed previously  [4–8] .

Table 1. Animal models for preclinical proof of concept and evaluation of candidate 
drug activity in the area of large artery stiffness

1. Natural occurrence of arterial stiffness in mammals and its impact on 
cardiovascular function; relationship to hypertension and atheroma

2. Induction of arterial stiffness
a. Surgery

i. Induction of arterial stiffness by ischemia
ii. Replacement of the aorta by a stiff tube

b. Chemical
i. Neurohormonal factors
ii. Imbalance between salt handling and the renin-angiotensin-aldosterone 

system
iii. Cross-linking of collagen and elastin
iv. Calcification
v. Treatment with enzymes

c. Genetic modification
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  Natural Occurrence of Increased Arterial Stiffness in Mammals and Its 

Impact on Cardiovascular Function, Relationship to Hypertension and 

Atheroma 

 As seen above, aging can be considered as an accumulation of deteriora-
tive changes over time during post-maturational life that underlie an ever in-
creasing vulnerability to external insults thereby decreasing the capacity of the 
organism to survive  [9] . In this respect, animals share with man some of the 
external challenges, i.e. cardiovascular risk factors such as obesity or lack of 
exercise, but not others such as smoking or hypertension. Furthermore, it is 
uncertain whether age-linked increasing vulnerability of the cardiovascular 
system decreases the survival capacity of animals other than man. For in-
stance, chronically lowering blood pressure in spontaneously hypertensive rats 
increased lifespan by 43%  [10] , but chronically lowering blood pressure in nor-
motensive rats with the same treatment (ACE inhibition), and by the same 
percentage amount, did not modify survival  [2] , although carotid artery com-
pliance was chronically increased by the hypotensive treatment  [11] .

  Changes in the properties of large arteries with age have been extensively 
studied by Michel et al.  [11] , our group  [12, 13]  and others. Large artery wall 
stiffness increases progressively with age in rats. This is not due to an increase 
in wall stress, which in fact may fall by up to 30% between the ages of 3–6 and 
30 months. Mean arterial pressure does not increase with age and although 
aortic diameter increases, the wall thickens ( fig. 2 ). However, the elastic mod-
ulus/wall stress ratio increases, suggesting that there is some change in wall 
composition. Although there is some variability in published reports, changes 
in the absolute amounts of wall components – important determinants in ag-
ing and other (patho)physiological states of changes in wall stiffness  [14]  – do 
not appear to be pronounced. Thus, processes such as non-enzymatic post-
transcriptional modification of extracellular matrix proteins may be involved 
(glycation  [13] , calcification  [11] ).

  As stroke volume does not change significantly with age in the normoten-
sive rat (thus cardiac function appears to be maintained  [11] ), yet compliance 
decreases (in parallel with the increase in EM/WS), it is to be expected that pulse 
and systolic pressures increase. Michel et al.  [11]  found a small (26%) increase in 
pulse pressure that we did not find. Neither group found any increase in sys-
tolic pressure. Thus, old rats do not suffer from isolated systolic hypertension. It 
should be noted that in both studies, as is often the case in animal studies, blood 
pressure was measured under anesthesia with low-frequency, fluid-filled can-
nula and this could lead to an underestimation of peak systolic pressure.

  In the rare studies on the evolution of blood pressure with age in other 
animals, there is no report to our knowledge of isolated systolic hypertension 
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  Fig. 2.  Changes with age in spontaneously hypertensive ( I ) and normotensive rats 
(WKY  o , WAG  ) ) in ( a ) thoracic aorta diameter, ( b ) wall cross-sectional area (CSA) and 
( c ) elastic modulus/wall stress (EM/WS) [data from 12, 13]. 
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developing with age (e.g. dog  [15] , fox: Atkinson, Barrat and Lartaud, unpubl. 
results).

  In the rat, left ventricular hypertrophy develops with age and Michel et al. 
 [11]  attributed this to an increase in cardiac afterload with an increase in im-
pedance. In summary, there is evidence in the normotensive rat that large ar-
tery wall stiffness increases with age following non-enzymatic post-transcrip-
tional modification of extracellular matrix proteins  [13] , and that although 
isolated systolic hypertension does not develop, increased wall stiffness has an 
impact on cardiac structure, if not function. Increased large artery stiffness 
may have an impact on downstream tissue perfusion as, for instance, cerebral 
blood flow autoregulation is perturbed with age in the same rat strain  [16] . 
These changes in cardiac and arterial structure and function occur in the ab-
sence of atheroma and hypertension (as defined by an increase in mean arte-
rial pressure).

  Two provisos should be noted. As mortality increases rapidly in the nor-
motensive rat beyond the median lifespan (approx. 27 months in most strains), 
30-month-old rats may be ‘survivors’ which have a different phenotype and 
genotype from those who do not survive: increased large artery stiffness may 
be one of the factors involved in their survival.

  Secondly, as can be seen in  figure 2 , chronic hypertension appears to ‘pre-
maturely age’ the wall as 15-month-old SHR have elastic modulus/wall stress 
ratios equivalent to those of 30-month-old normotensive rats. This may be re-
lated to an increase in wall stress that is augmented by 10–15% in SHR  [12]  or 
in pulse pressure (increased by 30%) and thus in cyclic wall shock. Amplifica-
tion of age-linked changes by chronic hypertension also suggests that whilst 
antihypertensive treatment may correct wall stiffness in young hypertensives 
 [17] , in old hypertensives an additional ‘vasculoprotective’ action may be re-
quired ( fig. 3 ). The etiology of the increased aortic wall stiffness in old SHR is 
not clearly defined, although calcification or an increase in the collagen/elas-
tin ratio do not seem to be of prime importance  [12] . Other changes such as a 
change in the type of collagen  [18, 19]  or in fibronectin  [20]  may be involved. 
The SHR remains hypertensive up to 15 months of age but it does not develop 
isolated systolic hypertension  [12] . Concerning the cardiac consequences, with 
advancing age, left ventricular pumping activity decreases and this is accom-
panied by ventricular hypertrophy and fibrosis  [21]  .  Finally, the median life-
span in SHR is 18 months (rather than 27 months in normotensive rat strains 
 [22] ) and when comparing hypertensive and normotensive strains it may be 
more appropriate to use indicators of biological aging such as telomerase activ-
ity  [23] .

  A distinction has to be made between atheroma (a localized, intimal (at 
least initially) event), and arteriosclerosis (a diffuse medial change), although 
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this theoretical separation of the two probably does not reflect clinical reality 
in which vascular pathology involves both processes.

  Whilst some authors suggest a close association between atheroma and 
wall stiffness  [24] , others have provided evidence that local plaque formation 
does not modify diffuse wall stiffness  [25] .

  As plaque formation frequently occurs in the context of vascular aging, 
hypertension, diabetes, smoking, etc., it is possible that atheroma and wall 
stiffness occur concomitantly without there being a causal relationship be-
tween the two. Furthermore, as pointed out by Dobrin  [26] , early atheroma 
lesions are soft, occupy only a small portion of the wall and so probably have 
little effect on wall stiffness. As it enlarges, the lesion involves medial degen-
eration and plaque calcification and this will increase wall stiffness. Thus, con-
tradiction in the reports on the link between atheroma and wall stiffness may 
reflect the stage of the disease which is being studied.

  This latter point is confirmed by studies in animals fed a high cholesterol, 
atherogenic diet (rabbits: Dalessandri et al.  [27] , Hayashi et al.  [28] , Sato et al. 
 [29] ; minipigs: Augier et al.  [30] ; monkeys: Farrar et al.  [31, 32] ). In these mod-
els, marked changes in wall stiffness took several months to develop and were 
not observed until widespread plaque formation involving changes such as a 
loss of medial elastin and calcification.
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  Fig. 3.  Blood pressure and aortic wall stiffness. 
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  Induction of Arterial Stiffness by Ischemia 

 Many animal models of human cardiovascular pathology are based on 
the induction of ischemia, which indeed is an important element in the etiol-
ogy of many age-linked cardiovascular diseases such as myocardial infarction 
and stroke. The smooth muscle cells of the media of the aortic wall are irri-
gated with blood from the lumen and from the adventitia (via the vasa vaso-
rum). A variety of procedures exist for the interruption of the vasa vasorum 
circulation  [33] . Wilens et al.  [34]  showed that ligation of the intercostal arter-
ies in the dog produced adventitial degeneration several days later, the media 
showing only minor changes. There were no functional studies in this paper. 
Heistad et al.  [35]  showed that intercostal ligation reduced medial conduc-
tance in the dog and Angouras et al.  [36]  showed increased wall stiffness in 
the pig aorta. These models merit further investigation given their possible 
pertinence to the importance of ischemia in the age-linked increase in wall 
stiffness in man and the relative roles of the adventitia and the media in wall 
stiffness  [37] .

  Replacement of the Aorta by a Stiff Tube 

 It has been argued that stiffening of the aorta and an increase in imped-
ance will increase telesystolic heart work and decrease diastolic coronary per-
fusion – these effects having a negative impact on cardiac performance. Thus, 
cardiac coupling with a stiff aorta should produce an imbalance between 
myocardial flow and metabolic demand leading to hypertrophy and maybe 
ultimately, failure. This theory has proven difficult to refute or confirm in 
animal models. In an acute study in dogs in which the aorta was surgically 
bypassed by a stiff tube, although peak systolic pressure and wall stress in-
creased as predicted, coronary flow in fact rose due to compensatory en-
hanced systolic perfusion  [38] . In chronic studies such as in the vitamin D + 
nicotine rat model (VDN, see below), baseline stroke volume, cardiac output 
and the cardiac response to venous overload were maintained for 1 month 
following induction of aortic stiffness  [39] . This could be due to left ventricu-
lar hypertrophy, fibrosis (changes also observed in the old SHR, see above) 
and a change in ventricular myosin isoform  [40] , and a compensatory in-
crease in aortic compliance following dilatation  [41] . At a later stage of 14 
months, cardiac output did decrease but only slightly (–17%  [42] ). Cardiac 
insult linked to aortic stiffening could be amplified by phenomena such as 
induced reduction in coronary flow. In this respect, it would be interesting to 
study the impact of changes in aortic wall stiffening on cardiac performance 
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following induction myocardial ischemia in the VDN. This may provide a 
‘double’ animal model of the cardiac impact of aortic wall stiffening post-in-
farct.

  Another aspect to be studied in this area is the impact of cyclic stress on 
wall structure. Nichols and O’Rourke  [43]  suggested that one of the major 
events occurring during aging is represented by the changes in arterial wall 
structure induced by exposure to the cyclic stress of each pressure (and flow) 
wave and the concomitant wall deformation of each systole. This may produce 
an initial, adaptive response, as it has been known for many years that, in vitro 
at least  [44] , cyclic stretching of arterial cells stimulated the formation of ma-
trix components. Similar phenomena may occur in vivo  [45,   46] . Mulvany  [47]  
and others have suggested that the (small diameter?) arterial wall becomes less 
stiff when exposed to increased pressure due to remodeling, with a shift from 
the elements with a high elastic modulus to those with lower modulus. Results 
are sometimes equivocal, however, as in a non-pulsatile left-heart bypass mod-
el in the goat a reduction in aortic pulse pressure from 43 to 17 mm Hg pro-
duced an increase in aortic wall elastin content with no significant change in 
wall stiffness  [48] .

  Ultimately, cumulative exposure to cyclic stress leads to fatigue of the wall 
materials (scleroproteins and others) leading to rupture with dilatation and an 
increase in wall stiffness. This two-stage response to increased cyclic stress 
may explain the results obtained with adult and old SHR rats (see above). How 
cumulative cyclic stress affects chemical processes such as non-enzymatic 
post-transcriptional modification of scleroproteins  [49]  could be investigated 
in the future in animal models.

  Neurohormonal Factors 

 Neurohormonal factors circulating in the blood, liberated from the endo-
thelium or from autonomic nerves in the wall, could modify wall stiffness by 
a downstream change in resistance and hence in upstream distending pres-
sure, or by a local vasomotor action. Concerning the latter, isobaric changes in 
wall stiffness, independent of changes in arterial diameter, are difficult to in-
terpret: norepinephrine ( � -adrenoceptor agonist) lowers the elastic modulus 
of the dog carotid artery  [50]  whereas urapridil ( � -adrenoceptor antagonist) 
increases rat carotid artery compliance  [51] . It is also possible that neurohor-
monal factors modify wall structure via a trophic action. Different animal 
models are available to study the latter. Neurotoxic agents given to young ani-
mals produce more or less specific destruction of one or more neurohormonal 
systems. Results are sometimes equivocal: guanethidine-induced sympathec-
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tomy lowers aortic distensibility  [52]  whereas 6-hydroxydopamine-induced 
sympathectomy increases carotid distensibility  [53] . Another approach is to 
use genetically modified mice. In  �  2 A-adrenoceptor KO mice, whilst there was 
a hyperadrenergic state with hypertension, no intrinsic changes in wall stiff-
ness were observed  [54] .

  The involvement of endothelial factors is also equivocal. Certain authors 
have suggested that in man the age-linked increase in wall stiffness and pro-
gressive endothelium dysfunction are causally related  [55] . Proof of concept in 
animals is more difficult. Increasing endothelial prostanoid activity, for ex-
ample with fish oils  [56] , apparently increases arterial distensibility. Inhibition 
of the action of nitric oxide with arginine analogues that are inhibitors of nitric 
oxide synthase is another possibility. Several weeks of such inhibition produc-
es hypertension and a decrease in carotid artery distensibility that was lower 
than in SHR rats of the same blood pressure, suggesting that the effect of nitric 
oxide inhibition on wall structure was not simply related to distending pres-
sure  [57] .

  Imbalance between Salt Handling and the

Renin-Angiotensin-Aldosterone System 

 It is interesting to note that whatever the maneuver – high or low renin, 
aldosterone, salt balance, etc. – the changes in arterial mechanics are often 
similar. Thus the arterial wall becomes stiffer with conditions of high renin/
normal-low salt or low renin/high salt (see  table 2 ). This discrepancy may be 
explained by differences in genetic sensitivity in various rat strains used (SHR, 
SHR-SP, Dahl). There may be a pressure and time factor involved. For example, 
in the two-kidney, one-clip model, the intrinsic properties of the carotid artery 
wall were similar to those of normotensive controls up to 5 weeks following 
clipping  [58] , but at 9 weeks the wall became thicker and yet stiffer. Thus in 
this model as in others (aging in SHR or normotensive rats) at an early stage 
the main determinant of stiffness appears to be wall stress, but at a later stage 
intrinsic changes in wall composition occurs. Whether such changes are sim-
ilar in the wide-ranging models involving salt and the renin-angiotensin-aldo-
sterone system is unlikely. Comparisons between different models at different 
time intervals have received scant attention. For example, Cox  [59]  reported 
that carotid artery wall thickness to lumen diameter was greater in deoxycor-
ticosterone + saline (DOCA) hypertension than in two-kidney, one-clip hy-
pertension in the rat, but wall stiffness was similar. These equivocal results 
could also be explained by the multifactorial nature of increased wall stiffness. 
Factors such as salt and intracellular calcium overload followed by smooth 
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muscle cell death and medionecrosis may characterize high salt models  [60] . 
Angiotensin II/aldosterone-induced fibrosis may characterize high renin 
models  [61] .

  Cross-Linking of Collagen and Elastin 

 Extracellular matrix scleroprotein function is dependent on optimal in-
terfibrillar cross-linking. Several models are available to investigate the effects 
of a decrease in cross-linking. In mammals, intoxication with  � -aminopropio-
nitrile from  Lathyrus odoratus  inhibits the lysyl oxidase enzyme involved in 
forming cross-links from lysine and hydroxylysine residues in tropocollagen 
and tropoelastin, and produces arterial dilatation. In spite of the increase in 
diameter,  � -aminopropionitrile reduces arterial wall stiffness following 
 changes in the secondary characteristics of the connective tissue matrix with-
out affecting connective tissue content  [62, 63] .

  In the blotchy mouse model there is decreased activity of protein copper 
transporters and thus of lysyl oxidase. Again such mice suffer from aortic an-
eurysm  [64]  and it is to be expected that they also suffer from changes in wall 
stiffness.

Table 2. Changes in the balance between renal handling of salt and the 
renin-angtiotensin-aldosterone system [95–100]

Species Effects Ref.

High plasma renin level
Renal artery stenosis rat A impedance 97

S compliance
Renal artery stenosis dog S compliance 96

Low plasma renin level
Aldosterone
Uninephrectomy + rat A impedance 98
aldosterone analogue S compliance
Uninephrectomy + rat A impedance 100
aldosterone analogue + salt S compliance

Genetic salt-sensitive
SHR rat Medial necrosis 60
Dahl rat S compliance 95
SHR-SP rat S distensibility 99
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  Many studies have reported an increase in elastin fiber fluorescence with 
age in the arterial wall. Brüel and Oxlund  [49]  reported that the age-related 
increase in aortic stiffness in rats was associated with an accumulation of flu-
orescent material in elastin (and collagen). They suggested that this was due to 
the formation of advanced glycation end-products (advanced Maillard prod-
ucts of the terminal phase of non-enzymatic browning). Others have reported 
that elastin can incorporate glucose and ribose and form AGEs  [65] . The rela-
tive importance of glycation of elastin compared to glycation of collagen (see 
below) remains to be explored.

  The nitrite ion, a by-product of nitrogen oxides, reacts with tyrosine in 
elastin and such non-enzymatic nitration produces marked structural disrup-
tion  [66] . The in vivo physiological and pathological importance of this for 
increased vascular wall stiffness is unknown.

  It should be noted that elastin fluorescence could be caused by many fac-
tors including dityrosine, products of lipid peroxidation and reactive carbonyl 
compounds and quinones. Fluorescence can also be caused by the extraction 
procedure used. Thus, caution should be used in the interpretation of the re-
sults of fluorescence studies  [67] .

  There may be a link between chemical modification of elastin and calcifi-
cation. Cross-linking may be involved in calcification; for instance, in the 
streptozotocin-induced diabetes rat model, glycation of elastin accelerates cal-
cification  [68] . Pentosidine, an advanced glycation end-product, colocates 
with both elastic fibers and calcium deposits in the aortic media of patients 
with end-stage renal disease  [69] . The authors concluded that modification of 
elastin by the Maillard reaction was involved in calcification.

  An increase in cross-linking associated with aging and diabetes is thought 
to be linked to glycation of collagen with an increase in arterial stiffness  [13, 
70–74] . Such glycation can be modified with cross-link inhibitors or breakers, 
and this may form one type of treatment of vascular aging with vasculoprotec-
tive drugs ( fig. 3 ).

  Changes in wall stiffness are also to be expected in mice with differing 
semicarbazide-sensitive amine oxidase expression. Semicarbazide-sensitive 
amine oxidases constitute a diverse group of copper-dependent enzymes that 
amongst other functions are capable of deaminating amines with the produc-
tion of formaldehyde, ammonia, hydrogen peroxide, etc. This leads to modifi-
cation of scleroproteins via highly reactive aldehydes and formation of cross-
links or exacerbation of the formation of advance glycation end-products. In a 
transgenic model for overexpression of human semicarbazide-sensitive amine 
oxidase in mice, elastic lamina were markedly abnormal and there was an in-
crease in pulse pressure (with a decrease in mean arterial pressure)  [75] . This 
model merits further investigation.
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  Finally, as several of the above models depend on copper deficiency, it 
would be interesting to study the effects of copper deficiency in the diet on ar-
terial wall stiffness  [76] .

  Calcification 

 Calcification of arteries is a common phenomenon especially in the el-
derly. The calcification of elastin can produce an increase in elastic fiber elastic 
modulus per se or cause a transfer of strain onto stiffer components such as 
collagen.

  It was suggested 60 years ago that elastocalcinosis is implicated in the age-
related decrease in arterial elasticity  [77] ; the time course of the increase in 
aortic wall stiffness  [78]  closely parallels the rise in medial calcification with 
age  [77] . Other observations suggest a link between wall calcification and in-
creased wall stiffness. Asymptomatic hypertensive patients with high aortic 
pulse wave velocity values show abdominal aortic calcifications  [79] . In end-
stage renal failure, aortic pulse wave velocity is related to aortic calcification 
 [80] .

  Proof of the concept that elastocalcinosis is an important etiological factor 
in the development of fiber fragmentation followed by increased arterial wall 
stiffness can be obtained in animal models. Arteries contain up to 5 times 
more calcium than other soft tissues and calcify with age (2- to 3-fold), where-
as the other soft tissues do not  [81] . In the aorta of the normotensive rat, cal-
cium bound to elastin increases with age  [11]  and elastocalcinosis and wall 
stiffness increase in parallel with age  [11, 13] .

  Pronounced arterial calcification can be obtained with different experi-
mental maneuvers. Periadventitial application of calcium chloride to the rat 
abdominal aorta produces calcification and chronic degeneration of elastic la-
mellae  [82] .

  Elastocalcinosis of an order of magnitude similar to that observed in man 
can be produced by hypervitaminosis D, alone or in combination with nicotine 
or cholesterol. In the rat hypervitaminosis D + nicotine (VDN) model ( fig. 4  
 [6] ), there are no changes in aortic wall thickness, wall thickness to lumen ra-
tio or wall stress. There is an increase in elastic modulus/wall stress ratio (fol-
lowing fragmentation of the medial elastic network) with an increase in aortic 
impedance and a decrease in systemic arterial and in situ and in vitro carotid 
artery compliance. Mean blood pressure remains at a normotensive level, and 
VDN animals suffer from isolated systolic hypertension following increased 
wall rigidity but no change in stroke volume.
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  Other animal models of isolated systolic hypertension following calcifica-
tion and elastic fiber fragmentation can be produced by inhibiting the matura-
tion of Gla protein by treatment of rats with warfarin (and vitamin K)  [83] . 
Matrix Gla protein inhibits elastocalcinosis; thus in the warfarin model the 
aortic media is calcified, elastin content decreases, and pulse wave velocity and 
pressure pulsatility are increased.

Hypervitaminosis D + nicotine

Accumulation of calciproteins

Calcification of medial elastic fibers

Fragmentation of the medial elastic fibers

Increase in wall stiffness

Increase in systolic and pulse pressures
Increase in aortic impedance

Cardiac adaptation Modification of tissue flow regulation

Increase in cardiovascular morbidity and mortality?

  Fig. 4.  Elastocalcinosis and wall mechanics in the hypervitaminosis D + nicotine rat 
model  [6] . 
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  Treatment with Enzymes 

 Preferential destruction of elastin or collagen with enzymes (or acid) show 
that the main load-bearing element of the wall is elastin and that destruction 
of collagen produces dilatation rather then increased stiffness  [84, 85] . How-
ever, results with elastase treatment are equivocal. Elastase treatment damages 
elastic fibers  [86]  and produces aneurysm  [87] . However, in the cholesterol-fed 
rabbit, elastase treatment reduced wall stiffness  [88] . The use of such chemical 
or enzymatic methods to produce chronic changes in wall stiffness merits fur-
ther attention.

  Genetic Modification 

 In animal models and in man the extent to which changes in long-lived 
tissues – such as scleroproteins – account for age-related pathology is extreme-
ly difficult to determine. Although the cumulative damage to long-lived pro-
teins is similar across a given population, the magnitude of the degenerative 
changes varies between different individuals, suggesting that such changes 
may predispose to, rather than cause, age-related diseases  [67] . Except in cases 
with a clear-cut genetic predisposition (Marfan and others), diseases such as 
arterial dilatation and increased wall stiffness do not occur in the young, pre-
sumably because the tissue is not vulnerable. Developmental adaptation to a 
genetic deficiency early in development may produce a cardiovascular system 
adapted to the change in the wall mechanics with a very different pathology to 
the one expected  [89] . Mice lacking elastin die of obstructive arterial disease 
following cell proliferation and reorganization of smooth muscle  [90] . Elastin 
haploinsufficiency in mice produces an increase in elastic lamellae  [89, 91] . 
Thus, elastin has also a regulatory effect during arterial development and wall 
stiffening is not the hallmark of these models. Furthermore, the results of the 
studies cited above suggest that genetically modified mammals often do not 
develop the expected phenotype.

  Microfibrillar fibrillin is a large macromolecular non-collagenous glyco-
protein which forms, together with amorphous elastin (and other compo-
nents), the elastic fiber. Evidence for the importance of fibrillin in aortic me-
chanics has come from the identification of the gene for fibrillin (FBN1) as the 
gene causing Marfan. The latter is a dominantly inherited disorder character-
ized by skeletal, ocular and cardiovascular abnormalities, including aortic 
root dilatation and dissection with rupture of the wall and premature death 
 [92] . In the mgR/mgR mouse model of Marfan, which is characterized by a 
hypomorphic mutation of FBN1, aortic dilatation is due to the failure of the 
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adventitial microfibrillar array to sustain wall integrity in the face of hemo-
dynamic stress. The resulting increase in wall stress is accompanied by local-
ized calcium deposition, macrophage infiltration and metalloproteinase acti-
vation  [93] . In adult mgR/mgR mice the wall desmosine content is not modi-
fied, yet elastic fibers show severe fragmentation  [94] , suggesting that 
fragmentation of the medial elastic network and not a defect in early elasto-
genesis is the determinant of aortic dilatation in Marfan (as in the VDN mod-
el, see above).

  Conclusion 

 A multitude of animal models are available for the study of large artery 
stiffness. They basically fall into two categories: firstly, those models which 
develop vascular dysfunction spontaneously, such as the aging rat. This mod-
el presents several advantages, such as small size (quantity of drug candidate 
available for testing may be limited) and a relatively short lifespan. However, 
like the majority of mammals, the rat does not show pronounced age-linked 
cardiovascular pathology, possibly because it is not exposed to cardiovascular 
risk factors such as smoking or hypertension. One cardiovascular risk fac-
tor – male sex – is nearly always present, as few experiments are performed on 
female animals.

  The etiology of human vascular pathology, such as that involved in iso-
lated systolic hypertension, depends on a complex mosaic of interacting fac-
tors, one of which can be isolated in the second broad type of animal model: 
those in which pathology is induced by surgical, chemical, or genetic means. 
Such models are based on a short-term, highly traumatic insult to the arterial 
wall and the processes studied are those involved in the acute reaction to such 
insult. The insult may be more or less specific and problems of specificity can 
be partially solved by the use of genetically modified mammals. However, here 
again, insult is produced in a young animal. This is very different from the hu-
man situation in which changes in wall stiffness arise from the long-term ac-
cumulation of relatively minor episodes of vascular insult in the vulnerable 
elderly.
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 Section II – Arterial Stiffness, Atherosclerosis and End-Organ Damage 
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   Abstract 
  It is generally accepted that the increased cardiovascular morbidity and mortality in 

hypertension are related to target organ damage. Classically, the target organs are heart, 
brain, and kidneys. This brief report examines whether high arterial pressure may also 
affect other organs, such as aorta and large arteries. An attempt was also made to elucidate 
the relationship between disorders of the aorta and large arteries and other cardiovascu-
lar risk factors to the pathophysiology and treatment of patients with hypertension and 
its severe comorbid disease, atherosclerosis.    

 Copyright © 2007 S. Karger AG, Basel 

   High Blood Pressure and Disorders of the Aorta and Large Arteries 

 The positive correlation between arterial pressure and adverse cardiovas-
cular events is certainly well documented. It was Sir George Pickering who 
vigorously opposed the idea of dividing blood pressure into normotension and 
hypertension stating that ‘...the various complications, like myocardial infarc-
tion and stroke, are also quantitatively related to arterial pressure...’  [1] . Fur-
thermore, current therapeutic approaches to cardiovascular disorders are 
firmly based on this relationship. It thus seems prudent to start the discussion 
on the relationship between blood pressure and pathophysiology of large arter-
ies by exploring the pressure as a risk factor.

  The two most common disorders affecting aorta and large arteries are 
atherosclerosis, which starts with patchy intimal changes eventually leading to 

 Blood Pressure, Large Arteries and 
Atherosclerosis 

 Edward D. Frohlich    Dink Susic 

 Ochsner Clinic Foundation,  New Orleans, La. , USA

 

U U U U U U U U U U U U U U U U U U U U U U U U U U U



 118  Frohlich/Susic

 

ischemic events distally, and arteriosclerosis, usually consisting of diffuse 
changes in the media leading to increased vessel stiffness and impairments in 
conduit and ‘windkessel’ functions of aorta and large arteries. Both conditions 
are common in older individuals and often coincide. Still open is the question 
whether the two diseases may exacerbate one another. Theoretically, there are 
reasons to believe they do but, since they usually coexist, causality is not easy 
to prove. Thus, arteriosclerosis increases systolic and pulse pressure, which 
could intensify endothelial damage and in this way may facilitate the forma-
tion of plaques. Similarly, atherosclerosis affects morphology and vascular 
function, and this may affect arteriolar stiffness. It should be noted, however, 
that since atherosclerosis may be a patchy disease throughout the aorta and 
large arteries, and non-invasive techniques are used to estimate and measure 
stiffness in large segments, all of the plaques probably do not affect actual mea-
surements unless they are very abundant, coalescent, and calcified. On the 
other hand, the hyperlipidemias adversely affect endothelial function and may 
therefore increase arterial stiffness. However, in young patients with familial 
hypercholesterolemia, as well as in the early stages of experimental diet-in-
duced atherosclerosis, aortic distensibility may be actually increased, not de-
creased  [2, 3] . Similarly, arterial wall stiffness has been shown to be reduced 
around lipid-laden plaques  [4] . Yet, later in the course of experimental athero-
sclerosis  [3]  as well as in older hypercholesterolemic patients  [5] , aortic disten-
sibility is decreased. A number of other studies reported controversial results 
leading to a present conclusion that the interaction between arteriolosclerosis 
and atherosclerosis still remains to be clarified.

  Hypertension and Atherosclerosis 

 Atherosclerosis is a chronic inflammatory condition that results in forma-
tion of an atherosclerotic plaque which, in turn, compromises circulation dis-
tally, by vascular occlusion as result of its bulk or by thromboembolic events 
after rupturing. Hypertension is a known risk factor for atherosclerosis  [6] . 
The compelling link between the two is the vascular endothelium. Atheroscle-
rosis is an extremely complex process that is initiated by endothelial damage 
facilitated by, among other factors, an increased arterial pressure  [7] . The first 
step in the process is the formation of fatty streaks subendothelially. This path-
ological derangement starts with lipoprotein (LDL) transport into the arterial 
wall and its subsequent entrapment in the extracellular matrix. The entrapped 
LDL is then oxidized and stimulates endothelial cells to secrete various adhe-
sion molecules and chemokines. These attract monocytes that first adhere to 
the endothelium and then migrate into the subendothelium where they accu-
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mulate lipids and transform into foam cells. The activated monocytes release 
mitogens and chemokines which attract more monocytes and vascular smooth 
muscle cells. These events lead to formation of atherosclerotic plaques which 
contain foam cells and activated macrophages and which are structurally un-
stable due to epithelial injury and the presence of inflammatory cells. Hemo-
dynamic shearing forces, that are even more intense in hypertension and when 
pulse pressure is increased, can induce plaque rupture, usually at its more 
proximal point where the shearing forces are intensified. Rupture of the plaque 
predisposes the flowing blood to the highly thrombogenic constituents of the 
plaque, thereby leading to thrombus formation and possible embolization. 
Plaque formation, rupture, and subsequent thrombosis are therefore the major 
causes of acute cardiovascular events (myocardial infarction, stroke, death).

  Hypertension and Stiffness of the Large Arteries 

 Decreased distensibility of the aorta and large arteries is routinely found 
in hypertensive patients regardless of the site or method of measurement  [8] . 
Whether this reduction in distensibility is merely due to an increased distend-
ing pressure, or is true increased stiffness due to hypertension-induced struc-
tural modifications of the arterial wall, remains a matter of considerable de-
bate and investigation  [9] . The reasons for the divergent findings are numer-
ous. Apart from the fact that different indexes (pulse pressure, pulse wave 
velocity, augmentation index, etc.) and different devices are used to estimate 
arterial stiffness, there are also many other factors that may affect the results. 
Thus, different vessels may be affected differently by the disparate factors that 
participate in the two diseases. In one study, a comparison of the properties of 
common carotid and femoral arteries in normotensive and hypertensive sub-
jects was made  [10] . Diameter-pressure curves in carotid and femoral arteries 
were first determined and, from these measurements, effective compliance 
and distensibility at the prevailing pressure of each subject and isobaric com-
pliance and distensibility at the same standard pressure in all subjects were 
calculated. The results demonstrated that, in the carotid artery, hypertensive 
patients had isobaric compliance and distensibility values that were similar to 
those of normotensive subjects. However, when determined at actual pres-
sures, the vessels had lower effective compliance and distensibility. On the 
other hand, hypertensive patients had both effective and isobaric femoral com-
pliance and distensibility values which were lower than normotensive subjects 
 [10] . It is also possible that additional co-existing conditions can affect the dis-
tensibility of large arteries in the hypertensive population. Thus, one very re-
cent study indicated that the ‘metabolic syndrome’ may adversely affect aortic 
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stiffness in hypertensive patients  [11] . This study population involved never-
treated, non-diabetic, middle-aged patients with essential hypertension who 
were classified according to the presence or absence of the metabolic syn-
drome. As an estimate of stiffness, pulse wave velocity was determined in the 
aorta and upper limb. Aortic pulse wave velocity was found to be higher in a 
group with metabolic syndrome, whereas upper limb velocity did not differ 
between the groups. Interestingly, this same study demonstrated that central, 
but not general, adiposity was an important determinant of aortic stiffness.

  It also appears that the effect of high blood pressure on arterial distensibil-
ity is not uniform. Thus, some earlier studies  [12–14]  demonstrated that arte-
rial compliance may be different within different hypertensive populations. 
Two studies evaluated arterial compliance using three indices: pulse wave ve-
locity, pulse pressure/stroke volume and analysis of diastolic pressure decay 
 [12, 13] . The results demonstrated decreased compliance in hypertensive pa-
tients, particularly in the elderly  [12] . Moreover, signs of impaired compliance 
were found even in patients with borderline hypertension  [13] . Another study 
 [14]  examined pulse wave velocity, compliance, and impedance of brachial ar-
tery in normotensive subjects and patients with uncomplicated essential hy-
pertension. Compared to normotensive controls, hypertensive patients were 
found to have increased pulse wave velocity. However, when the results were 
related to diastolic pressure and age of the subjects, the data of the majority of 
hypertensive patients fell within nomograms obtained from normotensive 
subjects. Yet, a subgroup of hypertensive individuals still demonstrated higher 
pulse wave velocity, decreased arterial compliance, and increased impedance, 
suggesting excessive arterial stiffness. This non-uniform change in arterial 
stiffness in hypertensive individuals may be due to individual differences but 
it may also reflect differences in the duration of hypertension. Recently, results 
of the Bogalusa Heart Study clearly indicated that childhood blood pressure 
predicted arterial stiffness in adulthood  [15] . This particular study was con-
ducted in over 800 black and white adults of both sexes who had at least four 
measurements of traditional risk factors with an average follow-up period of 
over 26 years. As an estimate of arterial stiffness, brachial-ankle pulse wave 
velocity was determined. The results further demonstrated that pulse wave 
velocity was higher in males than in females and in blacks than in whites. 
When multiple regression analysis was applied, systolic blood pressure in 
childhood was found to be an independent predictor of increased pulse wave 
velocity in young adults, in addition to serum cholesterol and triglyceride con-
centrations and a history of smoking  [15] . These findings underscore the im-
portance of the height of arterial pressure over the long term in the evolution 
of arterial stiffness. Two other earlier studies further support these findings 
 [16, 17] . Data from the Framingham Heart Study showed that untreated hy-
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pertension may accelerate the rate of large artery stiffness  [16] . Thus, when 
compared with normotensive subjects, middle-aged and elderly patients with 
untreated hypertension were more likely to present with an age-related in-
crease in pulse pressure, suggesting increased arterial stiffness  [16] . A more 
recent, longitudinal study compared the progression of aortic stiffness over a 
6-year period in treated hypertensive and normotensive subjects and evaluated 
the determinants of this progression  [17] . Carotid-femoral pulse wave velocity 
was used as an index of aortic stiffness. The results indicated that the annual 
rates of progression in aortic stiffness were significantly higher in hypertensive 
than in normotensive subjects. The exceptions were hypertensive subjects with 
well-controlled arterial pressure levels which were similar to the stiffness pro-
gression of normotensives. In addition to high arterial pressure, other deter-
minants of stiffness progression were a faster heart rate and a higher serum 
creatinine concentration.

  In addition to the evidence that hypertension leads to accelerated arterial 
stiffening, there is also strong evidence that arterial stiffness may affect the 
development of high blood pressure. Thus, one very recent study  [18]  demon-
strated that aortic stiffness in normotensive individuals was a predictor of fu-
ture hypertension after correction for risk factors including systolic pressure, 
age, sex, body mass, heart rate, total serum cholesterol concentration, diabetes, 
smoking, alcohol consumption, and physical activity. This relationship was 
noted in younger and older subjects and for both sexes. Thus, elevated arterial 
pressure and arterial stiffness may apparently aggravate each other, establish-
ing a vicious circle that is ultimately responsible for the adverse age- and pres-
sure-related cardiovascular events.

  The observed direct correlation between arterial pressure and stiffness of 
large arteries later in life provides some important implications. An analysis of 
the life course in terms of total life expectancy or life expectancy with or with-
out cardiovascular disease was made in over 3,000 Framingham Heart Study 
participants according to their arterial pressure level at the age of 50  [19] . As 
compared with hypertensive subjects, total life expectancy was 5.1 and 4.9 
years longer for normotensive men and women, respectively. Furthermore, the 
normotensive men survived 7.2 years longer without cardiovascular disease 
compared with hypertensive subjects  [19] . These findings clearly indicate that 
increased arterial pressure in adulthood is associated with a large reduction in 
life expectancy and increased prevalence of cardiovascular disease. As already 
stated, high blood pressure in adulthood is also associated with greater arte-
rial stiffness later in life. Thus, increased arterial stiffness may be related to 
lower life expectancy and higher cardiovascular morbidity that was observed 
in hypertensive subjects  [20] .
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  Arterial Stiffness, Target Organ Damage, and Risk of Atherosclerotic 

Events 

 Until recently, large artery stiffening with consequent increases in sys-
tolic and pulse pressures has been considered as a part of normal aging. How-
ever, over time, evidence has accumulated to demonstrate that arterial stiff-
ness is a strong independent predictor of adverse cardiovascular events. Nu-
merous studies in different populations, particularly in the elderly, have shown 
that it is a major risk factor for stroke, coronary heart disease, cardiovascular 
and total mortality  [21, 22] . Furthermore, in addition to being an established 
risk factor, increased vascular stiffness is now becoming a potential therapeu-
tic target, particularly in patients at risk of cardiovascular disease. Of course, 
even before vascular stiffness becomes a legitimate therapeutic target, it should 
be clearly demonstrated that reduction of arterial stiffness also reduces cardio-
vascular risk independent of the effects of treatment. Thus far, there have been 
few large-scale reports that have conclusively demonstrated that reduction of 
vascular stiffness reduces the adverse cardiovascular events irrespective of 
other effects. The one exception that indirectly supports this notion is a study 
that involved 150 patients with end-stage renal disease who were given antihy-
pertensive medication  [23] . Pulse wave velocity was measured in all patients 
before and during treatment. Fifty-nine deaths occurred during the study, 40 
related to cardiovascular and 19 to non-cardiovascular causes. There were sev-
eral predictors of all causes, with cardiovascular mortality with absence of 
pulse wave decrease in response to arterial pressure lowering being the stron-
gest. These findings clearly indicated that arterial stiffness is a cardiovascular 
risk factor independent of arterial pressure.

  Role of Cardiovascular Drugs and Arterial Stiffness 

 A number of cardiovascular drugs have been shown to affect arterial stiff-
ness. Many of these agents also lower arterial pressure which, by itself, also 
increases arterial distensibility. Therefore, this effect must be differentiated 
from any functional or structural effects of these drugs on arterial wall stiff-
ness. The angiotensin-converting enzyme (ACE) inhibitors, angiotensin (type 
1) receptor antagonists, and some of the calcium antagonists have been shown 
to be effective in improving vascular stiffness, although the ACE inhibitors 
seem to be more effective than others  [24] . On the other hand, the dual ACE 
and neutral endopeptidase inhibitor omapatrilat was shown to be more effec-
tive than enalapril in reducing aortic stiffness  [25] . Statins have also demon-
strated the ability to reduce arterial stiffness  [26] . Most of these drugs also 



 Pressure and Large Arteries  123 

improve endothelial dysfunction and this effect may actually mediate their ef-
fect on vascular distensibility. There are also some novel approaches to treating 
arterial stiffness. Thus, advanced glycation end-product crosslinks are consid-
ered significant contributors to increased arterial stiffness in the elderly. A 
crosslink breaker has been shown to improve arterial distensibility in older 
patients  [27] . In old spontaneously hypertensive rats the same crosslink break-
er was shown to increase aortic distensibility and improve survival  [28] .

  In summary, this report examined the relationship between the disorders 
of the aorta and large arteries and some other cardiovascular risk factors. Evi-
dence was presented to demonstrate that hypertension aggravates age-related 
stiffening of the aorta and large arteries. Available data also suggest that arte-
rial stiffness is an independent cardiovascular risk factor. Finally, the effects of 
commonly used cardiovascular drugs were briefly discussed.
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 Abstract 
  Large artery stiffening may be both a cause and a consequence of atherosclerosis and 

is independently related to coronary outcome. This relationship is likely to be causal giv-
en the unfavourable effect of large artery stiffening on coronary hemodynamics. There is 
clear experimental and clinical evidence that large artery stiffening promotes myocar-
dial ischemia secondary to central pulse pressure elevation. Many agents commonly used 
to treat ischemic heart disease symptoms also reduce large artery stiffness, through both 
functional and structural mechanisms. Such effects likely contribute to the anti-ischemic 
actions of these drugs. However, it remains to be elucidated whether agents specifically 
targeted to reduce large artery stiffness provide ischemic protection in the setting of cor-
onary disease.

    Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 Stiff large arteries are associated with coronary artery disease  [1–7] , myo-
cardial ischemia  [8, 9]  and coronary mortality  [10] . The inter-relationships 
between large artery stiffness and coronary artery disease are not straightfor-
ward and are likely bidirectional ( fig. 1 ). That is, arterial stiffness may be both 
a cause and a consequence of atherosclerosis. However, regardless of mecha-
nism, it is clear that large artery stiffening exacerbates the ischemic symptoms 
of coronary disease  [9]  ( fig. 1 ). The relationship between arterial stiffness and 
death from coronary artery disease is thus likely to be causal. This chapter will 
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discuss the mechanisms linking large artery stiffness and coronary artery dis-
ease. It will further examine the consequences for symptoms and outcome. 
The effect on arterial stiffness of conventional therapies for treatment of coro-
nary disease symptoms will be discussed with regard to mechanisms of ben-
efit. Finally, the therapeutic potential of therapies specifically targeting the 
large arteries will be discussed with regard to ischemic coronary disease.

AgingAtherosclerosis

D Large artery
stiffness 

Genetic factors

 D PP

 d DBP  D SBP
 D Myocardial

work

 D LVH

 d Capillary-
myocyte ratio

d Coronary perfusion

Mismatch in coronary blood
supply and demand

 D Coronary ischemia
(d ischemic threshold)

Coronary
stenosis 

  Fig. 1.  Schematic diagram showing the proposed links between large artery stiffness, 
atherosclerosis and coronary ischemic threshold. DBP = Diastolic blood pressure; LVH = 
left ventricular hypertrophy; PP = pulse pressure; SBP = systolic blood pressure. 
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  Arterial Stiffness as a Risk Factor for Ischemic Heart Disease 

 Strong relationships between pulse pressure and coronary outcomes pro-
vided some of the first definitive evidence that large artery stiffness may be a 
risk factor for coronary disease  [11–13] . In 2002, Boutouyrie et al.  [10]  pub-
lished the first study directly relating a measure of large artery stiffness (pulse 
wave velocity) to coronary outcome during a 15-year follow-up in a hyperten-
sive French cohort. Certainly, indices of arterial stiffness including pulse wave 
velocity are higher in patients with angiographically determined coronary dis-
ease than those without  [1–7] . Several studies have also reported a positive cor-
relation between arterial stiffness and the severity of coronary disease. Wad-
dell et al.  [6]  showed that both systemic arterial compliance and central blood 
pressure were independently related to the maximum coronary stenosis deter-
mined angiographically. Similarly, both augmentation index and augmenta-
tion pressure have been associated with an increased risk of angiographically 
determined coronary disease  [14] . Small artery compliance also relates to dif-
fuse, but not focal coronary disease  [15] . Interestingly, coronary disease sever-
ity and pulse pressure, which is significantly influenced by large artery stiff-
ness, track together in post-menopausal women. In the Estrogen Replacement 
in Atherosclerosis trial, pulse pressure related closely to standardized mea-
sures of minimum angiographically determined coronary lumen diameter 
during 3.2 years’ follow-up  [16] . The tight association between stiffness of the 
large arteries and coronary disease severity suggest that these two phenomena 
are closely inter-related.

  Large artery stiffness may be either a marker or a cause of coronary ath-
erosclerosis or may contribute to coronary ischemia independently of any re-
lationship with coronary atherosclerosis. The first possibility is that athero-
sclerosis in the coronaries and the aorta develops in parallel, and that large 
artery stiffness is simply a surrogate measure of atherosclerosis in both regions 
 [17] . That atherosclerosis promotes arterial stiffening is certainly well estab-
lished. For example in monkeys, development of aortic atherosclerosis on an 
atherogenic diet has been associated with elevation in pulse wave velocity  [18–
20] . Of greater interest is the possibility that intrinsic stiffening of the large 
arteries independently of atherosclerosis, and perhaps related to age or genetic 
factors, could actually promote atherosclerosis in the coronaries. Certainly 
large artery stiffness has been shown to be heritable  [21]  and a number of genes 
regulating arterial structure have been associated with arterial stiffness in var-
ious contexts  [21–26] . It would be expected that individuals with intrinsically 
stiff large vessels would have elevated pulse pressure and that this could con-
tribute to an unfavorable hemodynamic profile promoting atherosclerosis. In 
vitro studies of rabbit carotid arteries show that elevated pressure pulsatility 
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induces endothelial dysfunction as indexed by acetylcholine reactivity  [27]  
and may thus be an antecedent of coronary atherosclerosis.

  Regardless of whether large artery stiffness is a marker of coronary ath-
erosclerosis or actually contributes to its development, it would be expected to 
also have independent detrimental effects on the relationship between myo-
cardial blood supply and demand. Elevated pulse pressure secondary to large 
artery stiffening could affect coronary outcomes through increased systolic 
pressure and thus afterload  [28] . Chronic afterload elevation would likely lead 
to development of left ventricular hypertrophy  [29–31]  and a reduction in cap-
illary to myocyte ratio  [32] . Coronary perfusion is also likely to diminish sec-
ondary to diastolic pressure reduction. Indeed, it has been elegantly demon-
strated in a dog study that ejection into a stiff aortic bypass increases pulse 
pressure and the energetic cost to the heart to maintain adequate cardiac out-
put  [33] . In addition, subendocardial perfusion was particularly compromised 
when ejection was into a stiff aorta in the setting of an applied coronary steno-
sis  [34] . These data demonstrate that elevation in aortic stiffness tightens the 
link between cardiac systolic performance and myocardial perfusion  [35] . The 
clinical relevance of this experimental modeling has recently been demon-
strated by Leung et al.  [8] . In patients undergoing routine percutaneous coro-
nary intervention, those with stiffer aortas had lower coronary blood flow, 
lower hyperemic coronary blood flow response and a smaller improvement in 
the hyperemic coronary blood flow after a successful intervention  [8] . In this 
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  Fig. 2.  The change in hyperemic coronary blood flow following percutaneous coro-
nary intervention in patients categorized as having a stiff aorta (central pulse wave veloc-
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study the patients were dichotomized into those with low ( � 6 m/s) and high 
( � 9 m/s) pulse wave velocity. Those with lower pulse wave velocity (more com-
pliant arteries) had a dramatic threefold greater coronary hyperemic response 
after their percutaneous coronary intervention ( fig. 2 ). That this mechanism 
impacts on physical capacity has been demonstrated by the finding that for any 
given degree of coronary disease, patients with stiffer large arteries have a low-
er ischemic threshold during a standard treadmill test  [9]  ( fig. 3 ). In this study, 
when the mean systemic arterial compliance of 0.43 was increased to 0.53, the 
average time to ischemia would increase by 18 s (calculations made for the 
population mean age of 62 years,  fig. 3a ), whereas a reduction in the mean aug-
mentation pressure of 23% to 18% increased time to ischemia by 13 s ( fig. 3b ) .  
Thus the influence of stiffness on ischemic time was modest, but nevertheless 
measurable. Large artery stiffness is therefore likely to contribute to ischemic 
risk and be a potential therapeutic target for individuals with coronary dis-
ease.

  The importance of large artery stiffening as an ischemic mechanism also 
depends on the prevalence of isolated systolic hypertension and its co-occur-
rence with coronary artery disease. Isolated systolic hypertension affects 26% 
of the population over 55 years of age  [36] , and is a strong predictor of cerebro-
vascular and cardiac events  [28, 37–39] . For males and females aged between 
25 and 64 with isolated systolic hypertension, the relative coronary risk is 1.5 
and 2.2 respectively, compared to normotensive subjects  [28] . The incidence of 
isolated systolic hypertension amongst those with clinically significant coro-
nary disease is more difficult to quantify. As discussed in the previous section, 
the close relationship between large artery stiffness and atherosclerotic coro-
nary disease suggests that the majority of coronary patients would have elevat-
ed large artery stiffness and therefore pulse pressure. While this elevation will 
not always fall into the range to be categorized as isolated systolic hyperten-
sion, pulse pressure elevation would nevertheless influence ischemic thresh-
old.

  Arterial Stiffness as Therapeutic Target in Ischemic Coronary Artery 

Disease 

 At present there are no clinically available agents which specifically target 
the large arteries. However, many conventional cardiovascular therapies, both 
pharmacological and non-pharmacological, reduce large artery stiffness, and 
clinical trials of more specific agents are underway. Arterial stiffness can be 
reduced both via passive (functional) mechanisms and through structural 
changes to the arterial wall. Functional reduction in arterial stiffness can be 
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achieved through lowering mean arterial pressure or through vasodilation, 
which alters the relative loading of collagen and elastin in the arterial wall  [40] . 
All antihypertensive and vasodilator agents reduce arterial stiffness via this 
mechanism. Many agents in these classes and others also influence arterial 
wall structure and thus biomechanical properties directly. The following sec-
tion will briefly discuss the interactions of drugs commonly prescribed for 
treatment of the symptoms of ischemic coronary disease with respect to large 
artery stiffness and the implications for ischemia and outcome. In addition to 
their more direct actions, those agents which reduce large artery stiffness are 
likely to have additional benefit with regard to raising ischemic threshold. This 
would relate to reduction in pulse pressure and afterload and elevation in cor-
onary perfusion. In the long term this hemodynamic profile might also be fa-
vorable with respect to limiting atherosclerotic progression and reducing risk 
of coronary plaque destabilization and rupture. The effect of drugs used to 
treat risk factors to improve cardiovascular outcomes are discussed in Section 
IV of this book.

  Nitrates 
 Nitrates are an important anti-ischemic therapy which are thought to act, 

at least in part, through release of nitric oxide, although there is currently some 
controversy surrounding this issue  [41, 42] . There is good evidence that under 
basal conditions, nitric oxide acts to lower both pulse wave velocity and arte-
rial wave reflection  [43] . Nitrate drugs would therefore be expected to reduce 
large artery stiffness and wave reflection. Acute administration of isosorbide 
dinitrate to untreated hypertensive individuals increased systemic arterial 
compliance and reduced peripheral wave reflection  [44] . This effect was likely 
secondary to a reduction in mean arterial blood pressure  [44] . Similarly, glyc-
eryl trinitrate reduces arterial stiffness acutely in hypertensive patients  [45] . In 
a double-blind randomized placebo-controlled study, isosorbide dinitrate re-
sulted in a reduction in office and ambulatory pulse pressure following 8 weeks 
of treatment, without a reduction in diastolic blood pressure  [46]  in patients 
with isolated systolic hypertension. Similar hemodynamic findings have also 
been observed with the use of nitroglycerin or molsidomine (a glycosidase-ac-
tivated nitric oxide donor) in hypertensive patients  [47] . The fact that nitrates 
decrease pulse pressure whilst having no effect on diastolic blood pressure sug-
gests that these agents act mainly on large arteries rather than on small resis-
tance vessels. The blood pressure-lowering effects of chronic nitrate therapy 
would certainly be expected to mediate reduction in large artery stiffness  [48] . 
In addition, studies in minipigs suggest that chronic nitrate therapy may also 
improve the viscoelastic properties of the arterial wall  [49] .



 132  Kingwell/Ahimastos

 

  Potassium Channel Openers 
 Like nitrates, the ATP-sensitive K +  channel opener, nicorandil, causes va-

sodilation with subsequent reduction in preload and afterload, and an increase 
in coronary blood flow. Only a single study has examined the effect of nicor-
andil on biomechanical artery properties and this was in the periphery. Acute 
administration of nicorandil reduced brachial artery stiffness as demonstrated 
by a decrease in brachioradial pulse wave velocity  [50] . This was likely medi-
ated by a reduction in mean arterial blood pressure.

   � -Blockers 
  � -Blockers improve symptoms of angina and are commonly prescribed 

for the treatment of ischemic heart disease. It is generally accepted that  � -
blockers with vasodilator actions including pindolol, dilevalol, celiprolol and 
nebivolol have greater efficacy in reducing large artery stiffness than non-va-
sodilating  � -blockers (e.g., atenolol)  [51–55] . It is likely that blood pressure 
reduction may provide benefit, including ischemic protection through reduc-
tion in arterial stiffness  [53] . Chronic therapy with dilevalol or atenolol for 12 
weeks reduced arterial stiffness, while the vasodilator actions of dilevalol had 
the added benefit of reduction in wave reflection  [53] . The selective  �  1 -block-
ing agent, bisoprolol, has also been shown to reduce both blood pressure and 
artery stiffness with chronic treatment  [56] . Vasodilating (highly-selective    �  1 -
adrenoceptor antagonist)  � -blockers such as nebivolol, but not atenolol which 
is non-vasodilating, reduce arterial stiffness in sheep  [57] .  � -Blockers are also 
commonly prescribed in Marfan syndrome to limit aortic dilation. However, 
the effect of  � -blockade on arterial stiffness in this population is somewhat 
controversial. In both acute  [58]  and long-term studies of aortic stiffness  [59]  
in Marfan syndrome,  � -blockers reduce wall stiffness only in those patients 
with normal or mildly increased aortic dimensions. In patients with signifi-
cant aortic dilatation, an increase in wall stiffness is seen with  � -blockade. 
Such an effect could be potentially detrimental in these patients  [58] . Thus 
from the perspective of arterial stiffness,  � -blockers with vasodilating activity 
are likely to be most effective in patients with normal or only mildly elevated 
aortic dimensions.

  Calcium Antagonists 
 Calcium antagonists cause dilation of epicardial conduit vessels (thus re-

lieving vasospastic angina) and of arterial resistance vessels. They also reduce 
systemic vascular resistance and arterial pressure and thereby myocardial ox-
ygen demand. Chronic calcium antagonist therapy is generally accepted to re-
duce arterial stiffness on par with other antihypertensive agents including an-
giotensin-converting enzyme inhibitors and diuretics  [39, 60, 61] . However, 
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there is some evidence that calcium channel blockers may have structural ef-
fects on the arterial wall and reduce stiffness by mechanisms additional to 
blood pressure reduction. In a study comparing 12 weeks of treatment with the 
calcium channel blocker felodipine or the diuretic hydrochlorothiazide in hy-
pertensive patients, felodipine reduced central and peripheral pulse wave ve-
locity, whereas hydrochlorothiazide did not  [62] . Both drugs had similar ef-
fects on blood pressure, suggesting that calcium channel blockers may exert 
direct arterial wall effects. Similarly, peripheral compliance was improved by 
the calcium channel blocker nicardipine but not by the  � -blocker atenolol in 
hypertensive patients following 8 months of treatment eliciting similar blood 
pressure effects  [63] .

  Antiplatelet Therapy 
 Few studies have examined the effects of chronic aspirin therapy on arte-

rial properties. While aspirin treatment at 325 mg/day for 1 week has been as-
sociated with a detrimental effect on wave reflection  [64] , chronic low dose 
aspirin (100 mg/day) had no significant effect on augmentation index and 
wave reflection patterns in two studies  [64, 65] . On the other hand, low-dose 
aspirin has slight antihypertensive effects when administered in the evening 
 [66] . Such an effect would be expected to contribute to a reduction in large ar-
tery stiffness. It is possible that aspirin could mediate effects on arterial stiff-
ness via its anti-inflammatory actions which decrease arterial tone  [67] . It has 
recently been shown that inflammation caused by  Salmonella typhi  vaccina-
tion increases pulse wave velocity  [68] . In reducing acute inflammation, aspi-
rin may therefore reduce arterial stiffness  [68] . Whether other antiplatelet 
agents affect arterial properties is unknown.

  Experimental Therapies Which May More Directly Target the Large 
Arteries 
 Compliance of the arterial wall is dependent on two primary scaffolding 

proteins, collagen and elastin. Dysregulation in the production and degrada-
tion of these two molecules can lead to overproduction of abnormal collagen 
and reduced quantities of normal elastin, contributing to increased arterial 
stiffness. In addition, irreversible non-enzymatic cross-linking of arterial ma-
trix components can be caused by advanced glycation end products (AGEs) 
 [69] . Drugs which prevent cross-link formation or break existing cross-links 
are in development. Aminoguanidine, which inhibits cross-link formation, 
improves arterial compliance and reduces pulse wave velocity; however, high 
doses can result in glomerulonephritis  [70] . Alagebrium or ALT-711 is an AGE 
cross-link breaker and reverses arterial stiffening without influencing blood 
pressure in animal models  [71] . Furthermore, in a randomized, clinical trial 
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in patients with elevated pulse pressure, ALT-711 significantly reduced pulse 
pressure and pulse wave velocity and increased arterial compliance  [72] . AGE 
breakers would be expected to have particular efficacy in patients with diabe-
tes. However, non-diabetic individuals with coronary disease are known to 
have elevated AGE levels proportional to the number of diseased vessels  [73]  
and these individuals may also benefit. Clinical trials are currently underway 
to examine the effect of ALT-711 on large artery stiffness in patients with cor-
onary artery disease, diabetes and isolated systolic hypertension  [74] . Finally, 
since genetic modulation of extracellular matrix components and matrix me-
talloproteinases contribute to atherosclerotic differences in large artery me-
chanical properties, these proteins may be important targets for therapy  [23, 
24, 75] .

   To summarize:  Large artery stiffening is closely related to coronary ath-
erosclerosis and outcome. Parallels in atherosclerotic burden between these 
beds likely explain part of this relationship. In addition, large artery stiffness 
per se promotes an unfavorable hemodynamic profile which may cause endo-
thelial disruption, which further promotes the atherosclerotic process. Fur-
thermore, studies in both animals and man indicate that large artery stiffening 
promotes a mismatch in cardiac blood supply and demand through pulse pres-
sure elevation. Many agents commonly used to treat ischemic heart disease 
symptoms including nitrates, aspirin, vasodilating adrenergic antagonists, 
calcium antagonists and potassium channel openers, reduce large artery stiff-
ness, at least in part, through reduction in mean arterial pressure. Some of 
these agents may also have structural effects on the arterial wall which influ-
ence arterial biomechanical properties. AGE breakers such as ALT-711 have 
shown promise in directly reducing large artery stiffness via structural effects. 
It remains to be determined whether agents specifically targeted to reduce 
large artery stiffness provide ischemic protection in the setting of coronary 
disease.
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 Abstract 
    Central pulse pressure is more likely to reflect the haemodynamic conditions to 

which the heart and coronary arteries are subjected than is peripheral pulse. We reviewed 
the data currently available on the correlations between central pulse pressure and both 
the presence and extent of coronary artery disease, as well as clinical outcomes. Five clin-
ical studies have reported an association between central pulse pressure and the presence 
of coronary artery disease documented by coronary angiography. Four studies, including 
three of the previous ones, also found a correlation between central pulse pressure and 
the extent of coronary artery disease. In one of these studies, however, the correlation was 
present only in men, whereas no link was found between pulse pressure and coronary ar-
tery disease in women. After coronary angioplasty, increased central pulse pressure has 
been found correlated with the occurrence of restenosis after balloon angioplasty, but not 
after stent implantation. Finally, the ASCOT-CAFE trial found a positive correlation be-
tween pulse pressure and the occurrence of cardiovascular events, confirming the prog-
nostic significance of this parameter. 

 Copyright © 2007 S. Karger AG, Basel 

 Although there is epidemiologic evidence of a relationship between bra-
chial pulse pressure and cardiovascular events, including coronary events, 
conflicting data have also been reported  [1–4] . This may be because brachial 
pulse pressure is likely to be a less reliable index of the condition of the coro-
nary arteries than central pulse pressure. In the present article, we will review 
the data currently available on the links between central and peripheral pulse 
pressure, as well as the data on the correlations between central pulse pressure 
and the presence and extent of coronary artery disease.
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  Central versus Peripheral Pulse Pressure 

 Differences between central and peripheral arterial pressures have been 
described in detail elsewhere  [5–8]  (Chapter 1). Schematically, the arterial tree 
can be divided into two compartments (central and peripheral). Brachial pres-
sure represents blood pressure in the peripheral compartment, while aortic (or 
carotid) pressure represents blood pressure in the central compartment. While 
diastolic and mean arterial pressures remain more or less constant throughout 
the arterial tree, the level of systolic blood pressure varies according to the na-
ture of the arteries where it is measured. Thus, systolic blood pressure (and 
consequently pulse pressure) is notably higher in peripheral than in central 
arteries (by approximately 14 mm Hg in humans). This difference results from 
a difference in the summation of the forward and backward pressure waves 
along the arterial tree, as detailed in Chapter 1. Under physiologic conditions 
in younger subjects, the backward pressure wave returns to the central arteries 
during diastole, which explains why pulse pressure is higher in the peripheral 
than in the central arteries (pulse pressure amplification). However, when re-
flection occurs earlier, the backward (reflected) wave will reach the central 
compartment at an earlier stage, during systole. The consequence of this al-
tered timing is an increase in systolic blood pressure and a decrease in dia-
stolic blood pressure, resulting in an increased pulse pressure. Earlier reflec-
tion of the pressure wave may be the consequence of increased pulse wave ve-
locity, such as is observed with stiffer and/or calcified arteries, but also of 
changes in the more peripheral arteries, that will affect their capacity to reflect 
the pressure wave. Arteriolar constriction, remodeling, and rarefaction can 
thus increase systolic blood pressure and pulse pressure. In addition, more 
proximal reflection sites, which have limited impact under normal conditions, 
may influence wave reflection in certain pathological conditions, such as ex-
tensive atherosclerotic disease of the arteries; in particular, the presence of 
calcifications at the bifurcation of the main branches of the aorta may consti-
tute reflection sites which are more proximal to the ascending aorta and there-
fore increase pulse pressure. These will influence central pulse pressure where-
as peripheral pulse pressure will not be directly affected.

  Interpreting the significance of elevated pulse pressure is difficult. Indeed, 
increased pulse pressure per se is likely to have untoward effects on the coro-
nary circulation because an elevated systolic blood pressure increases vascular 
load, while a lower diastolic blood pressure will reduce coronary perfusion; but 
in addition, an increased pulse pressure may correspond to the presence of 
vascular disease (and in particular, atherosclerosis of the aorta). Therefore, 
whereas hypertension is a well-known cardiovascular risk factor, pulse pres-
sure might represent more of a marker of preclinical disease  [9] , as the correla-
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tions between the presence of atheroma of the thoracic aorta and the presence 
of coronary artery disease have been well documented. Whatever the case, 
however, it is obvious that central pulse pressure is more likely to reflect the 
hemodynamic conditions to which the heart and coronary arteries are sub-
jected than is peripheral pulse.

  Central Pulse Pressure and Presence and Extent of Coronary Artery 

Disease ( tables 1 ,  2 ) 

 Over the past 10 years, several studies in different types of populations 
have shown that central pulse pressure could be related to the presence and 
extent of coronary artery disease.

  Experimental studies have shown that increases in pulse pressure resulted 
in impaired acetylcholine-induced vascular relaxation  [10] , suggesting that in-
creased pulse pressure might be involved in the first steps of the process of 
atherosclerosis. More recently, it has been shown that high pulse pressure on 
ambulatory recordings was associated with increases in biological markers of 
thrombogenesis and altered flow-mediated vasodilation in patients with coro-
nary artery disease  [11] .

  To the best of our knowledge, Lee et al.  [12] , who studied a population of 
patients undergoing left heart catheterization before intervention for mitral 
valve stenosis, were the first, in 1998, to show an association between the pres-
ence of coronary artery disease and high pulse pressure, measured either at the 

Table 1. Central pulse pressure in patients with or without coronary 
artery disease (CAD) demonstrated by coronary angiography

Study (first
author)

Pulse pressure in
patients without 
CAD, mm Hg

Pulse pressure in
patients with
CAD, mm Hg

p value

Lee [12] 51816 81815 <0.0001
Nishijima [14] 69821 77822 0.003
Hayashi [15] 66.5823 74820 <0.03
Waddell [16]1 3881 4582/53832 <0.01
Danchin [17] 56817 61820 <0.03

1 Central blood pressure measured non-invasively using carotid blood 
pressure.

2 Two groups with CAD of increasing severity.
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aortic or brachial levels. Central pulse pressure was 81  8  15 mm Hg in the 48 
patients with coronary disease versus 51  8  16 mm Hg in those with no coro-
nary stenosis. Brachial pulse pressure was also significantly higher in patients 
with coronary artery disease.

  Nearly simultaneously, Gatzka et al.  [13]  showed that aortic stiffness was 
higher in patients with chest pain and positive exercise tests, compared with 
controls.

  Nishijima et al.  [14]  included 293 patients who had undergone coronary 
angiography for suspected coronary artery disease, and without history of 
myocardial infarction or presence of local asynergy on left ventriculography. 
Aortic pressures were recorded in the ascending aorta by means of fluid-filled 
catheters. There was no significant difference between the group of 102 pa-
tients with and the one without coronary artery disease as regards systolic, 
diastolic and mean blood pressure in the ascending aorta. However, central 
pulse pressure and fractional pulse pressure, defined as the ratio of pulse pres-
sure to mean blood pressure, were significantly higher, while just a trend was 
noted for peripheral pulse pressure. When pulsatility was analyzed by tertiles, 
the odds ratio (OR) for the presence of coronary artery disease, after adjust-
ment for potential confounders, was 2.90 (95% confidence interval (CI): 1.43–
5.89) for the second tertile, and 3.47 (95% CI: 1.52–7.95) for the third tertile. 
Conversely, no significant relationship was found between peripheral pulsatil-
ity and the presence of coronary artery disease.

  In another Japanese population of 190 patients undergoing coronary an-
giography, Hayashi et al.  [15]  analyzed aortic pressures and waveform in rela-
tion to coronary heart disease. Central pulse pressure was higher in patients 

Table 2. Central pulse pressure in relation to severity of coronary artery disease (CAD)

Study (first author) Definition of the groups
studied

Central pulse pressure
mm Hg

p value

Waddell [16]1 No CAD, 50–89% stenosis,
690% stenosis

3881/4582/5383 <0.01

Danchin [17]2 No CAD, 1–2 stenoses,
63 stenoses

51816/54818/64820 <0.001

Philippe [18] 1-, 2-, and 3-vessel disease 55818/64819/66819 <0.03

Jankowski [19] 1-, 2-, and 3-vessel disease 63816/65818/72819 <0.001

1 Central blood pressure measured non-invasively using carotid blood pressure.
2 Male population.
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with coronary artery disease (74  8  20 vs. 66.5  8  23 mm Hg, p  !  0.03). In ad-
dition, the inflection time of the aortic pressure waveform, an indicator of 
large artery function and reflection in the arterial system, was a strong corre-
late of the presence of coronary atherosclerosis, even after multivariable ad-
justment.

  Concordant findings were reported by Waddell et al.  [16]  in a cohort of 
114 men with coronary artery disease (defined as the presence of at least one 
 6 50% stenosis on one of the main coronary arteries), compared with 57 age-
matched men controls. In addition, coronary artery disease patients were fur-
ther subdivided into those with moderate disease (n = 57; stenosis severity 
50–89%) and those with severe ( 6 90%) stenoses (n = 57). Central pressure was 
recorded non-invasively by measuring carotid pressure. Brachial pulse pres-
sure was higher in patients than in controls, but there was no significant dif-
ference between the two groups of coronary patients according to the severity 
of the disease. In contrast, carotid pulse pressure was significantly different in 
all three groups, and highest in the group with the most severe stenoses. In this 
study, however, coronary artery disease severity was defined in a rather un-
usual way, by taking into account the degree of stenosis, but not the extent of 
coronary disease.

  In a larger, multicenter study involving 1,337 patients with suspected cor-
onary artery disease and referred for a first diagnostic angiogram, we analyzed 
the correlations between the presence and extent of coronary artery disease 
and aortic pulse pressure in the subset of 280 patients receiving no medications 
with antihypertensive properties  [17] . Blood pressure was measured by fluid-
filled catheters in the ascending aorta. Coronary artery disease was defined by 
the presence of at least one  6 50% stenosis on any of the coronary arteries or 
their main branches. The extent of coronary artery disease was further char-
acterized by the number of  6 50% stenoses for each patient. In the whole pop-
ulation, brachial pulse pressure was only slightly and not significantly higher 
in patients with coronary artery disease. In contrast, aortic pulse pressure was 
5 mm Hg higher in the population with coronary artery disease (p  !  0.03). The 
size of the population allowed analyzing separately the data according to gen-
der. Interestingly, the correlation between increased central pulse pressure and 
presence of coronary artery disease was present only in men. Moreover, the 
extent of coronary disease was also correlated with pulse pressure in men, but 
not in women: men with no disease, 51  8  16 mm Hg; 1 or 2 coronary stenoses, 
54  8  18 mm Hg;  1 2 stenoses, 64  8  20 mm Hg (p  !  0.001). Because several 
baseline variables were different between patients with or without coronary 
artery disease, a multiple regression analysis was performed to determine 
whether aortic pulse pressure was an independent correlate of coronary artery 
disease. In women, there was no significant association between pulse pressure 
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and coronary artery disease. In contrast, in men, a 1-mm Hg increase in cen-
tral pulse pressure was associated with an OR of 1.02 for the presence of coro-
nary artery disease (p  !  0.05). The association between pulse pressure and 
coronary artery disease in men persisted even after the other components of 
blood pressure (systolic, diastolic or mean blood pressure) were forced into the 
multivariable model.

  Philippe et al.  [18]  also analyzed the correlations between pulse pressure 
and extent of coronary disease, in 99 patients with documented coronary ste-
noses that were scheduled for percutaneous transluminal coronary interven-
tions. Most of the patients were men. The extent of coronary artery disease was 
categorized by the number of major vessels involved (one, two or three dis-
eased vessels). Aortic, but not brachial pulse pressure was significantly related 
to the extent of coronary disease: one-vessel disease, 55  8  18 mm Hg; two-ves-
sel disease, 64  8  19 mm Hg; three-vessel disease, 66  8  19 mm Hg (p  !  0.03). 
Using multiple regression analysis, only male gender and the level of aortic 
pulse pressure were significant correlates of the extent of coronary artery dis-
ease. Conversely, using aortic pulse pressure as a dependent variable, higher 
mean aortic pressure, lower heart rate, female gender, and number of diseased 
vessels were independent correlates of pulse pressure in a multiple linear re-
gression model. Of note, 11 patients had subsequent restenosis; no association 
was found between restenosis and either brachial or central pulse pressure.

  Jankowski et al.  [19]  studied a group of 445 patients (including 95 women) 
with angiographically documented coronary artery disease and a left ventric-
ular ejection fraction  6 55%. The extent of coronary artery disease was also 
defined as the number of diseased major coronary vessels. A strong association 
was found between aortic pulse pressure and extent of coronary artery disease: 
one-vessel disease, 63  8  16 mm Hg; two-vessel disease, 65  8  18 mm Hg; 
three-vessel disease, 72  8  19 mm Hg (p  !  0.001). Fractional systolic and dia-
stolic pressures were also associated with the number of diseased vessels. By 
multivariable analyses, a 10-mm Hg increase in aortic pulse pressure was as-
sociated with an OR of 1.15 (95% CI: 1.01–1.30) for the presence of triple vessel 
disease. Brachial pulse pressure was significantly associated with the number 
of diseased vessels by univariate analysis (p  !  0.05), but not by multivariate 
analysis. The male and female populations were not analyzed separately.

  Finally, the findings linking the presence and extent of coronary artery 
disease with central pulse pressure are corroborated by a study showing in-
creased central pulse pressure in hypercholesterolemic patients compared with 
controls, suggesting that a relationship between central pulse pressure and 
coronary artery disease might already exist at a very early stage of the athero-
sclerotic disease  [20] .
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  Central Pulse Pressure and Clinical Outcomes 

 In coronary patients, only a few studies have assessed the prognostic value 
of brachial or central pulse pressure in terms of clinical outcomes  [21–26] . In 
the Balloon Angioplasty Revascularization Investigation (BARI) trial  [21] , 
brachial pulse pressure was shown to be an important prognostic indicator in 
patients with known coronary artery disease undergoing myocardial revascu-
larization. Likewise, investigators of the Survival and Ventricular Enlargement 
(SAVE) trial also found a strong prognostic significance for brachial pulse 
pressure measured before hospital discharge in patients having sustained large 
myocardial infarctions  [22] .

  As regards central pulse pressure, several studies  [23–25]  found an asso-
ciation between high pulse pressure and restenosis after coronary angioplasty. 
Nakayama et al.  [23]  studied 53 patients with preserved left ventricular func-
tion undergoing balloon angioplasty; 23 of them subsequently had restenosis 
at the angioplasty site. Fractional pulse pressure in the ascending aorta was 
significantly associated with the risk of restenosis; restenosis rates were 18, 33 
and 78%, respectively, for tertiles 1–3 of aortic pulsatility. Lu et al.  [24]  also 
analyzed a population of 87 patients  1 60 years of age and with preserved left 
ventricular function, undergoing balloon angioplasty. Restenosis was found in 
39 patients and was associated with higher levels of central pulse pressure (78 
 8  12 mm Hg vs. 66  8  15 mm Hg, p  !  0.001). The ORs for restenosis were 5.88 
(95% CI: 2.17–15.93) for a pulse pressure  1 66 mm Hg and 13.72 (95% CI: 4.81–
39.05) for a fractional pulse pressure  1 0.72. In addition to the two previously 
described studies, another one  [25]  analyzed the correlation between the in-
flection time on the aortic waveform, a marker of arterial stiffness, and the risk 
of restenosis in 74 patients having undergone balloon coronary angioplasty. 
Restenosis was observed in 26, 33 and 74% according to the tertiles of inflec-
tion time and a shorter inflection time was an independent correlate of reste-
nosis after multivariable analysis. Overall, there is concordant evidence of a 
link between central pulse pressure and the risk of restenosis after balloon an-
gioplasty. After stent implantation, which is the currently used angioplasty 
technique, however, no such relationship was evidenced in the small cohort of 
patients with restenosis in the study by Philippe et al.  [18] .

  More relevant to current clinical practice are the results from Chirinos et 
al.  [26] , who followed a cohort of 324 men having undergone coronary angi-
ography for an average of 3 years. All patients had coronary artery disease de-
fined by the presence of at least one  1 10% stenosis. Patients with concomitant 
valvular disease were excluded. During the follow-up period, 20% of the pa-
tients died and 43% had at least one major adverse cardiac event (death, myo-
cardial infarction, unstable angina, unscheduled myocardial revasculariza-
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tion or stroke). Central pulse pressure correlated with the risk of both death 
and major cardiac events. After adjustment on left ventricular function and 
mean aortic pressure, the OR for all-cause mortality was 1.18 (95% CI: 1.05–
1.33, p  !  0.005), and the OR for any major cardiac event was 1.09 (95% CI: 
1.00–1.17, p  !  0.05) for each 10 mm Hg increment in pulse pressure. In addi-
tion, an inverse correlation was found between adverse events and diastolic 
blood pressure, and this particularly for patients with three-vessel disease. 
When adjusted for each other, both aortic mean blood pressure and aortic 
pulse pressure were independent correlates of mortality. Brachial pulse pres-
sure was not a predictor of major adverse cardiac events.

  The importance of integrating central pressure in a comprehensive ap-
proach of recent trials findings has been highlighted by the ASCOT-CAFE 
trial  [27] : A total of 2,199 patients were recruited for this substudy from the 
main ASCOT patient population, and were well-matched. The difference in 
peripheral SBP between the amlodipine-based regimen and atenolol-based 
regimen in ASCOT CAFE was only 0.7 mm Hg (NS) compared with 2.7 mm 
Hg in the full study. The central arterial SBP was shown to be 4.3 mm Hg low-
er ( fig. 1 ) for the amlodipine-based regimen (solid line in  fig. 1 ) than for the 
atenolol-based regimen (dotted line in  fig. 1 ). While peripheral PP was 0.9 mm 
Hg greater in the amlodipine-based regimen, it was found to be 3.0 mm Hg 

  Fig. 1.  Peripheral and central SBP on amlodipine and atenolol-based therapy in the 
ASCOT-CAFE substudy  [27] . 
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lower centrally. Unadjusted for patient characteristics, both peripheral PP and 
central PP predicted ASCOT CAFE study outcomes with a p value of  ! 0.0001. 
Since the pressures are dependent on risk factors, the results were adjusted for 
baseline differences in these parameters. When corrected this way, central PP 
remained significantly related to outcome (p = 0.048).

  The most solid result of the ASCOT CAFE trial was the demonstration of 
the amlodipine-based regimen’s greater central arterial pressure-lowering ef-
fect versus the atenolol-based regimen. Since central PP was correlated with 
long-term outcomes, this may help explain the benefit of the amlodipine-based 
regimen. Other demonstrations of superiority, based on the results of similar 
trials, such as the LIFE study  [28] , should be reconsidered in terms of underly-
ing explicative mechanisms.

  Conclusion 

 Overall, there are concordant data showing an association between aortic 
or central pulse pressure and both the presence and extent of coronary artery 
disease. Whether this association is found only, or mainly, in men, as suggest-
ed by one study, will need further research, as most of the studies so far have 
involved only small populations of women. Several studies also indicate that, 
in patients with documented coronary artery disease, an increased pulse pres-
sure is a correlate of worse clinical outcomes. In patients undergoing balloon 
coronary angioplasty, the risk of restenosis may be increased when pulse pres-
sure is higher. More importantly, in men with coronary artery disease the risk 
of death increases at higher levels of central pulse pressure. These data suggest 
that high pulse pressure is not only a marker of preclinical cardiovascular dis-
ease, but possibly also a true risk factor for adverse clinical events in patients 
with coronary artery disease. 
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 Abstract 
 Brachial pulse pressure (PP) is an established risk marker for cardiovascular disease. 

PP is largely determined by the stroke volume in young subjects, although the progressive 
amplification of pulse wave from central to peripheral arteries could make brachial PP 
not representative of the central PP in the young. With advancing age, brachial PP better 
reflects the progressive stiffening of aorta and the large elastic arteries. PP correlates with 
vascular and cardiac hypertrophy, although the association with cardiac hypertrophy 
seems more closely attributable to systolic blood pressure (BP). An association has been 
noted in several longitudinal studies between PP and the incidence of major cardiovas-
cular events. However, some longitudinal studies carried out in subjects with predomi-
nantly systolic and diastolic hypertension showed that PP is the dominant predictor of 
coronary events, while mean BP is the major predictor of cerebrovascular events. Such an 
assumption may not be held in subjects with isolated systolic hypertension, where a wide 
PP seems to predict coronary and cerebrovascular events to a similar extent. From a patho-
physiological standpoint, a wide PP might reflect diffuse atherosclerotic processes poten-
tially involving also the large coronary arteries. Some data suggest that a wide PP could 
also represent a direct and independent stimulus for progression of atherosclerosis. 

 Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 Brachial pulse pressure (PP), defined as the difference between systolic 
and diastolic blood pressure (BP) at brachial level, is an established marker of 
cardiovascular risk in different clinical settings  [1] . PP increases with age  [1–5]  
and an important basic mechanism of this phenomenon is believed to be the 
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progressive stiffening of large elastic arteries with ageing  [1–5] . PP showed a 
direct association with vascular  [4–8]  and cardiac hypertrophy  [9, 10]  in sev-
eral studies, although the association with cardiac hypertrophy appeared to be 
more closely determined by systolic BP than by PP  [11] . Of particular note, a 
significant association emerged in several longitudinal studies between bra-
chial PP and the subsequent risk of major cardiovascular events and such as-
sociation was often independent of systolic and diastolic BP  [12–23] . For ex-
ample, in the Framingham Study, 1,924 men and women aged between 50 and 
79 years, without clinical evidence of coronary artery disease and not taking 
antihypertensive drugs at entry, were followed for more than 20 years. Overall, 
these subjects contributed 433 new cases of coronary artery disease. When sys-
tolic BP and diastolic BP were jointly entered into the multivariate analysis, the 
association with coronary artery disease risk was positive for systolic BP (HR 
1.22; 95% CI 1.15–1.30) and negative for diastolic BP (HR 0.86; 95% CI 0.75–
0.98). Furthermore, four subgroups were defined according to systolic BP lev-
els ( ! 120, 120–139, 140–159, and  6 160 mm Hg). Within each of these sub-
groups, the association with coronary heart disease risk was negative for dia-
stolic BP and positive for PP.

  In a previous study from our group, the association between PP and car-
diovascular disease risk was also independent of potent prognostic markers 
including left ventricular mass at echocardiography and white-coat hyperten-
sion  [14] .

  The aim of this review is to summarize the current evidence about the 
prognostic impact of PP on the cardiac events with particular emphasis on the 
additional prognostic information provided by ambulatory monitoring of PP.

  Epidemiological Aspects 

 Despite the established prognostic value of PP, the majority of longitudi-
nal studies examined a composite pool of cardiovascular events, with coronary 
and cerebrovascular end-points rarely tested separately. However, in a study 
carried out by Benetos et al.  [15]  in the general population, PP predicted car-
diac but not cerebrovascular mortality. These data have been confirmed in the 
setting of the Medical Research Council (MRC) Mild Hypertension Trial, 
where coronary events were best predicted by high levels of systolic BP associ-
ated with low values of diastolic pressure ( fig. 1 )  [19] . In that study, PP was a 
stronger predictor of coronary events than systolic, diastolic or mean BP in 
men  [19] . PP was similar to systolic pressure as a predictor of coronary events 
while stroke was better predicted by mean BP  [19] . Also a study by Khattar et 
al.  [24]  with intra-arterial BP monitoring provided some indirect evidence of 
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a greater predictive effect of PP on cardiac events than on cerebrovascular 
events.

  Some years ago, we tested the hypothesis that the steady (i.e., mean BP) 
and pulsatile (i.e., PP) components of BP may exert a different prognostic im-
pact on coronary artery disease and stroke in subjects with essential hyperten-
sion  [25] . We analyzed data from the  Progetto Ipertensione Umbria Monitorag-
gio Ambulatoriale  (PIUMA) study, a prospective registry of morbidity and 
mortality in initially untreated subjects with essential hypertension who un-
derwent 24-hour ambulatory BP monitoring as a part of their initial check-up. 
The analysis was carried out in 2,311 subjects who contributed 132 major car-
diac events (1.20 per 100 person-years) and 105 cerebrovascular events (0.90 
per 100 person-years) over a mean follow-up period of about 5 years. The inci-
dence of coronary events increased with 24-hour ambulatory PP, but no ap-
preciable rise was noted with ambulatory mean BP ( fig. 2 ). In a multivariate 
analysis, after adjustment for the significant effect of several confounders (all 
p  !  0.01), for each 10 mm Hg increase in 24-hour PP, there was an independent 
35% increase in the risk of cardiac events. Furthermore, after adjustment for 
age, sex and diabetes (all p  !  0.05), for every 10 mm Hg increase in 24-hour 
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  Fig. 1.  In the MRC study, the highest incidence of coronary artery disease was noted 
in association with high values of systolic and low, rather than high, values of diastolic BP 
[modified from  19 ]. 
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mean BP there was an independent 42% increase in the risk of cerebrovascular 
events, with 24-hour PP not yielding independent significance. Twenty-four-
hour PP was also an independent predictor of fatal cardiac events, and 24-hour 
mean BP of fatal cerebrovascular events.

  These data led us to suggest that in subjects with predominantly systolic 
and diastolic hypertension, PP is the dominant predictor of coronary events, 
while mean BP is the major independent predictor of cerebrovascular events 
 [25] .

  A meta-analysis of the prognostic value of PP in the European Working 
Party on Hypertension in the Elderly (EWPHE), Syst-Eur and Syst-China 
studies  [20]  showed a comparable predictive effect of PP on coronary events 
and stroke after adjustment for mean BP. However, the predictive effect of 
mean BP on both types of events was not statistically significant after adjust-
ment for PP. A dominant predictive value of PP over mean BP on both coro-
nary events and stroke was present only in the Syst-Eur and Syst-China studies, 
which included patients with isolated systolic hypertension, but not in the 
 EWPHE study, which included subjects with predominantly systodiastolic hy-
pertension.

2

3

4

1

0
IV

IV

III

III

II

II

I
I

24-hour mean BP (quartiles)

Ev
en

t 
ra

te
 (×

 1
00

 p
at

ie
n

t-
ye

ar
s)

24-h
our P

P 

(q
uarti

les)
  Fig. 2.  The incidence of coronary events increased with 24-hour ambulatory PP, not 

with ambulatory mean BP. Cut-off points for quartiles: 96.0, 102.6 and 110.0 mmHg for 
mean BP; 44.0, 49.0 and 56.0 for PP [modified from  25 ]. 



 154  Verdecchia/Angeli

 

  In another meta-analysis of eight studies in elderly subjects with isolated 
systolic hypertension, the risk of death was directly associated with systolic BP 
and inversely associated with diastolic BP, thus emphasizing the prognostic 
value of PP  [26] . In the large population of the Systolic Hypertension in the 
Elderly (SHEP) study, mean BP and PP were both independent determinants 
of stroke risk. However, even in this analysis the stroke risk increased to a 
greater extent with mean BP (by 20% for every 10 mm Hg) than with PP (by 
11% for every 10 mm Hg)  [18] .

  Overall,  these findings suggest that in subjects with predominantly systolic 
and diastolic hypertension, PP is the dominant predictor of coronary events 
while mean BP is the major predictor of stroke . Such an assumption may not be 
held in subjects with isolated systolic hypertension, where PP may be a valid 
predictor of both coronary and cerebrovascular events.

  Pathophysiology 
 A wide PP might be considered a prognostic marker for coronary artery 

disease by reflecting diffuse atherosclerotic processes potentially involving 
also the major coronary arteries. In addition, it could also represent a direct 
and independent stimulus for a further progression of atherosclerosis. In a re-
cent study, PP showed a direct association with C-reactive protein and other 
markers of inflammation in hypertensive patients  [27] . A potential basis for 
the strong impact of elevated PP on the risk of myocardial ischemia might also 
be the unfavorable balance between early reflection of the pressure wave in the 
aorta during systole, further increasing LV wall stress and oxygen require-
ment, and the potentially impaired coronary flow at low levels of diastolic BP 
 [28] .

  It is worth noting, however, that brachial PP may not be a reliable marker 
of central PP, particularly in the young subjects, because of the progressive pe-
ripheral amplification of pressure wave, which tends to decrease with age and 
to increase with height  [29, 30] .

  A study by Alfie et al.  [31]  provided details on the relation between PP and 
stroke volume at different ages in untreated hypertensive subjects. Before age 
50, 24-hour PP showed a direct significant association with stroke volume and 
a negative association with arterial compliance, estimated by the ratio between 
stroke volume and PP. In contrast, after age 50, 24-hour PP correlated nega-
tively with arterial compliance, without any significant relation with the stroke 
volume. Thus, the stroke volume is an important determinant of PP in young 
hypertensive subjects  [31] .
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  Additional Information Provided by Ambulatory Blood Pressure 

 Diagnosis and management of hypertension are traditionally based on BP 
measurements carried out in the hospital or physician’s office. Over the last 
years, the great interest generated by ambulatory BP monitoring in clinical 
practice has increased medical interest about whether the clinic BP measures 
are the best ones to assess the cardiovascular risk in individual hypertensive 
patient.

  For example, PP may be importantly affected by the alerting reaction 
evoked by the clinical visit. Several years ago, studies by Mancia et al.  [32, 33]  
allowed to quantify for the first time the rise in intra-arterial BP evoked by the 
physician’s visit, which approximated 4–75 mm Hg (mean 27) for systolic BP 
and 1–36 mm Hg (mean 15) for diastolic BP. Thus, the bigger rise in systolic 
than diastolic BP implied an increase in PP of about 12 mm Hg from before to 
during the visit.

  The important conclusion of these studies is that clinic (office) PP may 
overestimate the usual levels of PP.

  Indeed, some cross-sectional studies suggest that ambulatory PP corre-
lates with organ damage more closely than clinic PP does. In the setting of the 
European Lacidipine Study on Atherosclerosis (ELSA) study, 24-hour PP was 
a strong and independent predictor of intima-media thickness in hypertensive 
patients and its predictive effect was superior to that of clinic PP  [34] .

  In order to provide further insight into the prognostic value of ambula-
tory PP, we followed for about 4 years 2,010 initially untreated and uncompli-
cated subjects with essential hypertension included in the PIUMA study  [35] . 
The crude rate of a composite pool of cardiovascular events (per 100 persons 
per year) in the 3 tertiles of the distribution of clinic PP was 1.38, 2.12 and 4.34, 
respectively, and that of fatal events was 0.12, 0.30 and 1.07 (log-rank test: both 
p  !  0.01). In the 3 tertiles of the distribution of average 24-hour PP, the rate of 
total cardiovascular events was 1.19, 1.81 and 4.92, and that of fatal events was 
0.11, 0.17 and 1.23 (log-rank test: both p  !  0.01). For any level of clinic PP, the 
incidence of a composite pool of cardiovascular events increased with ambula-
tory PP. In contrast, for any level of 24-hour ambulatory PP there was no ap-
preciable rise in the event rate with increasing clinic PP ( fig. 3 ). In a multivar-
iate analysis, after adjustment for the influence of concomitant risk factors, 
survival data were better fitted by the model containing ambulatory PP than 
by that containing clinic PP. In each of the 3 tertiles of clinic PP, cardiovascu-
lar morbidity and mortality increased from the first to the third tertile of aver-
age 24-hour ambulatory PP (log-rank test: all p  !  0.01).

  In summary, these data suggest that  the alerting reaction to office BP mea-
surement weakens the relation between PP and total cardiovascular risk, and 
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that ambulatory PP provides a more precise estimate of risk   [35] . These data 
have been confirmed in the setting of the Systolic Hypertension in Europe 
(Syst-Eur) study  [36] , carried out in elderly subjects with isolated systolic hy-
pertension. In this study, 24-hour and nighttime PP showed an association 
with total and cardiovascular mortality, all cardiovascular events, stroke, and 
cardiac events, while daytime PP predicted cardiovascular mortality, all car-
diovascular end-points, and stroke. In addition, 24-hour and nighttime ambu-
latory PP predicted cardiovascular outcome over and beyond clinic PP.

  Therapeutic Implications 

 Despite the evidence on the prognostic impact of brachial PP on coronary 
and cerebrovascular events, no recommendations are available as to guide an-
tihypertensive treatment on the basis of brachial PP. Furthermore, it is not 
clear whether some classes of antihypertensive drugs are more effective than 
others on arterial distensibility and compliance. Some data suggest that ACE 
inhibitors are particularly effective on arterial wall properties and aortic pulse 
wave velocity in hypertensive patients  [36–38] , but further research is needed 
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  Fig. 3.  For any level of clinic PP, the incidence of a composite pool of cardiovascular 
events increased with ambulatory PP. In contrast, for any level of 24-hour ambulatory PP 
there was no appreciable rise in the event rate with increasing clinic PP [adapted from 
 35 ]. 
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in this area. A recent meta-regression analysis showed that ACE inhibitors 
confer specific protection against coronary heart disease independent of their 
antihypertensive effect  [39] . Since that analysis addressed mega-trials in which 
systolic and diastolic BP were measured at brachial level  [39] , one potential 
mechanism of the superiority of ACE inhibitors on coronary events might be 
a greater BP response at central (aortic) level.
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    Section II – Arterial Stiffness, Atherosclerosis and End-Organ Damage

 Safar ME, Frohlich ED (eds): Atherosclerosis, Large Arteries and Cardiovascular Risk.
Adv Cardiol. Basel, Karger, 2007, vol 44, pp 160–172 
  

   Abstract 
Coronary heart disease is a major cause of death and morbidity. Due to the increased 

longevity of most developed societies, there is an increasing overlap between arteriosclero-
sis associated with normal vascular ageing and atherosclerosis associated with cardiovas-
cular risk factors. There is therefore a need for improvements, both in the early identifica-
tion of individuals at risk, and in cardiovascular risk stratification. Arterial stiffness is an 
important determinant of cardiovascular risk and can now be measured simply and non-
invasively in large populations. This review will therefore focus on the current evidence as 
to the predictive value of arterial stiffness in relation to coronary events and also on the 
possible pathophysiological mechanisms linking arterial stiffness and atherosclerosis.  

 Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 Atherosclerotic coronary heart disease (CHD) is one of the leading causes 
of death worldwide. Therefore, the early detection of occult atheroma, or those 
individuals who are at significantly increased risk, is necessary for successful 
primary prevention of myocardial infarction and angina. Moreover, signifi-
cant CHD can exist without overt clinical signs or symptoms. Indeed, a sig-
nificant number of first myocardial infarctions occur in individuals in whom 
traditional cardiovascular risk factors are only slightly elevated  [1, 2] . There-
fore, early identification of novel cardiovascular risk markers and more accu-
rate risk stratification is required. As described in previous chapters, arterial 
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stiffness is considered a key risk factor for cardiovascular disease, and can be 
assessed in large populations, using relatively simple, non-invasive methods. 
This chapter will review the evidence surrounding the predictive value of arte-
rial stiffness in relation to atherosclerotic coronary events.

  Cross-Sectional Studies 

 A logical first step in defining the value of arterial stiffness as a predictor 
of atherosclerotic coronary events is to determine whether large artery stiff-
ness is increased in subjects who have already experienced a coronary event 
compared to healthy individuals. Hirai et al.  [3]  were amongst the first to ex-
amine this question. They assessed  �  stiffness index (a measure of aortic stiff-
ness) in 49 patients who had suffered a myocardial infarction and 19 controls, 
and demonstrated that aortic stiffness was significantly higher in patients rel-
ative to controls.

  Two further studies have examined the relationship between arterial stiff-
ness and restenosis post-angioplasty  [4, 5] . Both were invasive and demon-
strated a significant relationship between restenosis and aortic pulsatility  [4] , 
and with aortic augmentation index  [5] . Nishijima et al.  [4]  studied 53 con-
secutive patients admitted for revascularization who had had successful coro-
nary balloon angioplasty and coronary angiography 3 months after angioplas-
ty. They evaluated the morphology of the invasively measured ascending aor-
tic pressure wave. In order to quantify the relative magnitude of the pulsatile 
aortic pressure they normalized it to mean pressure and defined this value as 
the fractional pulse pressure. This surrogate measure of aortic stiffness was a 
powerful predictor of restenosis, even after adjustments for age, sex, cardiovas-
cular risk factors, vessel size and previous myocardial infarction. The odds 
ratio for restenosis was 33.5% in the highest tertile of fractional pulse pressure 
compared to the lowest tertile and the authors calculated that for each 0.1 in-
crease in fractional pulse pressure, the odds ratio of restenosis rose by 88%.

  In a similar study, Ueda et al.  [5]  investigated the predictive value of the 
invasively measured aortic augmentation index in 74 consecutive patients un-
dergoing revascularization using similar inclusion criteria as the study of 
Nishijima et al. [4]. They assessed aortic stiffness by measuring time to the in-
flection point on the aortic pressure wave form – so-called ‘T R ’, which provides 
a surrogate measure of aortic pulse wave velocity (T R  falls as pulse wave veloc-
ity increases). The odds ratio of restenosis was  � 7 in the lowest tertile relative 
to the highest, and a 20-ms increase in inflection time increased the odds ratio 
of restenosis by 70%. One potential limitation of these studies is that they used 
fluid-filled pressure catheters which are less accurate than high-fidelity pres-
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sure transducers due to a poorer frequency response. Nevertheless, they do 
emphasize the value of surrogate measures of aortic stiffness in predicting the 
risk of restenosis post-angioplasty.

  Arterial stiffness also appears to be increased in subjects with microvas-
cular CHD. In a more recent study, Arroyo-Espliguero et al.  [6]  assessed ca-
rotid artery stiffness using Doppler ultrasound in a cohort of 30 patients with 
syndrome X. Carotid stiffness was significantly increased in those with syn-
drome X compared with control subjects. Although distensibility also tended 
to be lower in the syndrome X group, this did not reach statistical signifi-
cance.

  The risk of myocardial infarction is greatest in individuals with pre-exist-
ing coronary artery disease and a number of small studies have demonstrated 
significant relationships between invasive  [4, 7, 8]  and non-invasive  [9, 10]  
measurements of arterial stiffness and the extent and severity of coronary ath-
eromatous disease. Jankowski et al.  [8]  studied 445 patients with angiograph-
ically confirmed coronary artery disease and measured ascending aortic pres-
sure during catheterization. They used fractional aortic diastolic and systolic 
pressure derived from the invasively acquired aortic waveforms. Fractional 
systolic and fractional diastolic pressure differentiated patients with one-, 
two-, and three-vessel coronary artery disease. Interestingly, none of the 
 brachial pressure indices was independently related to the extent of coronary 
atherosclerosis.

  A recent large multi-centre study involving 1,337 patients at high risk of 
coronary artery disease from 75 centres demonstrated a significant relation-
ship between invasively measured central aortic pulse pressure and both the 
presence and severity of angiographically determined coronary artery disease 
 [11] . McLeod et al.  [9]  assessed pulse wave velocity and augmentation index in 
a group of patients undergoing intravascular ultrasound of their coronary ar-
teries. They demonstrated a significant relationship between carotid-radial 
pulse wave velocity and plaque load. Interestingly, aortic augmentation index 
measured non-invasively did not correlate with plaque load, which is in con-
trast to an earlier study using invasive measurements of augmentation index 
 [12] . Moreover, in a large non-invasive study performed in 465 consecutive 
male patients undergoing coronary angiography for symptoms of suspected 
coronary artery disease, Weber et al.  [10]  found a significant association be-
tween the presence and severity of coronary artery disease and central aortic 
augmentation index. Taken together, the results from the studies to date are 
consistent with the hypothesis that central aortic stiffness may promote the 
development of coronary artery disease and that therapeutic intervention tar-
geted at reducing arterial stiffness may be of benefit in patients with coronary 
artery disease.
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Table 1. Prospective longitudinal studies examining the relationship between aortic pulse wave velocity  and outcome

Reference Patient
group

Presence
of CHD

Subjects
(male/female)

Age
years

Duration of
follow-up, years

End-points Major findings

Blacher
[13]

ESRD Yes 241
(147/94)

52 6 All-cause and
CV mortality

Aortic PWV significantly associated with 
all-cause and CV mortality

Laurent
[14]

Hyperten-
sives

Yes 1,980
(1,297/983)

50 9 All-cause and
CV mortality

Aortic PWV significantly associated with 
all-cause and CV mortality
Aortic PWV significantly associated with 
CV mortality in patients without history 
of CV disease

Cruickshank
[15]

Type 2
diabetes

Yes 397
(239/158)

60 10 All-cause and
CV mortality

PWV-independent predictor of all-cause 
and CV mortality

Boutouyrie
[19]

Hyperten-
sives

No 1,045
681/364

51 5.7 Fatal or non-fatal
CHD event

Aortic PWV-independent predictor of 
primary coronary events
Aortic PWV-independent predictor of 
CV events

Meaume
[17]

Elderly
hospitalized

Yes 141
38/103

87 2.5 All-cause and
CV mortality

Aortic PWV significantly associated with 
CV mortality (SBP/PP not associated)
Past history of MI also significantly 
associated with  all-cause and CV 
mortality

Sutton-Tyrrell
[18]

Well-
functioning
older adults

Yes 2,488
(1,186/1,302)

74 4.6 All-cause and
CV mortality and
CHD events

Aortic PWV significantly associated with 
all-cause and CV mortality
Aortic PWV significantly associated with 
CHD events and stroke, but not CHF
Association remained when individuals 
with prevalent CVD at baseline excluded 
from the analysis
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  Longitudinal Studies 

 Although cross-sectional studies provide useful information concerning 
the relationship between arterial stiffness and coronary events, prospective 
longitudinal studies with hard end-points are required to attribute a causal 
role of arterial stiffening in disease pathophysiology.

  Evidence that Aortic Pulse Wave Velocity Predicts Outcome in Patient 
Groups 
 The results of a number of longitudinal follow-up studies clearly demon-

strate that arterial stiffness, assessed by measuring the aortic pulse wave veloc-
ity, is a key, independent determinant of both total and cardiovascular mortal-
ity. The first such study, published by Blacher et al.  [13]  in 1999, consisted of 241 
patients with end-stage renal disease, with an average age of 52 years at baseline. 
Over a mean follow-up of 6 years, 73 deaths were recorded, including 48 fatal 
cardiovascular events of which 15 were due to CHD. Aortic pulse wave velocity, 
determined from transcutaneous Doppler flow recordings at the aortic arch and 
the femoral artery, emerged as a significant and independent predictor of total 
and cardiovascular mortality, along with age, and diastolic blood pressure 
which was inversely associated with outcome. These findings were extended to 
two other patient groups – essential hypertension  [14]  and type 2 diabetes  [15] . 
In 1,980 patients with essential hypertension, followed-up for an average of 9 
years, 107 fatal events were recorded, 46 of which were due to cardiovascular 
events and 19 deaths related to CHD. The significant determinants of mortality 
were pulse wave velocity, age, heart rate and a previous history of cardiovascular 
disease. Aortic pulse wave velocity was also assessed in 397 patients with type 2 
diabetes (mean age 60 years). The patients were followed up for 10 years and 
aortic pulse wave velocity found to be significantly and independently related 
to total and cardiovascular mortality, together with age and female gender.

  Although these studies provide good evidence that aortic pulse wave ve-
locity is an important and novel marker of cardiovascular risk, many of the 
patients had pre-existing cardiovascular conditions, which may have con-
founded the results. Indeed, in the renal failure cohort, the incidence of previ-
ous cardiovascular events was significantly increased in those individuals who 
fell within the highest tertile of pulse wave velocity (48%), compared with 
those in the lowest tertile (6%). Moreover, in the diabetic cohort, the incidence 
of ischaemic heart disease was significantly higher in non-survivors (21%) 
compared with survivors (4%). However, in a sub-analysis of the hypertensive 
cohort, including only those patients with no previous history of cardiovascu-
lar disease (n = 1,798), the independent association between aortic pulse wave 
velocity and cardiovascular mortality remained.
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Table 2. Prospective longitudinal studies examining the relationship between other indices of large artery properties and outcome

Reference Measure Patient group Presence
of CHD

Subjects
(male/female)

Age
years

Duration
of follow-
up, years

End-
points

Major findings

Franklin
[16]

PPP Framingham
Cohort

No 1,924
(830/1,094)

61 14.3 Incident
CHD

Greater increase in CDH risk with 
increase in PP

Schram
[43]

PPP Type 2
diabetes

Yes 208 66 8.6 CV
mortality

PPP significantly associated with 
CV mortality

Safar
[22]

CPP ESRD Yes 180
(108/72)

54 4.3 All-cause
mortality

Carotid (central) PP more powerful 
predictor of all-cause mortality than 
brachial PP 

London
[23]

AIx ESRD Yes 180
(108/72)

54 4.3 All-cause
and CV
mortality

AIx significantly associated with 
all-cause and CV mortality

Chirinos
[24]

AP/AIx Established
CAD

Yes 297 
(297/0)

64 3.2 MACEs AP and AIx significantly associated 
with occurrence of MACEs
AP significantly associated with all-
cause mortality

Matsuoka
[25]

Brachial-
ankle
PWV

Elderly
adults

Not
reported

298
(120/178)

79 3.4 CV
mortality

Brachial-ankle PWV 
significantly associated with CV 
mortality
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  Evidence that Aortic Pulse Wave Velocity Predicts Outcome in Older 
Individuals 
 Systolic blood pressure rises continuously throughout life, whereas dia-

stolic blood pressure tends to level off and may even decline in persons over 50 
years of age  [16] . Consequently, pulse pressure increases as a function of chron-
ological age, a process attributed to large artery stiffening. Systolic blood pres-
sure and pulse pressure are considered major markers of cardiovascular risk in 
older individuals  [16] . More recently, two prospective longitudinal studies 
have extended these findings by demonstrating that aortic pulse wave velocity 
is also an important determinant of outcome in older individuals. In 141 el-
derly, hospitalized individuals (mean age 87), followed up over 2.5 years  [17] , 
56 deaths were recorded, including 27 fatal cardiovascular events. Aortic pulse 
wave velocity independently predicted cardiovascular but not total mortality. 
However, a previous history of myocardial infarction was also a significant 
predictor of both cardiovascular and total mortality in this population. Inter-
estingly, systolic and pulse pressure had no predictive value when included 
with pulse wave velocity in regression models. These findings were recently 
confirmed and extended in a much larger cohort of 2,488 well-functioning, 
older adults, recruited from the general population  [18] . The mean age of the 
cohort was 74 years and the average length of follow-up was 4.6 years. In all, 
265 deaths were recorded, including 111 from cardiovascular causes. Again, 
aortic pulse wave velocity emerged as a significant predictor of both cardiovas-
cular and total mortality.

  Evidence that Aortic Pulse Wave Velocity Predicts Coronary Events 
 Although there is a clear link between aortic pulse wave velocity and out-

come in patient groups and older individuals, the evidence supporting a direct 
relationship between arterial stiffness and coronary events is somewhat lim-
ited. This is most probably due to relatively small samples sizes in most studies 
to date, which preclude meaningful sub-analyses concerning CHD events. 
However, in a separate analysis of the cohort of patients with essential hyper-
tension described above, 1,045 patients with no previous history of cardiovas-
cular disease (mean age 51 years) were followed up over an average of 5.7 years 
 [19] . Ninety-seven fatal and non-fatal cardiovascular events were recorded, 
including 53 coronary events. Aortic pulse wave velocity emerged as a signifi-
cant predictor of primary coronary events in this population. In another sub-
analysis of the cohort of well-functioning older adults  [18] , a higher aortic 
pulse wave velocity independently predicted coronary events. Although  � 25% 
of patients had pre-existing cardiovascular disease, when these individuals 
were excluded from the analyses, the association between pulse wave velocity 
and coronary events remained.



 Does Arterial Stiffness Predict Atherosclerotic Coronary Events?  167 

  Other Indices 
 A number of longitudinal studies have examined the importance of other 

arterial haemodynamic indices in determining outcome. Brachial pulse pres-
sure is often used as a surrogate measure of large artery stiffness and there is 
overwhelming evidence described elsewhere, demonstrating an independent 
relationship between brachial pulse pressure and cardiovascular risk. How-
ever, pulse pressure measured at the brachial artery does not always provide 
an accurate indication of central pulse pressure, due to the phenomenon of 
pressure amplification within the arterial system. This is important clinically, 
because the left ventricle, kidney, and brain are exposed to  central , not periph-
eral pressure  [20, 21] .

  Only one study has examined the importance of central pulse pressure in 
predicting events and only total mortality was considered. In a cohort of 180 
patients with end-stage renal failure (mean age 54 years)  [22] , carotid pulse 
pressure was a more powerful predictor of outcome than peripheral pulse pres-
sure. Using the same cohort of patients, carotid augmentation index also inde-
pendently predicted both cardiovascular and total mortality  [23] .

  Central pressure augmentation and augmentation index were also exam-
ined in a cohort of 297 male subjects (mean age 64 years), all of whom were 
undergoing clinically indicated coronary angiography  [24] . Both augmenta-
tion pressure and augmentation index were significantly associated with the 
occurrence of a major adverse cardiovascular event, and augmentation pres-
sure was also significantly associated with all-cause mortality. Finally, in a 
Japanese population of 297 elderly adults (mean age 79 years), brachial-ankle 
pulse wave velocity was significantly associated with cardiovascular mortality 
 [25] .

  Despite relatively few studies, there is a growing body of evidence which 
clearly demonstrates that arterial stiffness, assessed by measuring the aortic 
pulse wave velocity, is a key predictor of cardiovascular and all-cause mortal-
ity in a number of patient groups and older individuals, including those with 
no prior history of cardiovascular disease. Moreover, other haemodynamic 
indices which relate to large artery properties, such as central pulse pressure, 
augmentation index and brachial-ankle pulse wave velocity, are also important 
determinants of risk. Although longitudinal studies provide much greater ev-
idence of causality concerning the importance of arterial stiffness in the patho-
physiology of cardiovascular disease, intervention studies are now required to 
establish causation fully and to reduce the excess cardiovascular risk associ-
ated with arterial stiffening.
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  Pathophysiological Mechanisms 

 There is clearly a close, yet complex, relationship between the stiffness of 
the large arteries and the process of atherosclerosis. Arterial stiffening and 
atherosclerosis often co-exist, and several studies have identified a correlation 
between atherosclerotic burden and aortic stiffness. Moreover, as already dis-
cussed, arterial stiffness is a predictor of future cardiovascular, and indeed 
coronary, events. These observations have led many to think of arterial stiff-
ness as simply a marker of atherosclerotic disease. Although they may share 
common risk factors such as hypertension and cigarette smoking, pathologi-
cally, and clinically, atherosclerosis and arteriosclerosis must be considered as 
distinct clinical entities. Furthermore, stiffening of the large arteries may also 
promote cardiovascular disease by a number of mechanisms  [26, 27] .

  As the aorta stiffens, pulse pressure rises, due to reduced buffering capac-
ity, but also augmentation of systolic pressure by a faster return of reflected 
pressure waves from the periphery. This rise in central systolic pressure pro-
motes left ventricular hypertrophy and ventricular stiffening ultimately lead-
ing to diastolic dysfunction and heart failure  [27] . Indeed, left ventricular mass 
is more closely related to pulse pressure in the aorta than that measured more 
commonly in the brachial artery  [28] . The concomitant fall in diastolic pres-
sure reduces coronary blood flow, exacerbating the situation, and predisposing 
to ischaemia. The widened pulse pressure is transmitted to other arteries such 
as the carotid, which then undergo a process of remodelling to reduce wall 
stress, leading to intima-media thickening  [29] . Arterial stiffening also in-
creases cyclical stresses within the arterial wall, accelerating elastic fibre fa-
tigue fracture, further stiffening the vessel and creating a vicious circle.

  Endothelial Function 
 The endothelium is a monolayer of cells lining the vascular tree, which we 

now recognize to play a pivotal role in cardiovascular homeostasis. These cells 
release a number of vasoactive mediators including nitric oxide and endothe-
lin-1. In addition to being a potent vasodilator, nitric oxide has a number of 
important anti-atherosclerotic actions including inhibition of platelet aggrega-
tion, expression of adhesion molecules, and smooth muscle cell proliferation. 
Although a number of pharmacological and chemical stimuli regulate endo-
thelial nitric oxide production, shear stress is one of the more important phys-
iological stimuli for nitric oxide production in vivo.

  As arteries stiffen, the mean shear stress may increase but shear stress rate 
falls  [30] , thus reducing endothelial nitric oxide production – a key initiating 
event in atheroma formation. Indeed, it is well recognized that atheroma in the 
carotid arteries predominantly occurs at sites of low shear stress rate  [31] . 
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Moreover, endothelial dysfunction, characterized by decreased bioavailability 
of nitric oxide, predicts the risk of future cardiovascular and coronary events 
in subjects with known coronary artery disease  [32, 33] , and those with hyper-
tension  [34] .

  Reduced nitric oxide production may also lead to further arterial stiff-
ening.   We have recently demonstrated that blockade of nitric oxide synthesis 
leads to an increase in local arterial stiffness  [35, 36] , supporting the hypoth-
esis that endothelium-derived NO regulates arterial stiffness in vivo. Inter-
estingly, recent data suggest a correlation between arterial stiffness and en-
dothelial function both in the coronary  [37]  and peripheral  [38]  circula-
tions.

  Inflammation 
 Atherosclerosis is increasingly recognized as an inflammatory condition. 

Indeed, levels of the acute phase reactant C-reactive protein predict the risk of 
future cardiovascular events in subjects with coronary artery disease and in 
otherwise healthy individuals  [39] . More recently, we and others have shown 
a relationship between C-reactive protein and large artery stiffness in healthy 
individuals free from overt atherosclerotic disease or traditional cardiovascu-
lar risk factors  [40, 41] . Interestingly, acute systemic inflammation either ex-
perimental or disease-related  [40, 42]  leads to reversible aortic stiffening. This 
strongly suggests that inflammation plays a role in arterial stiffening, possibly 
due to endothelial dysfunction. However, whether inflammation drives both 

  Fig. 1.  Possible links between arterial stiffness and atherosclerosis. 
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atherosclerosis and arterial stiffening, whether they all share common risk fac-
tors or whether atherosclerosis leads to inflammation which in turn increases 
arterial stiffness remains unclear ( fig. 1 ).

   To summarize:  The incidence of atherosclerotic coronary disease is set to 
increase significantly over the next decade, due in large part to the increased 
longevity of many modern societies. Primary prevention of coronary disease 
is therefore a major priority for the future, and will require improved methods 
of risk stratification. Measurements of traditional risk factors may not provide 
adequate risk stratification within elderly populations where there is a sub-
stantial overlap between ‘normal vascular ageing’ and disease states leading to 
‘premature vascular ageing’.

  Arterial stiffness is emerging as an important risk factor for CHD and can 
be non-invasively measured in large populations by a number of methods. Us-
ing such techniques, cross-sectional and longitudinal studies have demon-
strated the value of arterial stiffness in terms of predicting atherosclerotic cor-
onary events. In order to maximize the predictive power of measuring arterial 
stiffness in clinical practice, longitudinal studies need to be undertaken in or-
der to ascertain which risk factors are the most important determinants of its 
progression. In addition, a better understanding of the pathophysiological 
mechanisms involved in mediating arterial stiffness and atherosclerotic coro-
nary disease will allow improved targeting of therapeutic strategies in the fu-
ture.

  Finally, little doubt remains that the assessment of arterial stiffness will 
make a major contribution to the improved management of atherosclerotic 
coronary disease in the clinical arena and its assessment should be included in 
all future large intervention studies. The choice of technique will be influenced 
by a number of factors including, cost, ease of use, and most importantly, ro-
bust outcome data.
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 Abstract 
Assessment of intima-media thickness or of measures of large arteries compliance 

may identify patients at increased risk for stroke. In fact, carotid atherosclerosis and arte-
rial stiffness are both related to risk factors associated with the occurrence of stroke. In 
addition, several cross-sectional studies have shown that risk factors associated with the 
occurrence of stroke have been correlated with carotid atherosclerosis development and 
progression and with increased arterial stiffness. Some studies have also shown that aor-
tic stiffness is associated with the extent of atherosclerosis in the carotid and in other 
vascular beds. More importantly, longitudinal studies have demonstrated that carotid 
atherosclerosis and arterial stiffness are independent predictors of stroke (and other car-
diovascular events). Interventional studies have demonstrated that treatment with statins, 
calcium antagonists, ACE inhibitors, and insulin sensitizers may be particularly effective 
on slowing the progression or favoring the regression of atherosclerotic changes, and may 
reduce large artery stiffness. It remains to be proven, in large prospective studies, wheth-
er the regression of increased arterial stiffness or of carotid intima-media thickness and 
plaque have a prognostic significance, i.e. are associated with a reduction of the risk of 
cerebrovascular events.

 Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 Several cross-sectional studies have shown that risk factors associated 
with the occurrence of stroke have been correlated with carotid atherosclerosis 
development and progression and with increased arterial stiffness  [1, 2] . Some 
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studies have also shown that aortic stiffness is associated with the extent of 
atherosclerosis in the carotid and in other vascular beds.

  More importantly, longitudinal studies have demonstrated that carotid 
atherosclerosis and arterial stiffness are independent predictors of stroke (and 
other cardiovascular events)  [1–4] . Based on these important results, current 
research is focused on markers of subclinical arterial disease that may be mea-
sured by non-invasive investigation, i.e. arterial stiffness, carotid intima-me-
dia thickness (IMT) and plaque.

  Carotid Atherosclerosis (IMT and Plaque) 

 Methodological Aspects 
 Carotid ultrasound is routinely used for the evaluation of patients with 

clinical signs (carotid bruits) or symptoms of cerebrovascular ischemia. Di-
rect visualization of carotid and vertebral arteries is accurate and reproduc-
ible, and may allow the identification of plaques; in addition, duplex ultra-
sound is used to evaluate alterations in the Doppler peak systolic velocities 
and waveform, in order to measure degree of stenosis, and changes of flow 
direction in the vertebral arteries. Ultrasonic plaque morphology may add 
useful information on plaque stability and may correlate with symptoms. Def-
inition of plaques is based on either arbitrary cutpoint of IMT, or on visual 
inspection and presence of acoustic shadows, or on changes in flow; these dif-
ferent methods can make difficult the evaluation of changes in plaque during 
interventional studies.

  Values of carotid IMT measured at autopsy by ultrasound are similar to 
those calculated by direct measurement. In patients with preclinical disease, 
high-resolution ultrasound of the carotid arteries has been widely used for the 
measurement of intima-media complex (combined thickness of intima and 
media) in the arterial wall, in order to assess the prevalence, the main deter-
minants and the progression of early vascular lesions  [5, 6] .

  Quantitative analysis of IMT is reliable when sonographers are trained 
rigorously and reproducibility of scan measurements is evaluated over time; 
when these aspects are taken into account, measurement of IMT can be used 
in clinical trials and in routine clinical practice for cardiovascular risk assess-
ment  [7, 8] .

  There are different protocols and methods for measuring IMT  [2, 7] . Mea-
surements may be obtained by manual cursor placement or by automated com-
puterized edge detection.

  The most frequently used measurements in epidemiological and interven-
tional clinical trials are: (1) mean maximum thickness (M max ) of up to 12 dif-
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ferent sites (right and left, near and far walls, distal common, bifurcation and 
proximal internal carotid); (2) overall single maximum IMT (T max ), and
(3) mean of the maximum IMT of the 4 far walls in the common, bifurcation 
or internal carotid segment, considered separately or pooled together for the 
carotid bifurcations and distal common carotid arteries (CBM max ).

  Measurement of IMT at multiple sites frequently includes plaque thick-
ness.

  Some concern still exists regarding the clinical significance of these mea-
sures, since far wall common carotid thickness analysis by computerized edge 
detection may imply the risk of missing important information on other seg-
ments of the carotid tree. In addition, a diffuse thickening of the arterial wall 
may be observed in some patients and several focal plaques in others, so that 
multiple site IMT measurements could detect both alterations.

  Intima-media thickening could represent an early phase in the develop-
ment of atherosclerotic plaque: according to the results of the EVA (Etude du 
Vieillissement Artériel) study, in a sample of 1,010 subjects (age range 59–71 
years), the higher IMT was a strong predictor of the occurrence of a new plaque 
during a mean follow-up of 4.4 years  [9] .

  Clinical and epidemiological studies have given useful information on the 
reproducibility of IMT measured by ultrasound. Salonen et al.  [10]  have indi-
cated that between-observers and intra-observers variation coefficients result-
ed in 10.5 and 8.3%, respectively. In the ACAPS study  [11]  mean replicate dif-
ference was 0.11 mm and in the MIDAS  [12]  0.12 mm. More recently, in the 
ELSA (European Lacidipine Study of Atherosclerosis) that included more than 
2,000 patients, the cross-sectional reproducibility of ultrasound measurements 
at baseline was calculated: the overall coefficient of reliability (R) was 0.859 for 
CBM max , 0.872 for M max  and 0.794 for T max ; intra- and inter-reader reliability 
were 0.915 and 0.872, respectively  [13] .

  The normal IMT values are influenced by age, gender and race. Normal 
values of IMT may be defined in terms of statistical distribution within a 
healthy population; however, it may be better defined in terms of increased 
risk. Available data indicate that the relation between carotid IMT and cardio-
vascular events is continuous; a threshold of 0.9 mm can be taken as a conser-
vative estimate of a significant alteration.

  Longitudinal Studies 
 Traditional risk factors, including male sex, aging, being overweight, 

 elevated blood pressure, diabetes and smoking, are all positively associated 
with carotid IMT in observational and epidemiological studies  [1, 2, 8] . 
 Hypertension and particularly high systolic blood pressure values seem
to have the greatest effect on IMT  [5, 12–14] . Also, some new risk factors, 
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 including various lipoproteins, plasma viscosity, C-reactive protein and
hyperhomocysteinemia, have demonstrated an association with increased
IMT. Carotid IMT has also been found to be associated with preclini-
cal structural changes in the heart  [5] , brain, kidney and lower limb ar-
teries.

  In the GENIC study that included 510 patients with brain infarction com-
pared with 510 controls, it was observed that common carotid IMT, carotid 
plaques and the Framingham risk score all significantly correlated with the 
risk of stroke  [15] .

  Several studies have demonstrated the important prognostic significance 
of asymptomatic plaque and IMT, as measured by ultrasound.

  In patients with asymptomatic carotid atherosclerosis, the annual risk of 
stroke ranges from 1.3 to 3.3%. The highest risk is observed in patients with 
the most evident degree of stenosis; Norris et al.  [16]  observed, in patients with 
stenosis  1 75%, a combined annual transient ischemic attack and stroke rate of 
10.5%, with 75% of events ipsilateral to the stenosed artery. In the Cardiovas-
cular Health Study (CHS) population  [17] , 0.5% of subjects had high internal 
carotid peak velocity (approximately 2.5 m/s, suggesting a stenosis of  1 70%) 
and the 5-year risk of an ipsilateral fatal or non-fatal stroke was 5%.

  The presence of increased IMT also confers risk for future stroke, as dem-
onstrated by longitudinal prospective studies.

  In a large sample of middle-aged (45–65 years) subjects (7,865 women and 
6,349 men) enrolled into the ARIC (Atherosclerotic Risk In Communities) 
study, average IMT, measured by ultrasound at six sites of the carotid arteries, 
was associated with an increased incidence of stroke  [18] . In Cox proportional 
hazard models, adjusting for age, race and community, the hazard ratio for 
highest IMT (= or  1 1 mm) to lowest IMT ( ! 0.6 mm) was 8.5 (95% confidence 
interval (CI) 3.5–20.7) for women and 3.6 (95% CI 1.5–9.2) for men.

  In the Rotterdam study  [19]  the common carotid IMT was measured in 
1,373 control subjects who remained free of cardiovascular diseases, in 98 pa-
tients who had an acute myocardial infarction and in 95 patients with a stroke, 
during a mean follow-up period of 2.7 years. When cases and controls were 
compared, after adjustment for age and sex, the odds ratio (OR) for stroke per 
1 standard deviation (SD) increase of IMT (0.163 mm) was 1.41 (95% CI 1.25–
1.82). In men,   the OR per SD increase (0.172 mm) was 1.81 (95% CI   1.30–2.51) 
and in women, an OR of 1.33 (95% CI 1.03–1.71) per 0.155-mm SD increase 
was observed. When subjects   with a previous history of myocardial infarction 
or stroke were   excluded, the ORs were 1.57 (1.27–1.94) for all subjects,   1.89 
(95% CI 1.29–2.77) for men, and 1.37 (95% CI 1.02–1.83) for women. Addi-
tional   adjustment for several cardiovascular risk factors attenuated   these as-
sociations and the OR per 1 SD increase resulted: 1.34 (95% CI 1.08–1.67), 1.47 
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(95% CI 1.08–2.02), and 1.14 (95% CI 0.85–1.54), in all subjects, in men and 
in women, respectively.

  A further analysis of the Rotterdam study, comparing the predictive value 
of several measures of atherosclerosis (carotid IMT and plaques, ankle-arm 
index, and aortic calcifications) in relation to stroke, has shown that carotid 
IMT and aortic calcifications were related most strongly to the risk of stroke; 
the relative risks were 2.23 (95% CI 1.48–3.36) and 1.89 (95% CI 1.28–2.80) for 
highest versus lowest tertile, respectively. IMT and aortic calcifications were 
related to the risk of stroke independently of each other  [19] .

  The CHS  [20]  has prospectively evaluated 4,476 subjects aged  1 65 years 
for a follow-up period of 6 years; the annual incidence of stroke increased in 
the highest quintiles of IMT measured in the common and the internal ca-
rotid arteries. The increase of 1 SD in maximal common carotid IMT or max-
imal combined (common carotid and internal carotid arteries) IMT was as-
sociated with a 33–43% increase in risk of stroke after adjustment for age and 
sex and a 25–33% increase in risk of stroke after adjustment for additional fac-
tors (p  !  0.001 for all comparisons).

  The CHS and the Rotterdam study showed that the combined measure of 
IMT was a stronger predictor than the individual measures, possibly suggest-
ing that the mean maximum IMT may give a more precise estimate of the risk 
associated to the extent of the atherosclerotic process ( table 1 ).

  According to these observations, there is growing evidence that mor-
phological changes of carotid arteries walls may represent a marker of stroke, 
and as a consequence, an intermediate endpoint for therapeutic intervention 
in patients at risk for cerebrovascular events. However, it remains to be dem-
onstrated that IMT regression is associated with a reduction in clinical 
events.

Table 1. Outline of the Rotterdam, ARIC and CHS studies

Study Subjects Age, years Follow-up
years

Events Relative risk
(95% CI)

Rotterdam study 7,983 >55 
(men & women)

3 Acute myocardial
infarction and stroke

1.4 (1.2–1.8)
1.4 (1.3–1.8)

ARIC 15,792 45–64 
(men & women)

6–9 Stroke 5.5 (3.5–20.7), women
3.6 (1.5–9.2), men

CHS 5,858 >65 
(men & women)

6 Acute myocardial
infarction and stroke

2.9 (2–4)
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  Effect of Drug Treatment 

 Therapeutic double-blind trials have assessed the long-term effect mainly 
of antihypertensive ( table 2 ), and of lipid-lowering drugs on carotid IMT pro-
gression.

  In hypertensive patients the results indicate a greater effect of calcium an-
tagonists over diuretics and  � -blockers on IMT progression  [12, 21–23] . In the 
ELSA  [22]  a greater effect of lacidipine in plaque progression and regression 
was shown; the study did not have statistical power to detect differences in 
clinical events between the two treatment groups. In a small study the effect of 
a calcium antagonist and of an ACE inhibitor was similar  [24] .

  The effect of angiotensin II antagonists needs to be evaluated in larger 
studies; available data from small studies indicate that this class of drugs is 
more effective than  � -blockers and similar to ACE inhibitors. As ultrasound 
methodology is continuously improving, the measurement of plaque volume 
by three-dimensional reconstruction will be possible, in addition to IMT, for 
a more precise evaluation of atherosclerotic changes; IMT and plaque volume 
changes are the endpoint of an ongoing European study comparing an angio-
tensin II antagonist to a  � -blocker  [25] .

Table 2. Randomized clinical studies evaluating the effect of the treatment with antihypertensive drugs 
on carotid intima media thickness (IMT) changes

Treatment Study IMT Follow-
up, years

IMT progression IMT, mm/year

drug control

Isradipine vs. 
hydrochlorothiazide

MIDAS IMT Mmax

12 walls
3 0.04 (0.002) 0.05 (0.002)

Verapamil vs. 
chlorthalidone

VHAS IMT Mmax 6 walls
IM thickening
Plaque

4 0.015 (0.005)
0.024 (0.05)

–0.06 (0.095)*

0.016 (0.005)
0.021 (0.04)
0.011 (0.09)

Lacidipine vs. atenolol ELSA IMT Mmax 4 walls
(CBmax)

4 0.0057* 0.0146

Nifedipine vs. hydro-
chlorothiazide + amiloride

INSIGHT
IMT

Common
carotid, mean IMT

4 –0.007 (0.002)* 0.0077 (0.002)

MIDAS = Multicenter isradipine diuretic atherosclerotic study; VHAS = verapamil in hypertension and 
atherosclerosis study; ELSA = European lacidipine study on atherosclerosis; INSIGHT IMT = international 
nifedipine GITS study: intervention as a goal in hypertension treatment.

* Statistically significant difference vs. control drug.



 Carotid Atherosclerosis, Arterial Stiffness and Stroke Events  179 

  Plaque tissue composition and its changes may be indirectly evaluated by 
radiofrequency signal or videodensitometric analyses, differentiating the rela-
tive amount of lipid-rich macrophages or fibrous tissue. A recent analysis of 
the plaque composition in the ELSA study has pointed out that in about 70% 
of patients included in the study plaques are fibrolipidic. After 4 years of treat-
ment with either lacidipine or atenolol, no significant changes in plaque com-
position were observed, suggesting that treatment with a calcium antagonist 
may slow IMT progression, without influencing the characteristics of plaque 
tissue  [26] .

  ACE inhibitors reduce the progression of IMT as compared with placebo 
or diuretic, in hypertensive hypercholesterolemic patients  [27] .

  In high-risk patients, treatment with an ACE inhibitor, or with a calcium 
antagonist or a  � -blocker, is more effective than administration of placebo 
(over a conventional treatment) in delaying the progression of IMT  [28–30] .

A recent meta-regression analysis, including 22 randomized controlled 
trials, has evaluated the effects of an antihypertensive drug versus placebo or 
another antihypertensive agent of a different class on carotid IMT. The results 
have shown that, compared with no treatment, diuretics/ � -blockers or ACE 
inhibitors, CCBs attenuate the rate of progression of carotid intima-media 
thickening. In the prevention of carotid intima-media thickening, calcium an-
tagonists are more effective than ACE inhibitors, which in turn are more ef-
fective than placebo or no treatment, but not more active than diuretics/ � -
blockers. Among all studies, 9 trials inadequately powered for hard outcomes, 
reported morbidity and mortality results and the odds ratio for all fatal and 
non-fatal cardiovascular events in trials comparing active treatment with pla-
cebo reached statistical significance (p = 0.007). Therefore, it remains to be 
demonstrated whether IMT changes may have implications for the long-term 
prevention of cardiovascular complications such as stroke [31].

  In patients with hypercholesterolemia, long-term treatment with a statin 
may reduce the progression of carotid IMT and favor plaque regression. The 
changes induced on IMT by statin treatment have about twice the effect ob-
served with antihypertensive drugs. A recent analysis of nine studies, aimed to 
assess the efficacy of statin treatment on common carotid wall thickness, has 
demonstrated that carotid IMT reduction was strongly related with LDL de-
crease. It has been calculated that a 10% reduction in LDL cholesterol concentra-
tion is associated with a 0.73% per year decrease in IMT. In the LIPID study and 
in smaller studies, the occurrence of stroke was significantly lower in the group 
of patients treated with the active drug in respect to the control group. No cor-
relation between changes in IMT and incidence of stroke is reported  [32] .

  In a recent, randomized, controlled study, the effects of pioglitazone 
(45 mg/day) and glimepiride (2.7  8  1.6 mg/day) were compared on carotid 
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IMT in a large group of 173 patients with type 2 diabetes; despite similar gly-
cemic control, an improvement in insulin resistance and a decrease in carotid 
IMT were observed only in patients treated with pioglitazone  [33] .

  In perimenopausal women  [34]  the use of hormone replacement therapy 
was associated with a delayed progression of IMT in the common carotid ar-
tery.

  Arterial Stiffness 

 Methodology 
 Basically, three main methods are used in clinical practice to assess non-

invasive measures of arterial stiffness  [35] .
  Aortic stiffness may be obtained by measurement of pulse wave velocity 

(PWV) along the thoracic and abdominal aorta. Wave forms of the right com-
mon carotid artery and the right femoral artery can be detected by applanation 
tonometry or pressure-sensitive transducers, and the time delay between the 
feet of the two waveforms is measured. The distance traveled by the pulse wave 
is measured over the body surface, and the PWV is calculated as the ratio of 
distance over time (m/s).

  In addition, carotid stiffness can be measured directly from the ratio of 
local pulse pressure (measured by applanation tonometry) to relative stroke 
change in diameter (measured by ultrasound scan).

  Aortic stiffness can be estimated from the augmentation index, i.e. the ad-
ditional increase in pressure caused by the pressure wave reflected back from 
the periphery.

  Other parameters and indices of arterial mechanics can also be calculated: 
(1) the cross-sectional compliance, i.e. the relationship between decline in 
pressure and decline in volume in the arterial tree during the diastolic pressure 
decay, which takes into account the volume of the artery, and mainly the age-
induced enlargement; (2) the cross-sectional distensibility, i.e. the relative 
change in vessel diameter (or area) for a given change in pressure, which is re-
lated to the mechanical behaviour of the artery as a whole; (3) the Peterson 
elastic modulus, which is the pressure change required for 100% (theoretical) 
stretch from resting diameter, and is inversely related to cross-sectional dis-
tensibility; (4) the Young’s incremental elastic modulus (E inc ), which corre-
sponds to the elastic modulus per unit area, requires measurement of wall 
thickness and may give insights on the mechanical behaviour of the wall mate-
rial, and (5) the  �  stiffness index, which corresponds to the ratio of natural 
logarithm of systolic/diastolic blood pressure to the relative change in diame-
ter, and is supposed to be independent of distending pressure.
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  Brachial pulse pressure (instead of carotid pulse pressure) is used for the 
calculation of all these parameters and this may reduce their precision. Despite 
this limitation, all these parameters are well accepted as indices of arterial 
stiffness  [35] .

  Cross-sectional studies have shown a significant correlation between arte-
rial stiffness and CV risk factors for atherosclerotic lesions, such as aging, hy-
pertension, hypercholesterolemia, type 2 diabetes mellitus or glucose intoler-
ance, metabolic syndrome, and several inflammation parameters, suggesting 
that arterial stiffness may be considered a marker of CV risk  [3] .

  In addition, longitudinal studies have evaluated the incidence of cardio-
vascular events, including stroke, during follow-up, and have demonstrated 
the predictive value of arterial stiffness as an intermediate endpoint.

  Longitudinal Studies 
 Longitudinal studies directly demonstrated that arterial stiffness, mea-

sured through carotid-femoral PWV, was an independent predictor of stroke 
 [36]  in patients with uncomplicated essential hypertension. In a population of 
1,715 essential hypertensive patients, Laurent et al.  [36]  have found that after a 
mean follow-up of 7.9 years, for each SD increase in PWV (4 m/s) the relative 
risk for fatal stroke increased by 1.72 (95% CI 1.48–1.96; p  1  0.0001). The predic-
tive value of PWV remained significant (RR = 1.39; 95% CI 1.08–1.72; p  1  0.02) 
after full adjustment for classic cardiovascular risk factors, including age, cho-
lesterol, diabetes, smoking, mean arterial pressure, and pulse pressure ( fig. 1 ).

  Additional evidence of the predictive value of aortic stiffness was provid-
ed in patients with end-stage renal disease, although cardiovascular events, i.e. 
stroke or coronary disease, were not analyzed separately  [37] . 

  Fig. 1.  Predictive value for fatal stroke of pulse wave velocity (PWV) in essential hy-
pertensive patients [from  36 ]. 
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 In 2,488 older subjects participating into the Health, Aging and Body 
Composition (Health ABC) study  [38] , aortic PWV was measured at baseline 
and during the follow-up (over 4.6 years) and 94 stroke events were recorded. 
The higher quartiles of aortic PWV were significantly associated with an in-
creased risk of stroke, and the association remained statistically significant 
also after adjustment for age, gender, race, systolic blood pressure, known CV 
disease, and other variables related to events.

  In summary, a significant association between the increase in aortic stiff-
ness and the incidence of cerebrovascular (and cardiovascular) events has been 
demonstrated, independently from other traditional risk factors. In patients 
with end-stage renal disease it has also been reported that the lack of decrease 
in PWV during antihypertensive treatment was associated with a higher car-
diovascular mortality, while the improvement of PWV was associated with a 
lower incidence of cardiovascular events  [39] .

  In addition to aortic stiffness, it may be also important to assess the prog-
nostic significance of carotid stiffness. In stiff carotid arteries the local pulse 
pressure is increased, and this may influence structural and functional chang-
es of intracranial vessels. Higher local pulse pressure may increase the carotid 
wall thickness and favor the development of plaques and stenosis, as well as the 
rupture of unstable plaque.

  In patients with end-stage renal disease and with kidney transplantation 
 [38, 40] , but not in patients at elevated cardiovascular risk  [41] , carotid stiff-
ness had a high predictive power for future cardiovascular fatal events, and for 
ischemic stroke as well.

  The pathophysiological mechanisms relating aortic and carotid stiffness 
to stroke include the association with similar risk factors  [42] , and the altera-
tions in the vascular wall of aorta that may reflect those in cerebral vessels; in 
addition, both the carotid arteries and the aorta may be exposed to other path-
ological mechanisms, such as thrombosis and inflammation  [43] .

  Future trials should provide measurements of both aortic and carotid 
stiffness in low or moderate CV risk populations, in order to better evaluate 
their relative prognostic value for cerebrovascular and coronary events.

  Effect of Drug Treatment 
 It is conceivable that the reduction of arterial stiffness may become a ther-

apeutic goal in treating patients at high risk of CV complications  [44, 45] . In 
this regard, an important issue is represented by the ability of different drugs 
to prevent cardiovascular events by improving arterial distensibility, even in-
dependently of the effect on other risk factors.

  Organic nitrates, and in particular nitroglycerin, reduce systolic blood 
pressure, pulse pressure and augmentation index, but have a small effect on 
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peripheral arterial resistance, or on aortic PWV. In fact, organic nitrates may 
improve symptoms, without modifying mortality or cardiovascular events.

  It is generally accepted that ACE inhibitors, calcium antagonists and di-
uretics may similarly affect large artery stiffness in hypertensive patients, 
while  � -blockers are less effective in this regard  [46] .  � -Blockers do not reduce 
central arterial waveform reflection amplitude, while a reduction of the aug-
mentation index has been documented during treatment with  � - and  � -block-
ers. The effect of drugs that interfere with the renin-angiotensin system (ACE 
inhibitors, aldosterone antagonists and angiotensin II antagonists) seems to 
be, at least in part, independent of blood pressure reduction, since they modi-
fy the composition of the vascular wall, including the spatial arrangement of 
wall material and the collagen content  [46–51] .

  The augmentation index can be reduced by vasodilating drugs and by an-
giotensin-converting enzyme (ACE) inhibitors in both essential hypertensive 
patients and in patients with end-stage renal failure. The low-dose combina-
tion of the ACE inhibitor perindopril and the diuretic indapamide, in com-
parison with atenolol, induced a more pronounced effect on central arterial 
pressure and was associated to a greater decrease in LV mass  [50] .

  The observed effect of ACE inhibitors (and possibly of angiotensin II an-
tagonists) is to some degree influenced by genetic factors  [52, 53] , since ACE 
ID and A1166C angiotensin II type 1 receptor polymorphisms are related to 
carotid-femoral PWV, while M235T angiotensinogen gene and ACE ID poly-
morphisms are related to carotid stiffness.

  In patients with familiar hypercholesterolemia, pravastatin was able to 
improve arterial stiffness after 13 months of treatment  [54] , while atorvastatin 
had no significant effect on carotid stiffness. In non-familiar hypercholester-
olemia, short-term treatment with simvastatin did not change aorto-femoral 
PWV.

  In addition, treatment for 2 months with a new compound, that acts as an 
advanced glycation product cross-link breaker, has been beneficial in amelio-
rating PWV  [55] .

  Conclusions 

 Carotid atherosclerosis and arterial stiffness are both related to risk fac-
tors associated with the occurrence of stroke. These two markers of ‘preclini-
cal’ vascular disease are related to the occurrence of stroke independently of 
other cardiovascular risk factors. Assessment of IMT or of measures of large 
arteries compliance may therefore identify patients at increased risk for 
stroke.
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  Interventional studies have demonstrated that treatment with statins, cal-
cium antagonists, ACE inhibitors, and insulin sensitizers may be particularly 
effective on slowing the progression or favoring the regression of atheroscle-
rotic changes, and may reduce large artery stiffness. It remains to be demon-
strated in large prospective studies whether the regression of increased arte-
rial stiffness or of carotid IMT and plaque have a prognostic significance, i.e. 
are associated with a reduction of the risk of cerebrovascular events.
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 Abstract 
  Epidemiological as well as clinical studies have shown that regardless of the severity 

of renal impairment the cardiovascular mortality in renal disease patients is very high 
compared to the general population. In uremia, cardiovascular disease is a combination 
of atherosclerosis, characterized by the presence of highly calcified plaques, and arterio-
sclerosis, an arterial wall alteration in response to both hemodynamic changes and hu-
moral modifications such as inflammation or calcium-phosphate imbalance. Vascular 
endothelium, recognized as a large and complex endocrine organ strategically located 
between the wall of the blood vessel and the blood stream, could be the link between these 
two processes evolving during the same course.    

 Copyright © 2007 S. Karger AG, Basel 

 
Epidemiological and clinical studies have shown that end-stage renal dis-

ease (ESRD) patients die from cardiovascular disease much younger than peo-
ple in the general population. Age-adjusted cardiovascular mortality is about 
30 times higher in ESRD than in the general population. In the National Insti-
tutes of Health Hemodialysis Study, prevalence of cerebrovascular disease, pe-
ripheral arterial disease or coronary heart disease was respectively 19, 23 and 
40%  [1] . However, cardiovascular complications are also a cause of mortality 
in patients during the course of chronic renal failure before dialysis. It is only 
recently that mild renal insufficiency was associated with an increased cardio-
vascular risk, as some proatherogenic factors are present in early or mild renal 
insufficiency. It is important to keep in mind that regardless of how renal dis-
ease severity is classified (degree of urine albuminuria or proteinuria, glomer-
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ular filtration rate, or presence of ESRD), 10-year mortality for severe renal 
abnormality is extraordinarily high (107 per 1,000 person-years) compared 
with that predicted by Framingham data with multiple risk factors (25 per 
1,000 person-years)  [2] .

  Moreover, cardiovascular disease in uremia is a combination of athero-
sclerosis and arteriosclerosis leading to uremic cardiomyopathy. Atherosclero-
sis, a primary intimal disease characterized by the presence of plaques and 
occlusive lesions, is the most frequent cause of cardiovascular complications. 
However, many of these complications occur in the absence of clinically sig-
nificant atherosclerotic disease  [3] . Arterial wall alteration is not only the re-
sponse to direct injury or to the presence of atherogenic factors, it is also in-
volved in the response to hemodynamic burden modifications  [4] . The struc-
tural modifications induced by hemodynamic alterations are changes in 
arterial lumen and/or arterial wall thickness  [5] .

  Atherosclerosis 

 Atherosclerosis is characterized by the presence of plaques, focal and 
patchy in its distribution. It occurs preferentially in medium-sized conduit ar-
teries, coronary, iliac, femoral arteries and less often in muscular arteries in 
the arm or internal mammary. In ESRD, these plaques are characterized by the 
intensity of calcifications.

  There is growing evidence that inflammation probably plays a key role 
in the initiation and progression of the atherosclerotic process, and athero-
sclerosis has been consequently defined as an inflammatory disease  [6] . A 
high percentage of chronic kidney disease (CKD) patients have serological 
evidence of an activated inflammatory response  [7, 8] . Serum levels of C-re-
active protein appear to reflect the generation of proinflammatory cytokines 
such as interleukin (IL)-1, IL-6, tumor necrosis factor- �  (TNF- � ), all of 
which have been reported to be markedly elevated in ESRD patients and also 
to predict mortality  [8–11] . The causes of this phenomenon are multifacto-
rial, including the decreased renal clearance and increased synthesis of pro-
inflammatory cytokines, comorbidities such as diabetes or chronic heart 
failure and the atherosclerotic process per se  [6] , the accumulation of ad-
vanced glycation end-products  [12]  and other factors related to the dialytic 
procedure such as vascular access infections, membrane bioincompatibility, 
and contaminated dialysate. However, it is very difficult to distinguish 
whether chronic inflammation is a cause or a consequence of cardiovascular 
disease and it is still an open question. Currently, no treatments for the man-
agement of chronic inflammation in CKD are recognized, but attention has 
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been paid to all of the factors that can maintain or enhance inflammation in 
CKD.

  Hyperhomocysteinemia, which is now recognized as a proatherogenic 
factor and as an independent predictor of cardiovascular disease in the gen-
eral population, is present from the earliest stage of CKD and increases in-
versely with the reduction in renal function  [13] . Hyperhomocysteinemia has 
many causes in CKD including decreased activity of the remethylation cycle, 
decreased serum folate and vitamin B intake and decreased renal clearance of 
homocysteine. Homocysteine may increase oxidative stress, decrease nitric 
oxide (NO) availability and produce endothelial dysfunction  [14] . The intra-
venous administration of acetylcysteine, a thiol-containing antioxidant, re-
duces the plasma homocysteine level and probably improves endothelial func-
tion in ESRD patients  [15] . Although an association between hyperhomocys-
teine levels and cardiovascular events has been proven, particularly in CKD, 
the cause has not yet been demonstrated.

  Numerous data suggest that CKD is a prooxidant state as shown by the 
increase in a number of oxidative stress markers in CKD patients  [16] . In renal 
failure, oxidative stress imposes damage on DNA (8-oxo-OH-deoxyguano-
sine), proteins (carbonyl compounds, advanced oxidation protein products), 
carbohydrates (advanced glycation end-products) and lipids (oxidized LDL). 
Oxidative stress involves the increased production of free radicals which can 
exhaust endogenous antioxidant and lead to vascular injury. The activity of 
multiple oxidases, including Nox oxidases, nitric oxide synthase, xanthine ox-
idase, cytochrome P 450 , cyclooxygenase and mitochondria can contribute to 
the generation of oxidant species in the vessel wall  [17] . On the other hand, in 
hemodialysis patients oxidative stress is commonly attributed to the recurrent 
activation of polymorphonuclear neutrophils and monocytes, closely related 
to membrane biocompatibility, generating the cascade of highly reactive oxy-
gen species (ROS)  [18]  ( fig. 1 ). The repetitive enhancement of ROS production 
associated with complement activation and overexpression of adhesive mole-
cules in circulating leukocytes could promote endothelial cell membrane lipid 
peroxidation leading to endothelial dysfunction. Moreover, activity of the glu-
tathione system has been shown to be significantly decreased in hemodialysis 
patients. This diminution begins early in the course of chronic renal failure 
and steadily progresses as renal function decreases  [19] . The data concerning 
other oxidant-scavenging molecules such as superoxide dismutase, ceruloplas-
min or transferrin appear less clear. The role of vitamin C is still a matter of 
debate and vitamin E concentration is normal in the plasma and decreased in 
erythrocytes and mononuclear cells  [20] .

  The imbalance between free radical formation and neutralization which 
deteriorate over time may be the causative factor for the activation of an in-
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flammatory cascade by a variety of potential stimulators in uremia and dialy-
sis. A common signaling occurs via the generation of oxygen free radicals, 
activation of the transcription factor nuclear factor- � B (NF- � B) and induction 
of a number of genes such as adhesion molecules, cytokines, chemokines and 
matrix proteins  [21] . NF- � B is also involved in the proliferation of vascular 
smooth muscle cells which is a crucial event in the formation of atherosclerosis 
tissue  [22] . Moreover, recent studies indicate that proinflammatory cytokines 
may also have direct atherogenic properties. IL-6 is a stimulant of adhesion 
molecule-1 but also contributes to the development of atherosclerosis through 
various mechanisms reviewed recently by Yudkin et al.  [23] . TNF- �  has been 
shown to promote in vitro calcification of vascular cells  [24]  or to cause endo-
thelial dysfunction  [25] .

  Hypertension appears to promote vascular dysfunction associated with 
increased scavenging of NO by superoxide anion that seems to originate from 
an initial activation of Nox oxidases through increased pressure and angioten-

  Fig. 1.  ROS such as hydrogen peroxide (H 2 O 2 ) or free radical such as superoxide 
(O 2 

 – ), hydroxyl radical (OH), and nitric oxide (NO) are continuously and physiologically 
formed in vivo. It is the imbalance between formation of ROS and defense mechanisms, 
such as superoxide dismutase, that creates oxidative stress  [18] . 
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sin II  [26] . There is strong experimental evidence of a role for angiotensin II in 
increasing oxidative stress, particularly in hypertension  [27] . Accordingly, in 
transgenic rat harboring human renin and angiotensinogen genes, Mervaala 
et al.  [28]  showed that experimentally induced oxidative stress was normalized 
by treatment with valsartan.

  Markers of oxidative stress have been correlated with impaired endothe-
lial function or the presence of carotid plaques and intima-media thickness in 
some studies  [29–31] . Recent studies suggested that carotid intima-media 
thickness is an independent predictor of cardiovascular mortality in the he-
modialysis population  [32, 33]  but the arterial changes could occur early in the 
course of renal disease  [34] . The Secondary Prevention with Antioxidants of 
Cardiovascular Disease in End-Stage Renal Disease (SPACE) trial has demon-
strated positive results on the improvement in cardiovascular outcomes in he-
modialysis patients with a history of cardiovascular disease with oral vitamin 
E supplementation  [35] . The prospective study with acetylcysteine adminis-
tered as an antioxidant in 134 hemodialysis patients showed reduced compos-
ite cardiovascular endpoints  [36] . Despite these results, there is currently no 
evidence that increased oxidative stress contributes to the increased cardiovas-
cular morbidity and mortality in CKD patients.

  Other targets of ROS are lipids, the oxidation of which is associated with 
increased cardiovascular risks. First, the process of lipid peroxidation itself 
generates more free radical and ROS which increase the potential to do harm. 
Second, the lipid peroxidation is the first step in the generation of oxidized 
LDL (ox-LDL) which is implicated in atherogenesis. These modified lipids can 
induce the expression of adhesion molecules, chemokines, proinflammatory 
cytokines and other mediators of inflammation in macrophages and vascular 
wall cells. Some studies showed that ESRD patients had a higher level of anti 
ox-LDL antibody than healthy subjects  [37] .

  More recently, Shoji et al.  [38]  were able to demonstrate, for the first time, 
that the serum level of antibody to ox-LDL was an independent predictor of 
cardiovascular mortality in ESRD patients. On the contrary, the same team 
showed an inverse association between intima-media thickness of carotid and 
femoral arteries suggesting an antiatherogenic role of antibody to ox-LDL  [39] . 
ox-LDL and antibodies to ox-LDL play a pivotal but still controversial role in 
the development of atherosclerosis. Atherogenic ox-LDL increases progres-
sively during the development of renal failure, suggesting that the oxidation of 
LDL may be associated with endothelial injury and atherogenesis in these pa-
tients  [40] . Therefore, van den Akker et al.  [41]  studied the effect of statins on 
the level of these drugs in a small group of hemodialysis patients. They showed 
a significant decrease of ox-LDL, but there was no significant change of IgG 
and IgM autoantibodies to ox-LDL.
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  Arteriosclerosis and Arterial Remodeling 

 During the same course, and not independently of the atherosclerosis pro-
cess, arterial remodeling accompanies the growing hemodynamic burden and 
humoral abnormalities associated to chronic uremia  [42] . Evidence that en-
hanced tensile stress is relevant to the pathogenesis of atherosclerosis comes 
from the observation that atherosclerotic plaques are virtually confined to sys-
temic arteries where tensile stress is high. Moreover, the role of shear stress is 
demonstrated by the predilection of atherosclerosis for sites, characterized by 
flow pattern and shear stress disturbances, like bending or branching.

  The mechanical signals for arterial remodeling associated with hemody-
namic overload are the cyclic tensile stress or shear stress  [43, 44] . This in-
cludes the chronic alterations of mechanical forces which lead to the changes 
in the geometry and the composition of the vessel wall; changes which may be 
considered as an adaptative response to long-lasting changes in blood flow and 
pressure. The quality of the responsiveness of the arterial wall to mechani-
cal stimuli is tightly dependent on the presence of an intact endothelium 
  [45, 46] .

  Experimental and clinical data indicate that acute and chronic augmenta-
tions of arterial blood flow induce proportional increases in the vessel lumen 
diameter, whereas decreasing flow reduces arterial inner diameter  [47] . It is 
activation of the endothelium, strategically situated at the blood vessel-wall 
interface, which transforms physical forces into biochemical signals through 
the generation of vasoactive substances.

  Arterial Functions 
 The conduit function of arteries is to supply an adequate blood flow to 

peripheral organs. Their physiological adaptability is highly efficient and acute 
diameter changes are dependent on the endothelium which responds to alter-
ations in shear stress. In chronic overload, the arterial diameters are enlarged 
and baseline arterial conductance is increased  [48] .

  The role of arteries is also to dampen the pressure and flow oscillations 
resulting from intermittent ventricular ejection and to transform the pulsatile 
flow of arteries into a steady flow required in peripheral tissue. The efficiency 
of the conduit function depends on the viscoelastic properties of the arterial 
wall as well as the diameter and length of the arteries. The viscoelastic prop-
erty is best described in term of stiffness (S)  [49] . Arterial stiffness can be 
evaluated by ultrasonography or by measuring the pulse wave velocity (PWV) 
over a given arterial segment. PWV increases with arterial stiffness  [49] .
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  Arterial Stiffness and Blood Pressure Changes: Cardiovascular 
Consequences 
 In uremic patients, the arterial system of CKD and ESRD patients under-

goes remodeling that is characterized by dilatation and to a lesser degree arte-
rial intima-media hypertrophy of central elastic type, capacitive arteries and 
wall hypertrophy of peripheral muscular type conduit arteries  [34, 48, 50] . 
Large arteries, like the aorta or common carotid artery, are enlarged in CKD 
before the onset of dialysis and ESRD patients in comparison with age-, sex- 
and pressure-matched control subjects  [51, 52] . In ESRD patients, this remod-
eling is associated with arterial stiffening related to alterations of the intrinsic 
properties of the arterial wall materials including those free of atherosclerosis 
 [48, 53, 54] . Nevertheless, according to Laplace’s law  [5] , the wall-to-lumen ra-
tio should increase in order to normalize tensile stress. This increase was not 
observed in ESRD patients whose wall-to-lumen ratio in large conduit arteries 
was not related to pressure changes. This observation suggests that conduit 
arteries could have limited capacity to hypertrophy in response to a combined 
flow and pressure load.

  Functional Consequences 
 In ESRD patients, the arterial remodeling is associated with arterial stiff-

ening due to the alterations of the intrinsic properties of arterial wall material. 
Contrary to the arterial distensibility measurements in essential hypertensive 
patients in whom distensibility is increased, in ESRD arterial hypertrophy is 
accompanied by alteration in the intrinsic elastic properties of the vessel wall 
(incremental modulus, E inc ). The observation that the incremental modulus of 
elasticity is increased in ESRD patients, i.e. a decrease distensibility, strongly 
favors altered intrinsic elastic properties or major architectural abnormalities 
like those seen in experimental uremia and the arteries of uremic patients, 
namely fibroelastic intimal thickening, increased extracellular matrix and 
high calcium content with extensive medial calcifications  [54–56] . Recent 
data indicate that mediacalcosis and extensive calcifications of the arterial tree 
are an important factor accounting for the increased of arterial stiffening  [55, 
56] . Phosphate retention and poorly controlled calcium phosphate balance 
play an important role in the pathogenesis of these arterial changes. And aor-
tic PWV was found to be associated with an increased serum phosphorus, 
high calcium phosphate product and the total dose of calcium-based phos-
phate binder  [57] . Arterial calcifications and arterial stiffening in ESRD pa-
tients are associated with the presence of systemic microinflammation, as 
evaluated by serum C-reactive protein levels. The association of dyslipidemia 
and arterial calcification in CKD is controversial, being found negative or 
positive  [57] .
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  An association between arterial alterations and lipid abnormalities was 
found only irregularly. An inverse relationship between PWV and HDL cho-
lesterol was shown  [53, 58]  and a positive relationship was described between 
carotid intima-media thickness and IDL or LDL cholesterol.

  Arterial stiffening in CKD and ESRD patients is associated with an in-
crease in systolic pressure and/or pulse pressure. The mechanism responsible 
for the alterations of the arterial pressure has been depicted by London et al. 
 [59] . Epidemiological studies have shown that pulse pressure is associated with 
risk of death in patients undergoing hemodialysis  [60] . A recent study demon-
strated that arterial stiffening and increased wave reflections are per se inde-
pendent predictors of all-cause and cardiovascular death in ESRD patients 
 [61] .

  Endothelial Dysfunction 

 In recent years the vascular endothelium has been recognized as a large 
and complex endocrine organ. Endothelium-derived NO is critically involved 
in the regulation of a wide variety of vascular functions: vasodilatory, antipro-
liferative and antithrombogenic. Nevertheless, under conditions of increased 

  Fig. 2.  Correlation between postischemic flow debt repayment and aortic PWV (per-
sonal data). 
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oxidative stress, as in ESRD, NO may be involved in vascular damage athero-
sclerosis and probably arteriosclerosis  [62] , but the results on the vasodilatory 
effects of NO in ESRD remain controversial. As shown experimentally, the 
endothelium influences the mechanical and geometric properties of large ar-
teries  [63] . Some studies measuring flow-mediated vasodilatation, a surrogate 
marker in the evaluation of endothelial function, found an impaired endothe-
lial function in CKD and ESRD  [64, 65] . The altered hyperemic response is 
correlated to arterial remodeling parameters and to aortic stiffness ( fig. 2 , also 
personal data). Moreover, endothelial cell dysfunction is associated to all-cause 
mortality  [65] . Aside many other causes, circulating endothelial derived mi-
croparticles are tightly associated with endothelial dysfunction and arterial 
dysfunction in ESRD  [66] .

  Conclusion 

 The vascular complications in ESRD are ascribed to two different but as-
sociated mechanisms, namely atherosclerosis and arteriosclerosis. Endotheli-
um, the body’s largest organ strategically located between the wall of blood 
vessels and the bloodstream, could be the link between the two faces of the ar-
terial alteration underlying many common physiological molecules and reac-
tions.
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   Abstract 
  Of the atherosclerotic diseases, peripheral arterial disease is the most characterized 

by its association with systolic hypertension, increased arterial stiffness and disturbed 
wave reflection. This disease raises the question to which extent sclerosis in ‘atheroscle-
rosis’ is necessary per se to cause an increase in systolic blood pressure.    

 Copyright © 2007 S. Karger AG, Basel 

 Arteriosclerosis obliterans or peripheral arterial disease (PAD) usually 
denotes a degenerative arteriopathy affecting the abdominal aorta and mostly 
the upper and lower limbs  [1] . This vascular disease is characterized by occlu-
sive lesions, primarily of atherosclerotic origin, but often accompanied by fi-
brosis and calcification of the tunica media. A varying degree of thrombosis is 
frequently associated. In the past, arteriosclerosis obliterans has been consid-
ered to be an occlusive arterial disease, exclusively or predominantly affecting 
the lower limbs.

  In this report, the abnormalities of circulatory homeostasis in patients 
with PAD are studied with particular reference to the modifications in sys-
tolic blood pressure (SBP), arterial stiffness, and wave reflections. Conse-
quences with regard to diseased atherosclerotic limbs and the relationship 
with cardiovascular (CV) morbidity and mortality are also taken into ac-
count.

 Arterial Stiffness and Peripheral Arterial 
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  Ankle-Brachial Index 

 Intermittent claudication, the major symptom of PAD, is absent in the ma-
jority of patients. A useful tool for screening patients is known to be ABI, i.e. 
the ratio of SBP measured at the ankle to SBP at the brachial artery  [1–3] . With-
out an obstruction to blood flow, SBP in the ankle is greater than brachial SBP 
(ankle-brachial index  6 1.0). This hemodynamic profile is due to wave reflec-
tions (see Chapter 1). It is observed because a great amount of reflected waves 
from the toes merges with the forward wave at the systolic phase of the pres-
sure waveform (due to the small distance between toes and ankle). As the lu-
men narrows, SBP beyond the obstruction falls and a pressure gradient can be 
measured between sequential segments of each extremity. The fall in periph-
eral (ankle) SBP lowers the ABI ( table 1 ). The ABI is further reduced in subjects 
with systolic hypertension since brachial SBP is augmented. For the diagnosis 
of peripheral artery disease of the lower limbs, several threshold values have 
been proposed, but the majority of authors consider values  ! 0.9 to be abnor-
mal, since this value is 95% sensitive to angiographically proven peripheral 
artery stenosis. High values of ABI ( 1 1.4–1.5) are also considered to be abnor-
mal. The reason is that they reflect increased rigidity of the arteries of the 
lower limb, which prevents their compression by the cuff, leading to false re-
sults, even in the absence of systolic hypertension  [4–6] .

  ABI  ! 0.9 has been recognized as a strong predictor of subsequent CV 
mortality and stroke  [2] . Recently it has been even demonstrated that both 
high ( 1 1.4) and low ( ! 0.9) ABI similarly predict CV and total mortality  [3] .

  PAD, Blood Pressure and Systemic Hemodynamics 

 For many years, the incidence of systolic-diastolic hypertension, assessed 
from non-invasive indirect determinations of BP, has been reported to be 
consistently higher in patients with PAD than in age-matched control sub-
jects  [1] . This finding may be discussed on the basis of the validity of BP mea-
surements in PAD patients. Since the initial description by Osler  [4] , it has 
become well accepted that elderly subjects may have inappropriately elevated 
cuff pressure when compared with intra-arterial pressure, due to excessive 
atheromatosis and/or medial hypertrophy of the arterial tree  [5, 6] . In the el-
derly, cuff determinations overestimate DBP whereas SBP remains largely 
accurate  [7] . Such results strongly suggest that the incidence of hypertension 
in PAD patients should have to be reviewed on the basis of intra-arterial BP 
measurements.



 Arterial Stiffness and Peripheral Arterial Disease  201 

  Intra-arterial determinations of brachial artery BP have been performed 
after 3 days’ hospitalization in patients with PAD (aged between 30 and 70), 
compared with age- and sex-matched normal subjects  [8, 9]  ( table 1 ). While 
DBP remains mostly maintained within the normal range, a significant and 
sustained increase of SBP was observed, resulting in a substantial elevation of 
pulse pressure (PP). This finding was observed even in PAD patients with the 
same mean arterial pressure (MAP) as normal subjects  [8–10]  ( table 1 ). In the 
latter case, it was even shown that not only SBP was significantly increased but 
also that DBP was slightly reduced, thus contributing to the elevated PP  [11] . 
However, it is worth noting that these hemodynamic abnormalities have been 
recorded at the brachial artery, a site where the PP is usually of higher ampli-
tude than in the central aorta  [12] . Although there is some reduction in ampli-
fication of the pulse with age, the age-related increase in PP in the central 
aorta can be considered as probably greater than is apparent from recordings 
of brachial artery BP  [12] . Thus, it seems likely that an elevated incidence of 
increased SBP and PP does exist in patients with PAD.

  In patients with PAD, cardiac output and systemic vascular resistance 
remain largely within the normal range  [8, 9] . Ventricular ejection, assessed 
from the ratio between stroke volume and left ventricular ejection time  [8, 

Table 1. Systemic and regional hemodynamic parameters in resting 
patients with PAD of the lower limbs by comparison with age- and sex-
matched controls [8–10]

Parameters Control subjects PAD patients

Systolic arterial pressure, mm Hg 14084 14886
Diastolic arterial pressure, mm Hg 8983 8182
Mean arterial pressure, mm Hg 10783 10484
Pulse pressure, mm Hg 5082 6886a

Heart rate, beats/min 7582 7183
Ankle systolic pressure, mm Hg 15585 7386b

Ankle systolic pressure/brachial
systolic pressure, ABI++ 1.1080.01 0.5080.05b

Resting calf blood flow (RCBF)
ml/min/100 ml 2.7980.27 1.9680.25c

Calf peak blood flow (CPBF)
ml/min/100 ml 25.9681.85 5.7580.35b

CPBF/RCBF !10, arbitrary units 101.088.2 34.783.7b

Values are mean 8 1 SEM. a p < 0.01;  b p < 0.001; c p < 0.05.
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9] , is comparable to that of age-matched normal subjects. Finally, the in-
crease in PP in patients with PAD seems to be predominantly due to modifi-
cations in arterial stiffness or in wave reflections, or to a combination of both 
factors. In that regard, modifications in the status of large arteries are par-
ticularly important to evaluate in patients with PAD. Experimental studies 
have shown that reduced elasticity of the large arteries is able to cause not 
only an increase in SBP, but also a reduction in DBP, as observed in PAD pa-
tients  [12–15] .

  Arterial Stiffness and Wave Reflections in PAD 

 Increased aortic pulse wave velocity (PWV)  [16, 17]  has been observed in 
PAD patients, denoting an intrinsic increase on the stiffness of the aorta since 
MAP was similar as in controls ( fig. 1 ). The elastic properties of the femoral 
artery are also significantly reduced in patients with PAD of the lower limbs 
as compared to age- and gender-matched controls  [18, 19] . Study of the com-
mon carotid artery shows the same results  [19] . Such results, in combination 

  Fig. 1.  Mean pulse wave velocity (PWV) in a population of subjects with peripheral 
disease, adjusted for age, sex, MAP, and heart rate in elderly subjects of the Rotterdam 
study. Bars indicate 95% confidence interval. Probability value indicates p for difference 
between the groups (reproduced with permission from van Popele et al.  [17] ). 
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with the increased intima-media thickness of the carotid and femoral arteries 
that was also found, imply that interactive relationship between arterial stiff-
ness and atherosclerosis may be observed and are not confined to the lower 
limbs. Furthermore, coexistence of PAD with abdominal aortic aneurysm is 
associated with greater carotid stiffness than with aortic aneurysm alone  [20] . 
Finally, in patients with PAD, simultaneous determination of inner brachial 
artery diameter and PWV in the forearm showed clearly that the slope of the 
pressure-volume relationship (dV/dP), which represents arterial compliance, 
is reduced in comparison with controls matched for age, sex and MAP  [7] . 
Thus, elderly patients with PAD and systolic hypertension exhibit intrinsic al-
terations of the brachial artery wall, unrelated to the level of MAP. Such stiff-
ness changes are observed not only at the site of lower limbs but also at arte-
rial sites where clinical symptoms are absent  [7, 21] . Thus the increased arte-
rial stiffness in patients with PAD might reflect generalized modifications of 
large vessels. Increased stiffness of the overall arterial tree has also been ob-
served in patients with PAD  [8, 9, 17] , and may be responsible for the increase 
in SBP. High plasma insulin levels are statistically associated with low ABI and 
increased indices of femoral artery stiffness  [22] .

  For the mechanism of increased systemic SBP in patients with PAD, an-
other important factor may interfere: the role of wave reflections. In normal 
human subjects, the region of the terminal abdominal aorta acts as an impor-
tant reflection site  [12–14] . In subjects with PAD, which involves gross arterial 
lesions of the lower part of the body, the terminal abdominal aorta may be a 
major site of reflection, the reflected wave returning in the direction of the 
heart. The pressure waves thus traverse the arterial system more quickly be-
cause of smaller dimensions in association with increased arterial stiffness. 
This causes superimposition of the forward and backward waves during sys-
tole, and leads to a marked increase in systemic SBP. Indirect evidence for this 
mechanism has been provided by the study of subjects with a past story of trau-
matic amputation of the lower limbs. Such subjects display a high incidence of 
systolic hypertension over 50 years of age, resulting from an increase in arte-
rial stiffness together with a shorter length of the arterial system due to trau-
matic amputation of the limbs  [23, 24] .

  Structural and Functional Components of Increased Arterial Stiffness 

in Patients with PAD 

 Since increased arterial stiffness in patients with PAD reflects intrinsic 
alterations of the arterial wall, it seems likely that the increased rigidity could 
be due to structural modifications of the arterial wall which are possibly in 
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relation with atherosclerosis. Studies in non-human primate models of diffuse 
atherosclerosis due to high cholesterol diet have shown that aortic PWV reach-
es 1.5–2.0 times the values seconded in control animals  [25–27] . However, no 
consistent difference in the incremental (Young’s) modulus of elasticity was 
observed between the two populations. In contrast, the in vitro pressure-strain 
elastic modulus of the atherosclerotic aorta was more than twice that of con-
trols, indicating that the increased aortic stiffness might result from the pres-
ence of rigid and calcified atherosclerotic material rather than from the histo-
pathological changes classically described by Young’s modulus and represent-
ed by the collagen/elastin ratio  [25–27] .

  For a long time, it was believed that structural changes of the arterial wall 
provided the exclusive explanation for increased SBP and PP in elderly patients 
with PAD. However, it is obvious that foam cells by themselves cannot provide 
any increase in arterial rigidity. More recently, the role of functional factors 
was evaluated from studies of endothelial function and of the effects of sodium 
intake, administration of nitrates, and finally abnormalities in the functioning 
of the sympathetic or the renin-angiotensin systems.

  Endothelial dysfunction has been shown in patients with PAD. Numerous 
studies that revealed impaired flow-mediated dilatation of the brachial artery 
 [28, 29]  and elevated plasma concentration of markers of endothelial dysfunc-
tion  [30, 31] . Patients with intermittent claudication have lower flow-mediated 
dilatation compared to asymptomatic patients with abnormal ABI  [32] . Flow-
mediated dilatation and exercise tolerance are improved after exercise reha-
bilitation  [33] , denoting a positive effect of aerobic exercise. Both are also im-
proved after  L -arginine administration  [34]  and autologous bone-marrow cell 
implantation  [35] .

  Isotonic saline infusion causes a higher increase in brachial SBP in pa-
tients with PAD and systolic hypertension than in age-matched controls  [21] . 
The increase in SBP is mainly due to an increase in arterial stiffness following 
saline administration, whereas DBP is marginally modified. The findings 
suggest that sodium may act on the arterial wall either directly, or through 
associated modifications of the autonomic nervous system, or by a combina-
tion of both factors  [21] . In the literature  [36, 37] , the observation in elderly 
subjects of an increase in PWV with sodium intake, and a decrease with salt 
restriction, is consistent with the effects of saline infusion in patients with 
PAD.

  While sodium intake acts to increase brachial SBP in patients with PAD, 
nitrate compounds have an opposite effect on systemic hemodynamics  [38] . 
Following acute administration, nitroglycerine has been shown to decrease 
SBP selectively in such patients  [9] . This reduction in SBP is associated to a re-
duction in arterial stiffness. No significant change in ventricular ejection and 



 Arterial Stiffness and Peripheral Arterial Disease  205 

vascular resistance is observed  [38] . Similar effects on SBP reduction have been 
observed in elderly subjects with isolated systolic hypertension, and confirm 
that nitrate compounds improve arterial stiffness in such patients in conjunc-
tion with delayed wave reflections  [13, 24] .

  Fig. 2.  Population of subjects with PAD: double-blind study evaluating the effect of 
the converting enzyme inhibitor ramipril vs. placebo. Change in brachial and central SBP 
(upper panel) and systemic arterial compliance (SAC lower left) and central pulse wave 
velocity (PWVc, lower right) in the placebo (white bars) and ramipril groups (black bars). 
The two populations had the same MAP  [41] . Data are presented as mean  8  SEM.  *  p  !  
0.001 compared with control. 
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  Several lines of evidence suggest that the autonomic nervous system is af-
fected in patients with PAD. A slight but significant decrease in baseline heart 
rate has been reported  [8, 9, 21] . Since age or previous treatment could not ex-
plain this relative bradycardia, two possible mechanisms have been explored: 
an alteration in the intrinsic pacing function of the heart and a baroreflex-me-
diated mechanism related to the increased arterial stiffness. To test this latter 
hypothesis, baroreflex mechanisms were evaluated according to the method of 
Smyth et al.  [39] . The curve relating SBP to the RR interval of EKG after phen-
ylephrine was clearly reset, so that a higher stretch was required in patients 
with PAD to obtain the same heart rate as in controls  [21] . Furthermore, the 
expected enhancement of baroreflex sensitivity usually observed in normal 
subjects following administration of cardiotonic substances  [40]  was not ob-
served in patients with PAD  [21] . This latter result suggests a complex distur-
bance of baroreflex mechanisms involving sodium pumps. Finally, acute ad-
ministration of propranolol in patients with PAD showed that the abnormali-
ties of the autonomic nervous system affected not only the heart but also blood 
vessels  [8] . Indeed, following propranolol administration, arterial stiffness 
was significantly increased despite the lack of BP change. On the opposite, in 
subjects with PAD, converting enzyme inhibition reduces arterial stiffness and 
delays wave reflections independently of MAP  [41]  ( fig. 2 ).

  The alterations of the autonomic nervous system in patients with PAD are 
difficult to interpret. They may be involved in the development of the overall 
atherosclerotic process, or take place within the context of disease of the lower 
limbs. In a previous study in patients with PAD and unilateral intermittent 
claudication, Lorensten  [42]  observed that both systemic SBP and DBP in-
creased to significantly higher levels during exercise with the diseased limb 
than during exercise with the healthy limb. Furthermore, after the first min-
utes of recovery following exercise, the systemic SBP (but not the DBP) in the 
diseased limb stayed higher than the pressure measured at rest immediately 
before exercise. Such results suggested that active contraction of muscle cells 
under ischemic conditions might cause stimulation of local receptors involv-
ing generalized circulatory pressor reflexes, with a predominant influence on 
SBP  [43] .

  Relevance of Systolic Hypertension and Systemic Hemodynamics for 

the Interpretation of Intermittent Claudication 

 The hemodynamic changes of the diseased lower limbs of patients with 
PAD are usually analyzed in terms of a linear mathematical model resulting 
from the association of two major resistances coupled in series (the stenotic 



 Arterial Stiffness and Peripheral Arterial Disease  207 

and the arteriolar resistances), rather than predominantly in terms of the 
downstream arteriolar resistance as it is normally the case  [44] . Under these 
conditions, mean blood flow is determined by the driving pressure across 
these two resistances, the mean systemic BP being an important component. 
However, studies of human atherosclerotic femoral arteries have shown that 
non-linear models are more relevant to describe the hemodynamic changes. In 
that condition, vascular impedance is a more reliable index of the severity of 
large vessel atherosclerotic stenosis than is resistance  [45] . Therefore, the oscil-
latory component of blood flow and BP is important to consider with regard 
to the mechanisms of the disease of the lower limbs. In clinical studies, both 
MAP and PP should be considered separately in evaluating the role of system-
ic hemodynamics in the severity of intermittent claudication. 

 Under resting conditions, calf blood flow is known to remain within the 
normal range in patients with PAD  [46, 47] . Furthermore, calf blood flow is 
positively correlated with BP in patients with PAD, but not in normal subjects 
 [10] . The results suggest that systemic BP in patients with PAD contributes to 
maintain an adequate perfusion of the lower limbs. Interestingly, in such pa-
tients, baseline calf blood flow is positively correlated with both systemic MAP 
and PP  [10] . Despite the interest of hemodynamic determinations at rest, it is 
clear that the limiting influence of the PAD disease will occur rather at elevat-
ed flow rates, i.e. during exercise and post-occlusive reactive hyperemia. In-
deed the pressure drop caused by the stenosis increases with increasing flow 
 [45–48] . Under such conditions, it is interesting to observe that walking dis-
tance and post-occlusive reactive hyperemia are strongly correlated with base-
line PP, and not with baseline MAP: the higher the PP, the greater the reduc-
tion in walking distance and the greater the alteration in vascular reserve, as 
evaluated from post-occlusive reactive hyperemia  [10] . Such results emphasize 
the role of the oscillatory component of BP (i.e. PP) in the mechanism of the 
intermittent claudication. In that regard, it is important to note that exercise 
in man produces not only arteriolar vasodilatation, but also increase in PWV 
and arterial stiffness  [49] . This observation is important to consider in patients 
with increased baseline arterial stiffness, as those with PAD, and suggests that 
stiffness abnormalities may play a major role in the severity of intermittent 
claudication.

  Concluding Remarks 

 For the study of contribution of PAD in CV risk, several previous reports 
have drawn attention to the strong association between PAD and stenosis of 
the internal carotid artery, PAD and coronary heart disease  [50] . Given such 
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associations, the value of the symptomatic expression of PAD, intermittent 
claudication, as a predictive factor of CV mortality has been widely investi-
gated. It has been suggested that claudication is not an independent marker of 
mortality, once adjustments have been made for other risk factors, and mainly 
signs and symptoms of coexisting coronary heart disease  [51] . On the other 
hand, more recent studies using highly reliable non-invasive hemodynamic 
tests of large vessel disease have indicated a more than fourfold excess risk of 
subjects with PAD, independent of other CV risk factors or disease  [52] . In our 
opinion, discrepancies in assessment of the validity of intermittent claudica-
tion as a CV risk factor may be better understood in the light of the patho-
physiological mechanisms of PAD as described in this chapter. Indeed, SBP 
and PP are the most important CV risk factor in individuals of around 50 years 
of age  [53] , and increased SBP is also an important feature in patients with 
PAD, in whom it plays a significant part in the systemic hemodynamic modi-
fications.

  Accepting the hemodynamic changes observed in patients with PAD, the 
possible links between PAD and mortality due to coronary heart disease may 
be better understood. As far as the cardiac muscle is concerned, it is known 
that the metabolic needs of the left ventricle are greatly influenced by the level 
of SBP, and therefore by the increase in systemic arterial stiffness and the mod-
ification of the timing and amplitude of reflected waves initiated and/or fa-
vored by PAD  [12, 23] . On the other hand, the coronary circulation is primar-
ily dependent on mean DBP, due to the predominant diastolic perfusion of 
coronary arteries  [12] . Since DBP tends to be reduced in patients with PAD, the 
supply/demand ratio may be altered under various circumstances, such as the 
development of cardiac hypertrophy, or exercise, or both. For these reasons 
alone, the alterations of systemic hemodynamics which characterize patients 
with PAD (i.e. increase SBP and decrease in DBP due to increased arterial stiff-
ness) may by themselves be detrimental to the heart. Clearly, these are impor-
tant fields for further clinical research in patients with PAD and atheroscle-
rotic disease.
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 Abstract 
 Blood pressure is a complex phenomenon that can be divided into two components: 

a steady and a pulsatile component. The pulsatile component is estimated by the pulse 
pressure which is mainly influenced by the large artery stiffness. The purpose of this re-
view was to describe the relation between pulse pressure, cardiovascular risk factors and 
atherosclerosis. Epidemiological studies have shown positive correlations between pulse 
pressure and smoking or glucose metabolism impairment. More controversial data have 
been reported on the relation between blood lipids and large artery stiffness or pulse pres-
sure. In cross-sectional studies, carotid, aortic and coronary plaques were associated with 
aortic stiffness, particularly echogenic or ulcerative plaques, and in a longitudinal study, 
the progression of atherosclerosis is accompanied by an increase in pulse pressure. From 
a pathophysiological point of view, the deleterious influence of most risk factors on endo-
thelial function and the development of atheroma are likely to contribute to these rela-
tions. Furthermore, with respect to the connections observed between C-reactive protein, 
most cardiovascular risk factors, atherosclerotic diseases and pulse pressure, subclinical 
inflammation might also underlie these relations. 

 Copyright © 2007 S. Karger AG, Basel 

 
There is impressive body of evidence of relationships between blood pres-

sure, other cardiovascular risk factors and atherosclerosis: numerous studies 
have indicated that hypertensive subjects have an atherogenic lipoprotein pro-
file  [1]  and impaired glucose metabolism  [2]  and elevated blood pressure is an 
established risk factor for atherosclerotic diseases. Blood pressure is a complex 
phenomenon that can be divided into two components: a steady and a pulsatile 
component  [3] . The steady component is determined exclusively by cardiac 
output and vascular resistance. The pulsatile component represents the varia-
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tion of the pressure curve around the steady component, and it is mainly in-
fluenced by the large artery stiffness. The pulsatile component is estimated by 
the pulse pressure which is the difference between systolic and diastolic blood 
pressure. The purpose of this review was to describe the relation between pulse 
pressure, cardiovascular risk factors and atherosclerosis.

  Epidemiological Aspects 

 Relation between Pulse Pressure and Cardiovascular Risk Factors 

 Lipids 
 Numerous studies have examined the relation between cholesterol and 

large arteries stiffness in various populations. Divergent results have been re-
ported. In asymptomatic normotensive patients, no relation  [4] , reduced  [5]  
and increased arterial stiffness  [6]  with elevated total or LDL cholesterol have 
been successively described. In asymptomatic men with elevated cholesterol 
 [7] , no significant correlation was observed between carotid femoral pulse 
wave velocity – a surrogate marker of aortic stiffness – and total or LDL cho-
lesterol. However, a positive link was observed in this population between 
HDL3 subfraction and aortic stiffness. In hypertensive patients with a low 
prevalence of known symptomatic atheromatous disease, Dart et al.  [8]  failed 
to find any significant correlation between total cholesterol and large arteries 
stiffness in older subjects (65–84 years).

  Fewer studies have assessed the relation between pulse pressure and blood 
lipids. A weak but significant association has been reported between pulse 
pressure and apoprotein B in a population-based study conducted in Haute 
Garonne, a French region with a low cardiovascular risk ( table 1 )  [9] . Further-
more, this association remained significant after adjustment for mean blood 
pressure. In agreement with these data, a correlation between cholesterol and 
pulse pressure have been reported in 18,336 men aged 40–69 years, who were 
followed up for a mean period of 9.5 years in a French cohort  [10]  and in 2,207 

Table 1. Stepwise multiple regression analysis between pulse pressure 
and clinical and lipid variables [from 9]

Coefficient 8 SEM F p

Mean blood pressure 0.22680.078 8.53 0.004
Apoprotein B 5.82482.346 6.16 0.014
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treated hypertensive patients in the USA  [11] . However, no significant link 
with total cholesterol was observed in apparently healthy subjects in epide-
miological studies conducted in Chicago in apparently healthy subjects  [12] . 
Interestingly, in a randomized, cross-over design, controlled trial  [13]  compar-
ing the effect of atorvastatin to placebo, it was found that intensive cholesterol 
reduction with atorvastatin over 3 months reduced large artery stiffness and 
blood pressure ( fig. 1 ) in normocholesterolemic patients with stage I isolated 
systolic hypertension. However, blood pressure reduction does not occur with 
statin treatment in hypercholesterolemic normotensive patients  [14] . In pa-
tients with controlled hypertension who were also hypercholesterolemic, di-
vergent results have been reported: two studies  [15, 16]  found no change in 
blood pressure under statin therapy whereas others  [17]  demonstrated that ad-
ditional statin therapy led to greater reduction in blood pressure.

  In summary, divergent results have been reported on the relation between 
both pulse pressure and aortic stiffness and lipids. It is possible that in the 
older population, subjects with elevated cholesterol and large artery stiffness 
are underrepresented because of such subjects having died contributing to 
these discrepancies. Also, the major determinants of artery stiffness, namely 
older age and hypertension, when present, may reduce the potential role of 
other factors. However, beyond these hypotheses, these discrepancies suggest 

  Fig. 1.  Rest blood pressure of the brachial artery after placebo administration and 
after atorvastatin treatment. The top portion of each bar represents systolic blood pres-
sure; the white band in the middle represents mean arterial pressure, and the base portion 
of each bar represents diastolic blood pressure. Values are mean  8  SEM.  *  p !  0.05 for 
systolic, diastolic and mean blood pressure [from  13 ]. 
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that appropriate genetic or environmental factors are required to observe an 
association between blood lipids and pulse pressure. In this respect, an inter-
action was found  [18]  between angiotensin II type I receptor genotype and the 
ratio total to HDL cholesterol in terms of the development of aortic stiffness in 
hypertensive patients who have never been treated.

  Glucose Metabolism 
 The Hoorn study  [19]  has convincingly shown that arterial stiffness in-

creases with deteriorating glucose tolerance status. Interestingly, an important 
part of the increased stiffness occurs before the onset of diabetes mellitus type 
2. Also, compared with changes in peripheral artery stiffness, the changes in 
central artery stiffness with deteriorating glucose tolerance status are relative-
ly small. In peripheral arteries, stiffness decreases by 19–31% from normal 
glucose metabolism to diabetes mellitus compared with a 2 to 11% decrease in 
estimates of central artery stiffness. Furthermore, it has been shown in a pop-
ulation-based study  [20]  that an important part of the increased stiffness was 
explained neither by fasting hyperglycemia nor by fasting hyperinsulinemia. 
In line with this result, a case-control study  [21]  conducted in type 1 diabetes 
found that arterial stiffness is strongly associated with advanced glycation end 
products such as Amadori albumin but not with HBA1c ( table 2 ), suggesting 
that the formation of advanced glycation end products is an important path-
way in the development of arterial stiffness in type 1 diabetic individuals. Con-
versely, early glycation products such HBA1c, which is highly reversible, are 

Table 2. Cross-sectional associations of pulse pressure, systolic pressure, and diastolic pressure 
with HbA1c and Amadori albumin [from 21]

Early glycation
products

Pulse pressure
mm Hg

Systolic pressure
mm Hg

Diastolic pressure
mm Hg

� SE p value � SE p value � SE p value

HbA1c, %
Crude 0.85 0.45 0.06 0.96 0.54 0.08 0.11 0.31 0.73
Model 1 0.50 0.36 0.16 0.33 0.24 0.16 –0.17 0.12 0.16

Amadori albumin, U/ml
Crude 0.16 0.05 0.003 0.14 0.07 0.03 –0.02 0.04 0.66
Model 1 0.07 0.04 0.12 0.05 0.03 0.12 –0.02 0.01 0.12

Model 1 was adjusted for age, sex, mean arterial pressure, and duration of diabetes. A regression co-
efficient (�) of 0.85 (top left) indicates that per 1% increase in HbA1c, pulse pressure increases with 
0.85 mm Hg. SE indicates standard error of the regression coefficient.
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thought  [21]  to be relatively unimportant with respect to arterial stiffening. 
However, longitudinal studies or interventional trials designed to explore the 
influence of glucose metabolism on arterial stiffness are lacking.

  Smokers and Coffee Consumers 
 Studies have shown that smoking has an unfavorable effect on arterial 

stiffness and pulse pressure  [22] . Smoking causes immediate constriction of 
arteries that may be related to activation of the sympathetic nervous system. 
Other pharmacologic effects of smoking that may affect aortic tone include 
inhibition of prostacyclin production by endothelial cells, activation of plate-
lets and release of vasopressin. Also, it has been shown that active or passive 
smoking affects endothelium-mediated vascular control in clinically healthy 
persons. Therefore, active stiffening of the vessels caused by elevated muscular 
tone may account for the deleterious effect of smoking on pulse pressure.

  Interestingly, since in contemporary lifestyles, smoking is very frequently 
combined with coffee drinking, the negative effect of caffeine consumption 
has also been suggested  [22] . Furthermore, it has been shown that when smok-
ing and caffeine consumption are combined, they have both an acute and 
chronic deleterious effect on arterial stiffness and peripheral and central pulse 
pressure. This interaction was also present in chronic coffee consumers and 
chronic smokers. From a pathophysiological viewpoint, the authors  [22]  sug-
gest as a plausible mechanism underlying this interaction an antagonism of 
adenosine and/or release of catecholamines.

  Relation between Pulse Pressure and Atherosclerosis 

 Pulse Pressure and Plaques 
 In cross-sectional studies, carotid, aortic and coronary plaques were as-

sociated with aortic stiffness. Moreover, the importance of the morphology of 
the plaque on this relation has been documented. It has been found by Zureik 
et al.  [23]  that echogenic but not echolucent carotid plaques are associated with 
aortic stiffness. Also, it has been shown by McLeod et al.  [24]  that pulse wave 
velocity correlates with the extent of coronary artery plaque volume. Finally, 
in a large population  [25]  of patients with recently symptomatic carotid steno-
sis in the European carotid surgery trial, pulse pressure appeared as the stron-
gest independent predictor of ulceration of the symptomatic carotid plaque. 
This correlation was weaker for systolic blood pressure and non-significant for 
diastolic blood pressure and mean blood pressure ( fig. 2 ).

  In a landmark longitudinal study, Witteman et al.  [26]  examined the as-
sociation between diastolic blood pressure and progression of aortic athero-
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  Fig. 2.  Relationship between different blood pressure variables and presence of an-
giographic ulceration at the symptomatic carotid bifurcation [from  25 ]. 
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sclerosis in a population-based cohort of 855 women. The women were exam-
ined radiographically for calcified deposits in the abdominal aorta. The age-
adjusted relation risk of substantial atherosclerotic progression in women with 
a decrease in diastolic blood pressure of  6 10 mm Hg was 2.5 (95% confidence 
interval 1.3–3.5) compared with the reference group of women who had a 
smaller decrease or no change. The excess risk in this group was confined to 
women whose increase in pulse pressure was above the median. Therefore, this 
prospective study suggests that the progression of atherosclerosis is accompa-
nied by an increase in pulse pressure.

  Atherosclerotic Diseases 
 Hypertension is a risk factor for the development of atherosclerosis. In this 

respect, pulse pressure is well established as an important independent predic-
tor of cardiovascular events whereas more recently, large artery stiffness has 
been linked to total mortality. Of interest to note that in an observational study, 
brachial pulse pressure is a predictor of coronary heart disease   mortality, where-
as its predictive value is not significant   for cerebrovascular mortality  [27] . In 
line with these observations, in therapeutic trials, coronary morbidity is more 
substantially reduced in populations   of subjects with isolated systolic hyperten-
sion (i.e. in patients with high pulse pressure) than in populations   involving 
subjects with systolic-diastolic hypertension  [28]  whereas it was consistently 
shown that   antihypertensive drug therapy prevented 40% of strokes both in pa-
tients with isolated systolic hypertension and systolic-diastolic hypertension.

  Pathophysiological Aspects 

 Relation between Pulse Pressure and Other Cardiovascular Risk Factors 

 It is unlikely that pulse pressure per se influences glucose or lipid metabo-
lism. Conversely, there are several lines of evidence suggesting that glucose or 
lipid metabolism impairment results in changes in pulse pressure via changes 
in endothelial function and the development of atheroma. Also, the role of in-
flammation as a link between pulse pressure, glucose and lipid metabolisms 
may be evoked.

  Endothelial Dysfunction 
 Major mechanisms by which cholesterol, glucose metabolism and smok-

ing impairment might affect via arterial stiffness pulse pressure are through 
alteration in endothelial function and the development of atheroma. Many of 
the traditional coronary risk factors that enhance the development of athero-
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sclerosis, such as hypercholesterolemia, hypertension, smoking, diabetes are 
also associated with endothelial dysfunction  [29] . The total number of risk fac-
tors in a given patient has been found to be a potent independent predictor of 
endothelial dysfunction as measured by the acetylcholine test.

  Effects of circulating lipoproteins on endothelial function are well recog-
nized. There is evidence that the presence of high serum LDL levels impairs 
endothelium-dependent vasodilation possibly reversed by short-term removal 
of LDL particles. Also, endothelium-derived relaxing factor is rapidly inacti-
vated by oxidized LDL particles. Improvement in endothelium-dependent va-
sodilation has been achieved with cholestyramine and LDL apheresis, impli-
cating LDL cholesterol reduction as an important mechanism.

  Several molecular mechanisms have been implicated  [30]  in hyperglyce-
mia-induced endothelial damage: activation of protein kinase C isoforms via 
de novo synthesis of the lipid second messenger diacylglycerol, increased hex-
osamine pathway flux, increased advanced glycation end product formation, 
increased polyol pathway flux, and activation of the proinflammatory nuclear 
transcription factor nuclear factor- k B. All of these mechanisms are indepen-
dently associated with overproduction of superoxide by the mitochondrial 
electron transport chain. As a result, hyperglycemia-induced formation of re-
active oxygen species may lead to endothelial dysfunction. Since endothelial 
function plays a key role on arterial compliance, particularly via the constitu-
tive release   of nitric oxide (NO) as shown in young healthy humans  [31] , it is 
likely that the deleterious influence of most cardiovascular risk factors on en-
dothelial function may result in increasing pulse pressure. On the other hand, 
it has been found in spontaneously hypertensive rats  [32]  that pulse pressure 
changes disproportionately   with age, together with an enhanced isobaric arte-
rial stiffness.   The endothelial NO response to norepinephrine is abolished   in 
association with endothelium-dependent heightened norepinephrine   reactiv-
ity and enhanced accumulation of vessel extracellular   matrix. Thus, during 
aging in spontaneously hypertensive rats, a negative   feedback may be observed 
between NO bioactivity and pulse pressure through   changes in arterial struc-
ture.

  In summary, it is likely that endothelial dysfunction associated with car-
diovascular risk factors negatively influences pulse pressure via arterial stiff-
ening and also it could be speculated that increasing pulse pressure in turn 
may impair endothelial function through changes in arterial structure.

  Development of Atheroma 
 Lipid or glucose metabolism impairment as well as smoking are associ-

ated with the development of atheroma. As described above, the development 
of atheroma results in stiffening of large arteries. Also, the development of 
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plaques may produce reflection sites closer   to the heart, as shown in the pres-
ence of calcified plaques,   particularly at the site of arterial bifurcations (aorta, 
carotid   and femoral arteries, origin of renal arteries). Both the stiffening of 
large arteries and the development of reflection sites closer to the heart result 
in increasing pulse pressure, particularly central pulse pressure.

  Potential Role of Inflammation 
 Pulse Pressure 
 Population-based studies have shown that the C-reactive protein (CRP) 

level correlates with pulse pressure and predicts the development of hyperten-
sion  [33] . Supporting a causal relationship leading from pulse pressure to CRP 
production, it has been reported that perindopril-indapamide combination 
therapy is more effective than  � -blockade in lowering elevated CRP in hyper-
tensive subjects and that this effect is significantly associated with a more ef-
fective pulse pressure reduction  [34] .

  Cardiovascular Risk Factors 
 Subclinical inflammation was associated with most of other cardiovascu-

lar risk factors. Indeed, IL-6 plays a key role in the development of the meta-
bolic syndrome  [35] . Histologically, there is evidence of significant infiltration 
of macrophages into white adipose tissue and of the release of IL-6 by the adi-
pose tissue before the development of insulin resistance. In addition, IL-6 is 
correlated with obesity, glucose intolerance and insulin resistance,   and de-
creases with weight loss. In line with this result, the CRP level where the he-
patic synthesis is predominantly controlled by IL-6 levels is also highly corre-
lated with body mass index, waist-hip ratio and insulin resistance. Further-
more, many cross-sectional population-based studies have shown a positive 
association between CRP and current smoking.

  In the light of these data, it could be suggested that pulse pressure and 
other major traditional risk factors may be linked through inflammation. 
Also, with respect to the role played by inflammation on cardiovascular events, 
it is possible that inflammation may contribute to the association between 
pulse pressure and atherosclerotic diseases.

  Conclusion 

 Pulse pressure is linked with glucose metabolism, smoking and the pro-
gression of atherosclerosis. More controversial data have been reported for 
blood lipids. Collectively, these relations may contribute to the predictive role 
of pulse pressure on cardiovascular prognosis. The deleterious influence of 
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risk factors on large artery stiffness via endothelial dysfunction and progres-
sion of atheroma and the role played by subclinical inflammation are likely to 
underlie these connections.
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   Abstract 
 Recent studies have reported positive associations between pulse pressure (PP) and 

markers of inflammation. These studies are intriguing because they suggest that eleva-
tions in PP could induce an inflammatory state and thereby increase the risk of inflam-
mation-related diseases such as atherosclerotic cardiovascular disease. In the present 
chapter, we review potential mechanisms by which an elevated PP could increase inflam-
mation. We also review human-based studies that have investigated the association be-
tween PP and inflammatory biomarkers such as C-reactive protein. The majority of stud-
ies support a positive association between PP and inflammatory markers. However, it 
remains unclear whether the association is truly causal and whether it has relevance in 
terms of predicting cardiovascular diseases. 

 Copyright © 2007 S. Karger AG, Basel 

 Pulse pressure (PP) is defined as the difference between systolic blood 
pressure (SBP) and diastolic blood pressure (DBP). A number of factors, most 
notably large artery stiffness  [1] , can lead to a high PP (i.e. a large or ‘wide’ dif-
ference between SBP and DBP). Recent studies have demonstrated that higher 
PP values are associated with higher levels of inflammatory markers  [2–10] . 
These studies are of great interest, because they suggest that elevations in PP 
may induce inflammation, which would help to explain why an elevated PP 
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has been associated with a higher risk of inflammation-dependent atheroscle-
rotic cardiovascular diseases (CVD)  [11, 12] . Although the studies of PP and 
inflammation are intriguing, many issues surrounding the PP/inflammation 
association remain to be investigated and clarified.

  In the present chapter, we will attempt to review current knowledge about 
the relationship between PP and inflammation. First, we will highlight patho-
physiological mechanisms by which an elevated PP might induce inflamma-
tions. Second, evidence linking PP to inflammation in humans will be re-
viewed. Third, a critical assessment of the existing studies of PP and inflam-
mation will be presented.

  Pathophysiological Mechanisms Linking PP to Inflammation 

 In assessing whether a wide PP may lead to higher inflammation, it is im-
portant to consider whether there are plausible biological mechanisms by 
which PP could promote inflammation. Several experimental studies have 
suggested that such mechanisms may exist. In general, these mechanisms fall 
under two categories: (1) cyclic strain and (2) non-steady shear stress.

  Elevated Cyclic Strain and Inflammation 
 Higher levels of PP presumably lead to greater degrees of cyclic strain, the 

repetitive mechanical deformation that is experienced by the arterial wall as it 
expands and contracts during each cardiac cycle. PP-induced cyclic strain 
could be a mechanism by which higher PP increases inflammation, because 
evidence indicates that endothelial cells can detect cyclic strain signals and 
transmit these signals into pro-inflammatory biochemical responses. For ex-
ample, studies indicate that cyclic strain is associated with endothelial cell pro-
duction of superoxide and other reactive oxygen species (ROS)  [13,14]  that can 
act as important signaling molecules in inflammation. In addition, cyclic 
strain induces higher levels of pro-inflammatory factors such as chemokines 
and adhesion cell molecules. With respect to chemokines, investigators have 
demonstrated that in endothelial cells, cyclic strain leads to substantial in-
creases in the gene expression of the pro-inflammatory chemokine monocyte 
chemotactic protein-1 (MCP-1)  [14–16] . Similarly, it has been shown that cyclic 
strain increases endothelial cell gene expression of the pro-inflammatory ad-
hesion molecules intracellular adhesion molecule-1 (ICAM-1)  [17, 18] , vascu-
lar cell adhesion molecule-1 (VCAM-1)  [18] , and E-selectin  [18] . Furthermore, 
by inducing expression of these pro-inflammatory molecules, cyclic strain 
leads to greater adhesion of monocytes to endothelial cells  [17, 18] , an impor-
tant part of the inflammatory process. In addition to ROS, chemokines, and 
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adhesion molecules, cyclic strain has also been associated with other factors 
that appear to be closely linked to inflammatory processes, such as matrix me-
talloproteinases. For example, production of MMP-2 in endothelial cells ex-
posed to cyclic strain is as much as 4 times greater than MMP-2 production in 
control cells  [19] . Overall, the evidence above tends to suggest that cyclic strain 
induces endothelial cell responses that could foster inflammation, indicating 
that cyclic strain may represent a potential biological mechanism by which PP 
could promote inflammation.

  Non-Steady Shear and Inflammation 
 In addition to cyclic strain, arteries experience a number of other mechan-

ical forces which may be implicated in inflammation. For example, as blood 
flows through arteries, it creates a frictional force which acts parallel to the 
lining (endothelium) of the artery. This frictional force is known as shear 
stress. Although the relationship between PP and shear stress is not entirely 
clear, it has been suggested that a large PP would result in non-steady shear 
stress forces. This non-steady shear may actually result in oscillatory (i.e. re-
versing, or ‘back-and-forth’) shear stress forces, especially at arterial branch 
points where blood flow is already non-steady due to the geometry of the 
branch points  [20] . As with cyclic strain, PP-induced non-steady or oscillatory 
shear may represent a mechanism by which elevated PP could lead to inflam-
mation, because endothelial cells can detect shear stress forces and translate 
them into inflammatory biochemical responses. For example, Chappel et al. 
 [21]  compared the effect of steady and oscillatory shear on the upregulation of 
pro-inflammatory adhesion molecules in human umbilical vein endothelial 
cells. They found that, compared to steady shear, oscillatory shear was associ-
ated with a much greater (at least 7.5-fold) upregulation of ICAM-1, VCAM-1, 
and E-selectin. Moreover, they found that this oscillatory shear-induced up-
regulation of adhesion molecules was associated with a 10-fold increase in the 
level of monocyte binding. Hsiai et al.  [22]  examined the effect of oscillatory 
flow on bovine aortic endothelial cells. They found that oscillatory flow led to 
significant increases in ICAM-1 and MCP-1 expression, with a concomitant 
increase in the number of monocytes binding to the endothelial cells. Other 
investigators have also reported positive associations between oscillatory shear 
and monocyte adhesion to endothelial cells, and have suggested that such pos-
itive association may be mediated by ROS  [23] . Overall, this evidence supports 
the notion that a high PP, by fostering non-steady or oscillatory shear, may 
promote inflammation.
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  Studies of PP and Inflammation in Humans 

 From the preceding discussion, it is apparent that there are plausible 
mechanisms by which a high PP, in and of itself, could lead to increased in-
flammation. In recent years, a number of studies have in fact attempted to ad-
dress whether a high PP is indeed associated with inflammation in humans. 
In particular, studies have examined whether PP is associated with markers of 
inflammation that have been linked to an increased risk of CVD in humans, 
such as C-reactive protein (CRP) and interleukin-6 (IL-6).

  Studies of PP and CRP 
 CRP is the inflammatory biomarker which has shown the most consistent 

association with increased CVD risk. For this reason, many of the studies look-
ing at PP and inflammation have chosen to look at CRP as the primary mark-
er of inflammation. In general, results from studies of PP and CRP have re-
ported significant, positive associations between PP and CRP. In a study of 
over 9,000 apparently healthy US adults who participated in the Third Nation-
al Health and Nutrition Examination Survey (NHANES), we examined the 
association between peripheral PP (measured at the brachial artery with a 
standard blood pressure cuff) and CRP levels  [2] . We found that a 10 mm Hg 
increase in PP was associated with a statistically significant 13% increase in the 
odds of having an elevated CRP ( 6 0.66 mg/dl). This association was observed 
after adjustment for numerous potential confounding factors, including age, 
sex, education, lipid levels, body mass index (BMI), smoking status, alcohol 
consumption, and physical activity. Furthermore, the association between PP 
and elevated CRP was stronger than the association between SBP and elevated 
CRP ( table 1 ). In multivariable models including PP and SBP or PP and DBP 
simultaneously, PP (i.e. increasing SBP at any level of DBP and decreasing DBP 
at any level of SBP) proved to be the strongest predictor of elevated CRP. Amar 
et al.  [3]  also reported a positive, cross-sectional association between periph-
eral PP and CRP. In particular, they found that a high peripheral PP was as-
sociated with elevated CRP ( 1 3.7 mg/l) after adjustment for age, sex, BMI, 
lipids, glucose, and antihypertensive drugs. Several other studies have also re-
ported significant, positive associations between peripheral PP and CRP  [5, 8, 
9] , though in some studies, the association became fairly weak after adjust-
ment for potential confounding factors. For example, in a study of over 2,000 
older British women, investigators found only a small positive association be-
tween peripheral PP and CRP after adjustment for age, BMI, smoking and in-
dicators of socio-economic status  [5] .

  Although studies reporting a positive association between peripheral/bra-
chial PP and CRP are of interest, it has been noted that peripheral PP is often 
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a poor indicator of central PP  [1] . Central PP may be the more relevant PP, as 
this is the PP that is ‘seen’ by the heart. Thus, some studies have examined the 
relationship between central PP and CRP. Kampus et al.  [7]  examined the 
cross-sectional association between central PP, measured non-invasively with 
applanation tonometry, and CRP in apparently healthy middle-aged subjects. 
They found a highly significant positive association between central PP and 
CRP in a multivariable regression model that was adjusted for age, sex, glucose, 
and smoking. Similarly, in a sample of 427 healthy persons, Yasmin et al.  [10]  
found that central PP, determined by applanation tonometry, was positively 
and significantly associated with CRP after adjustment for age and heart 
rate.

  One other intriguing study of PP and CRP comes from Amar et al.  [24] . 
In this study the authors showed that among persons being treated for hyper-
tension, those displaying the greatest reduction in peripheral PP during anti-
hypertensive therapy were also the most likely to show reductions in CRP ( ta-
ble 2 ). This study is noteworthy because, rather than simply showing that PP 
and CRP are associated cross-sectionally, it demonstrates that manipulation of 
PP levels leads to a concomitant change in CRP levels. In demonstrating this, 
the authors provide even stronger evidence that PP and inflammation may 
truly be related.

  Studies of PP and Other Inflammatory Markers 
 Although CRP is often the inflammatory marker that receives the most 

attention in the cardiovascular literature, there are other inflammatory mark-
ers which have been linked to CVD risk. PP has also shown associations with 

Table 1. Logistic regression models assessing the association between 
single blood pressure components and the odds of having an elevated CRP 
level [from 2]

Model1 Odds ratio (95% CI)
for elevated CRP

p value

Model 1: systolic blood pressure 1.07 (1.00–1.15) 0.05
Model 2: diastolic blood pressure 0.95 (0.84–1.06) 0.33
Model 3: pulse pressure 1.13 (1.04–1.22) 0.004

1 All three models were adjusted for age, sex, race, education, choles-
terol levels, BMI, waist-to-hip ratio, smoking status, alcohol consumption, 
physical activity, and use of antihypertensive medications. Odds ratios are 
given per 10 mm Hg increase.
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these other inflammatory markers. In a cross-sectional investigation of 508 
apparently healthy men, investigators reported that increasing levels of PP 
were significantly associated with increasing levels of ICAM-1 and IL-6 ( fig. 1 ) 
 [4] . This association was observed after adjustment for age, diabetes, lipids, 
BMI, smoking, and family history of myocardial infarction. Engstrom et al.  [6]  
investigated the relationship between five inflammation-sensitive plasma pro-
teins (fibrinogen,  �  1 -glucoprotein,  �  1 -antitrypsin, haptoglobin and cerulo-
plasmin) and PP among Swedish men who were not being treated for hyper-
tension. They found that PP was not related to the inflammation-sensitive 

Table 2. Likelihood of CRP decreasing from >3 to 
^3 mg/l with respect to decrease in blood pressure 
[from 24]

Decrease1 Odds ratio 95% CI

Pulse pressure 2.97 1.11–12.03*
Systolic blood pressure 1.92 0.71–5.52
Diastolic blood pressure 1.57 0.57–4.27

Multivariate logistic regression adjusted for baseline 
CRP and overweight (BMI 625 kg/m2). * p = 0.04.

1 > Median vs. ^ median decrease (pulse pressure, 
7.7 mm Hg; systolic blood pressure, 22.7 mm Hg; diastol-
ic blood pressure, 13.4 mm Hg).
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  Fig. 1.  Relationship between PP (p  !  0.001) and plasma level of IL-6 [from  4 ]. 
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 proteins at baseline. However, they did find that higher levels of inflammation-
sensitive proteins at baseline were predictive of greater increases in PP during 
follow-up. This association was observed after adjustment for numerous con-
founders such as age, diabetes, baseline blood pressure, plasma lipids, smoking 
and physical activity. However, the magnitude of the association was not 
large.

  Critical Assessment of the Studies of PP and Inflammation in Humans 

 Based on the evidence from the studies discussed above, it is tempting to 
conclude that higher PP is associated with, and may in fact provoke, an inflam-
matory response. However, before reaching such a conclusion, it is important 
to critically assess the strengths and weaknesses of the evidence from these 
studies. On the whole, these studies do have a number of strengths, which tend 
to bolster one’s confidence in the belief in the existence of a real, positive as-
sociation between PP and inflammation. First, as noted earlier, there are plau-
sible biological mechanisms, such as cyclic strain and non-steady shear, by 
which a high PP could theoretically promote inflammation. Second, studies 
have been fairly consistent in reporting positive associations between PP and 
inflammation in humans. Some studies have reported no association in cer-
tain subgroups (e.g. women)  [8] , have reported that it is only central (and not 
peripheral) PP that is associated with inflammation  [7] , or have reported only 
weak associations after adjustment for confounders  [5] . Nevertheless, the vast 
majority of studies which have examined the association between PP and in-
flammation have reported a positive association between these two factors. 
Third, the positive association between PP and inflammation has been ob-
served in a wide variety of populations, including a nationally representative 
sample of healthy US adults  [2] , older British women  [5] , hypertensive persons 
in a clinical trial  [24] , and other populations  [3, 9] . This fact indicates that the 
positive association between PP and inflammation may be a general one, and 
not simply an association that is confined to a selected population. Fourth, PP 
has been associated with a variety of inflammatory markers, including CRP 
 [2, 3, 5, 7–10, 24] , IL-6  [4] , ICAM-1  [4] , and other markers  [6] . Again, this sug-
gests that the positive association between PP and inflammation is valid, being 
not simply confined to one particular inflammatory marker.

  In addition to the strengths just listed, however, the studies of PP and in-
flammation have a number of weaknesses which raise questions about the na-
ture of the PP/inflammation association. One major limitation is that the stud-
ies in humans have primarily been based on observational data  [2–8, 10] . As 
such, these studies have been unable to conclusively prove that PP and inflam-
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mation are positively associated, independent of potentially confounding fac-
tors. The threat of confounding has been partially addressed through statisti-
cal adjustment for potential confounders such as age, sex, race, SBP, lipids, 
BMI, smoking, physical activity, and socio-economic status. That these studies 
have observed positive associations between PP and inflammation after ad-
justment for such confounders helps bolster the notion that the PP/inflamma-
tion association is a true, independent association. At the same time, however, 
these observational studies can never really prove that their results were free 
of residual confounding or unknown confounders. For example, the study of 
older British women noted above observed a marked attenuation of the PP/in-
flammation association after adjustment for potential confounders, raising 
concern that the small association which remained after adjustment may have 
simply been due to residual confounding  [5] . Of all of the potential confound-
ing factors, perhaps the most problematic is SBP. The correlation between SBP 
and PP tends to be very strong, and is often as high as 0.80. Due to this high 
correlation, it is often unclear whether the association between PP and inflam-
mation is really independent of SBP. Regression models which simultaneously 
include continuous SBP and continuous DBP as predictors of inflammation, 
can help establish whether it is PP, and not SBP, which is related to inflamma-
tion. In such models, if continuous SBP predicts increases in inflammation 
while DBP predicts decreases in inflammation, it would suggest that it is an 
increasing difference between SBP and DBP (i.e. an increasing PP), and not 
simply increasing SBP, which is predictive of increased inflammation. Al-
though some studies have, in effect, adopted this approach  [2] , others have not 
 [4]  and have left open questions about whether their findings of a positive as-
sociation between PP and inflammation is truly independent of SBP.

  A second limitation of studies of PP and inflammation is that almost all 
of these studies have been cross-sectional in nature (i.e. PP and inflammation 
were essentially measured at the same time)  [2–5, 7–10] . This precludes an un-
derstanding of the temporal ordering of the association. In this chapter, we 
have argued that PP may induce an inflammatory response. However, it is cer-
tainly possible that the association is one in which inflammation leads to a 
higher PP. Indeed, a study of PP and inflammation which was prospective in 
nature showed that inflammation was predictive of an increase in PP over time 
 [6] . In addition, in a treatment trial of hypertensive patients, a reduction in PP 
with anti-hypertensive treatment was associated with a decrease in CRP, a re-
lationship not seen with SBP or DBP  [24] . Furthermore, several studies seem 
to show that inflammation is associated with arterial stiffness  [7, 10, 25–28] , 
perhaps because inflammation promotes atherosclerosis which then results in 
stiffening of the arteries. If so, one would expect to see an association between 
PP and inflammation, not because PP leads to inflammation, but because in-
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flammation leads to arterial stiffness, which then leads to a higher PP. Some 
studies have argued against this latter possibility, by showing that PP and in-
flammation are associated, even after accounting for arterial stiffness  [3] . Nev-
ertheless, the cross-sectional nature of many studies of PP and inflammation 
have overall failed to clarify the temporal ordering of the PP/inflammation as-
sociation, and more data are needed to clarify this issue.

  A third limitation is that few studies have assessed the impact of genetic 
background on the association between PP and inflammation. Data indicate 
that genetic factors play a role in influencing PP  [29] . Genetic factors also in-
fluence levels of inflammatory markers such as CRP  [30, 31] . Thus, it would 
seem natural to believe that the association between PP and inflammation may 
be modified by inherited factors, but few studies have addressed this issue.

  A fourth limitation is that the clinical importance of the association be-
tween PP and inflammation has not been adequately addressed by existing 
studies. Although the relationship between PP and inflammation is of scien-
tific interest in the study of the pathophysiology of CVD, an understanding of 
its clinical significance is also important. Such understanding would require 
that studies not only analyze the association between PP and inflammation, 
but assess how this association affects the risk of adverse cardiovascular events. 
Unfortunately, such analyses have not been conducted.

  Summary and Future Research 

 Overall, the relationship between PP and inflammation remains an in-
triguing and important area of research. Plausible biological mechanisms exist 
which suggest that PP may induce inflammation. Additionally, many cross-
sectional, observational studies suggest that PP and inflammation are associ-
ated with one another in humans. However, due to methodological limitations 
of existing studies, it remains unclear whether PP and inflammation are truly 
causally related. Since PP and inflammation have been both associated with 
CVD risk, any relation between the two factors would also, presumably, have 
an impact on CVD risk. As such, it would be of considerable importance to 
conduct further research that would attempt to more definitively establish 
whether there is a causal relationship between PP and inflammation and, if so, 
what the precise character of the relationship is. Future studies could focus on 
establishing more conclusively the independence of the association between 
PP an inflammation, defining the temporal ordering of this association, and 
examining the role of genetic factors in the association. Hopefully such studies 
will improve our understanding of how PP and inflammation are related and, 
ultimately, how they interact to affect CVD risk.
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   Abs tra ct 
 Vascular calcification can occur in either the intimal or medial layers of the arterial 

wall. Intimal calcification is associated with  athero sclerosis, which is characterized by 
lipid accumulation, inflammation, fibrosis and development of focal plaques. Medial cal-
cification is associated with  arterio sclerosis, i.e. age- and metabolic disease-related struc-
tural changes in the arterial wall which are related to increased arterial stiffness. It has 
been hypothesized that vascular calcification, either intimal or medial, may directly in-
crease arterial stiffness. Alternatively, arterial stiffness may contribute to the development 
of calcification and focal plaque. Ample evidence (i.e. animal data and studies of diabetes 
and end-stage renal disease) has demonstrated that medial calcification of elastic fibers 
contributes to increased arterial stiffness. Evidence linking intimal calcification with ar-
terial stiffness is less definitive, partly because it is very difficult to differentiate vascular 
calcification due to focal plaques (intimal) from medial calcification, and partly because 
the number of studies has been small.  Conclusion:  Current evidence supports that me-
dial calcification is associated with increases in arterial stiffness. The association between 
intimal (atherosclerotic-associated) calcification and arterial stiffness is less definitive. 

 Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 The medium and large arteries are affected by two separate but related 
disease processes –  athero sclerosis, which is characterized by lipid accumula-
tion, inflammation, fibrosis and development of focal plaques, and  arterio scle-
rosis, i.e. age- and metabolic disease-related structural changes in the arterial 
wall which are related to increased arterial stiffness. Vascular calcification can 
occur in the presence or absence of atherosclerosis. In the setting of atheroscle-
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rosis, calcification of the intima occurs as a result of an inflammatory response 
to lipid accumulation and plaque formation. Medial calcification, as seen in 
arteriosclerosis, is driven by age-related changes in the vascular wall, elevated 
blood pressure (BP) and inflammation, among other factors. It has been hy-
pothesized that vascular calcification of the medial layer, and possibly of the 
intimal layer, directly increases arterial stiffness. Conversely, stiffer arteries 
are less able to buffer the pulsatile blood flow, which increases the strain on 
arterial walls, contributing to injury and the development or progression of 
atheroma. These two processes of atherosclerosis (and intimal calcification) 
and arterial stiffening (arteriosclerosis and medial calcification) likely con-
tribute to each other, accelerating the process of vascular damage. The purpose 
of this chapter is to review what is known about vascular calcification and its 
associations with arterial stiffness, to evaluate what conclusions are supported 
by current evidence.

  Vascular Calcifications – Pathophysiology 

 Historically, vascular calcification was considered to be a passive degen-
erative process. However, recent human, animal and cell biological studies 
have demonstrated that vascular calcification is an actively regulated process 
similar to bone formation. For example, human vascular smooth muscle cells 
(VSMCs) have been shown to express many bone-regulating proteins, includ-
ing osteopontin, matrix Gla protein, osteocalcin, osteonectin, collagen I and 
II, alkaline phosphatase, bone sialoprotein and bone morphogenic proteins  [1] . 
Intense interest in this evolving area has generated several comprehensive re-
views  [1–4] , the details of which are beyond the scope of this chapter.

  As previously noted, calcification of the arterial wall can occur either in 
the intima, as part of a focal atherosclerotic plaque, or in the medial layer in 
the absence of atherosclerotic plaque. These two forms of arterial calcifications 
differ in their morphological features and epidemiology and may differ in their 
clinical significance as discussed below.

  Medial Calcification 

 Calcification of the medial layer of the arteries, which occurs in the ab-
sence of atheroma, has been recognized by pathologists for over a century, and 
has historically been referred to as ‘Monckeberg’s sclerosis’. Medial calcifica-
tion typically occurs in lower limb arteries such as the femoral and tibial, but 
it is also a common finding in the aorta. Medial calcification is non-occlusive, 
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but can occur in the same locations as calcification of focal plaques (intimal 
calcification.) Medial calcification increases with age, and is widespread in 
persons with metabolic disorders such as diabetes mellitus and end-stage renal 
disease (ESRD)  [2] . Familial aggregation of medial artery calcification has 
been reported, suggesting a genetic component. Other risk factors include du-
ration of dialysis, duration of diabetes, and diabetic nephropathy  [5] .

  Medial calcification has a different morphology from that of intimal cal-
cification, appearing first as linear deposits along elastic lamellae, and in more 
severe cases, forming a thick circumferential sheet of calcium apatite crystals 
(and even bone tissue) in the center of the medial layer, with VSMCs on both 
sides  [1] . On soft-tissue x-ray of the aorta and lower limbs, the appearance of 
medial calcification has been described as railroad tracks  [2] . Historically, me-
dial artery calcification was believed to be clinically insignificant, but several 
large studies have now shown that it is associated with increased risk for CVD 
events, at least among diabetic and ESRD patients  [5] . In a recent study of 
ESRD patients by London et al.  [6] , patients with predominantly intimal 
(plaque-associated) calcification had the highest risk of CVD events; patients 
with only medial arterial calcification had an intermediate risk of events, and 
patients with no calcifications had the lowest CVD event risk. Those with in-
timal calcification were older, and had higher levels of calcified common ca-
rotid artery (CCA) plaques, smoking, LDL cholesterol and CRP, more preva-
lent diabetes and atherosclerosis, and longer duration of dialysis. Patients with 
only medial artery calcification were similar in age to those with no calcifica-
tions, but had much longer duration of dialysis. Interestingly, medial artery 
calcification was less prevalent among black ESRD patients, similar to report-
ed racial differences in coronary artery calcification.

  Intimal Calcification 

 As illustrated by London and colleagues  [6] , the epidemiology and clini-
cal significance of intimal calcification, or calcification of focal plaques, may 
differ from that of medial calcification. Intimal calcium deposition in the
context of atherosclerosis is mostly seen in the coronaries and large arteries 
like the aorta and is associated with lipids, macrophages (inflammation) and 
VSMCs  [1] . Intimal calcification occurs in at least two distinct patterns:
(1) discrete or punctate in the basal portion of the intima, and (2) diffuse cal-
cification throughout the intima. The discrete pattern is thought to reflect an 
active, organized and regulated process because hematopoietic marrow, osteo-
clast-like cells, osteoblasts and other proteins normally associated with bone 
formation are seen  [1] . Histopathological techniques that avoid decalcification 
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have revealed a second, more diffuse pattern of calcification. This type of cal-
cification can be missed by imaging modalities because the overall tissue den-
sity is similar to the adjacent, non-calcified tissue. It has been speculated that 
in intimal calcification, the calcification process begins with a diffuse pattern 
which undergoes reorganization to form the more discrete pattern  [1, 2] .

  Quantification of intimal calcification in the coronaries has been shown 
to be a good marker of atherosclerotic burden. To date, the strongest determi-
nants identified are older age, male sex and race/ethnicity, with higher calcifi-
cation levels among white compared to black individuals  [7] . Traditional risk 
factors such as LDL and total cholesterol have been predictors of coronary cal-
cification burden, with smoking, BP and BMI showing slightly stronger rela-
tionships. Coronary calcification scores are much higher in men, but interest-
ingly, this gender difference does not apply to the aorta, where autopsy studies 
have shown a more similar level of atheroma between men and women  [8] .

  Coronary artery calcification is strongly indicative of atheroma; however, 
an absence of coronary calcification does not rule out the presence of non-cal-
cified plaques. This has raised the question of whether calcification may be 
involved in the stabilization of plaques that would otherwise be vulnerable to 
rupture. The role of calcium deposition in this process is contradictory, de-
pending on the stage of atherosclerosis. When calcium deposition occurs as 
superficial nodules in early stages of plaque formation, it can protrude, causing 
rupture  [9] . Studies have also shown that plaque rupture is most likely at in-
terfaces between materials of different stiffness; however, as the lesion pro-
gresses, deposition of calcium is thought to impart resistance to stress in pro-
portion to its quantity  [10] .

  Imaging of Vascular Calcification 

 A number of imaging modalities, both invasive and non-invasive, are cur-
rently available to detect and quantify vascular calcification. These include 
plain radiographs (x-ray), ultrasound techniques (intravascular, transthoracic 
and transesophageal), computed tomography (CT) and magnetic resonance im-
aging. Of these modalities, x-ray and ultrasound have some ability to distin-
guish medial and intimal calcification, but provide only semiquantitative as-
sessments  [6] ; moreover, intravascular ultrasound is invasive and transthoracic 
and transesophageal methods provide limited or no view of coronary arteries.

  Intimal calcification has been studied in the aorta, carotid and femoral 
arteries using B-mode ultrasound to identify and semiquantify echogenic 
plaques. Some studies have also used x-rays and plain CT to identify extra-
coronary calcification, but with these modalities, authors have usually as-
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sumed that they were measuring atherosclerotic calcification and have not al-
ways specified that they used a method that would exclude medial calcification 
from their results. A method of distinguishing between medial and intimal 
(plaque-associated) calcification on soft-tissue x-ray has been described, but it 
is user-dependent and provides only semiquantitative assessments  [6] .

  An explosion of interest in calcification of the coronary arteries has been 
initiated by the recent development of electron-beam CT (EBT). The rapid 
scanning time (100 ms) of EBT has made it possible to obtain clear images of 
the coronary arteries without motion artifact. Most of the existing literature 
on coronary calcification has used EBT, although newer multidetector row spi-
ral CT can also be used. 30–40 adjacent axial images of the heart are typically 
obtained with a 3- to 6-mm thickness. Trained ‘readers’ use software to quan-
tify calcium area and density (calcification is detected when pixels  1 130 Houn-
sfield units are observed.) Most frequently, summary scores have been calcu-
lated using Agatston’s method, although more recently some have advocated 
the determination of volumetric calcification scores  [7] . EBT is not currently 
able to distinguish between medial and intimal calcification. However, coro-
nary calcification is believed to primarily represent intimal calcification of fo-
cal plaques, since medial calcification is rare in the coronary arteries  [2, 7] .

  Potential Mechanisms for Association between Arterial Calcification 

and Stiffness 

 Medial calcification is believed to directly increase arterial stiffness. The 
walls of large arteries contain collagen fibers, ensheathing elastic lamellae and 
VSMCs, all embedded in a non-fibrous matrix. The mechanical properties of 
the artery are determined mainly by the elastin and collagen components in 
the media of the artery, with smooth muscle cells also playing a role in vascu-
lar tone. With age, structural changes (remodeling) occur in the arterial wall 
including fragmentation and degeneration of elastin, increases in collagen, di-
lation of the artery and a thickening of the arterial wall  [11] . Animal models 
have shown that various components of the media, especially elastin, and oth-
er components of elastic fibers are prone to calcification  [12] . The net effect of 
these arteriosclerotic changes, including calcification of the elastic compo-
nents of the medial layer, increases the stiffness of the arterial wall. In contrast, 
the most intuitive mechanism for a causal relationship between arterial stiff-
ness and intimal calcification is that increased stiffness increases stress on the 
arterial wall, which makes it more prone to atherosclerosis and calcification.

  In summary, when evaluating studies relating arterial stiffness to vascular 
calcification, it should be recognized that medial calcification is a distinct en-
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tity from intimal calcification (calcified atheroma). The current consensus is 
that coronary calcification represents primarily atherosclerotic intimal calci-
fication. Aortic calcification and calcification of the lower extremities may be 
medial calcification or a combination of medial and intimal calcification. This 
is especially true for groups such as the elderly, diabetics, and ESRD patients, 
who are especially prone to medial calcification. However, current imaging 
methods generally do not distinguish medial from intimal calcification, and 
both medial and intimal calcification are associated with increased risk of 
CVD. In addition, both intimal and medial calcification may be associated 
with higher arterial stiffness, although for different reasons, as discussed 
above.

  Arterial Stiffness and Vascular Calcification 

 Ideally, the association between arterial stiffness and vascular calcifica-
tion would be evaluated separately for medial calcification (arteriosclerosis) 
versus intimal calcification (atherosclerosis or calcified plaque.) Fortunately, 
experimental models have the advantage of being able to specifically induce 
medial calcification in the absence of atheroma. Two different rat models of 
experimentally induced calcification of the medial elastic fibers of the aorta 
 [13, 14]  have demonstrated that an increase in medial calcification increases 
aortic stiffness, in parallel with an increase in collagen and decrease in elastin. 
Other evidence that medial calcification stiffens arteries comes from studies 
of lower limb arteries in diabetic patients, which have demonstrated that calci-
fied arteries are rigid and have reduced blood flow  [5] . However, most human 
studies of arterial stiffness and calcification have not differentiated between 
medial (arteriosclerosis) and intimal (atherosclerotic) calcification, primarily 
due to limitations of non-invasive imaging techniques to distinguish between 
them. Therefore, we will discuss them below according to arterial site (extra-
coronary vs. coronary), since the current consensus holds that coronary calci-
fication represents primarily intimal calcification, whereas extracoronary cal-
cification may be a combination of medial and intimal calcification. For arte-
rial stiffness, our review includes only well-validated measures of large and 
medium elastic arterial stiffness, specifically: carotid-femoral pulse wave ve-
locity (cfPWV), pulse pressure (PP), carotid distensibility, and the carotid in-
cremental elastic modulus (E inc ).
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  Arterial Stiffness and Extracoronary Calcification 

 In the studies which have evaluated the association between arterial stiff-
ness and extracoronary calcification, it is not completely clear whether the cal-
cification measures represent intimal or medial calcification or a combination 
of the two. In an early paper, Witteman et al.  [15]  evaluated the 9-year progres-
sion of aortic calcification (by x-ray) among women aged 45–64 at baseline. 
Progression of aortic calcification was associated with a decrease in diastolic 
BP of 10 mm Hg or more. On further analysis, this was shown to be true only 
for women above the median in increase in PP. Their longitudinal results sup-
port the hypothesis that progression of aortic calcification (which they used as 
an index of atheroma progression) precedes increases in arterial stiffness. An-
other study of 116 Japanese men and women (mean age 57.4  8  8.3, with con-
trolled hyperlipidemia and any aortic calcification at baseline) evaluated the 
determinants of progression of abdominal aortic calcification (measured by 
standard CT) during a follow-up of approximately 6 years. After adjustment 
for age and sex, progression of aortic calcification was significantly associated 
with BMI, systolic BP, and PP, but PP was the strongest predictor of progres-
sion of aortic calcification.

  In renal dialysis patients, a strong cross-sectional relationship has been 
demonstrated between higher number of extracoronary sites with calcifica-
tions (carotid, aorta, and femoral) and both lower diastolic BP (i.e. increased 
PP)  [16]  and stiffness of both the carotid and aorta  [17] . In the second study, 
arterial stiffness was assessed by CCA incremental elastic modulus, distensi-
bility and cfPWV, and the associations remained after adjustment for age, du-
ration of dialysis, fibrinogen, and the prescribed dose of calcium-based phos-
phate binders. Extracoronary calcifications were assessed by B-mode ultra-
sound of the CCA, aorta, and femoral arteries, and x-ray of the abdomen, 
pelvis and femoral arteries, and analyzed semiquantitatively as a score (0–4) 
according to the number of arterial sites with calcifications. This definition 
includes intimal calcification (echogenic plaques), but may also include me-
dial calcification, which is widespread among ESRD patients and would also 
be visible on x-rays.

  In the Rotterdam study ( 1 3,000 participants aged 60–101), higher cfPWV 
and decreased common carotid distensibility were associated with numerous 
non-coronary disease measures including higher carotid wall thickness and 
plaque, calcified aortic plaque, and peripheral vascular disease  [18] , indepen-
dent of age, sex, mean arterial pressure, and heart rate. Carotid plaques were 
evaluated using B-mode ultrasound and summarized as a plaque index, and 
calcified aortic plaque was evaluated from lateral x-rays of the lumbar spine, 
and graded from 0 to 5 for severity based on size. Peripheral vascular disease 



 Calcifications, Arterial Stiffness and Atherosclerosis  241 

was evaluated by ankle BPs. This large, population-based study of elderly men 
and women demonstrated a strong association of carotid and aortic stiffness 
with not only calcified aortic plaques, but also other measures of subclinical 
atherosclerosis.

  Finally, an interesting study has reported differences in arterial stiffness 
according to carotid plaque morphology (by B-mode ultrasound), among 561 
volunteers (mean age 58  8  10.8 years) without a history of coronary heart dis-
ease or stroke  [19] . 71.5% had no plaques, 9.1% had echolucent and 19.4% had 
echogenic plaques. PWV was higher among those with echogenic (calcified) 
plaques (p  !  0.01) compared to those with echolucent or no plaques, and mean 
PWV was not significantly different between those with echolucent plaques 
versus those with no plaques. Results remained significant after adjustment for 
gender, age, BMI, smoking habits, systolic BP, antihypertensive treatment, di-
abetes, total cholesterol, lipid-lowering medications, serum triglycerides, and 
CCA-intima-media thickness (IMT). These results are interesting, since they 
are counter-intuitive to current thinking that echolucent plaques should be 
more unstable and therefore more high risk than echogenic (calcified) plaques. 
However, the lack of association with echolucent plaques may be due to survi-
vor bias, since prevalent CVD was an exclusion factor for the study. It is pos-
sible that those with both echolucent plaques and high arterial stiffness are at 
greatest risk of fatal or non-fatal CVD events, thereby excluding them from 
study and making it impossible to demonstrate an association between high 
levels of both.

  In combination with the animal studies, these few reports suggest that 
extracoronary calcification, especially in the aorta, is associated with higher 
levels of large artery stiffness. However, it is unknown what proportion of the 
extracoronary calcification evaluated in the clinical and epidemiological stud-
ies represented medial calcification (arteriosclerosis) versus intimal calcifica-
tion of focal plaque (atherosclerosis).

  Arterial Stiffness and Coronary Artery Calcification 

 Coronary calcification is thought to represent primarily calcification of 
atheroma  [2, 3] . Evidence of an association between arterial stiffness and cor-
onary calcification has been mixed. Haydar et al.  [20]  have shown that among 
55 men and women with ESRD, cfPWV was positively associated with coro-
nary calcification after adjusting for age, sex, duration of dialysis, CRP, and 
diastolic BP.

  In contrast, Megnien et al.  [21]  concluded that aortic stiffening (cfPWV) 
was not associated with coronary or extracoronary atherosclerosis among 190 
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asymptomatic high-risk men aged 29–62. However, the sample size (n = 190 
men) was relatively small, and is a subset of 4,190 subjects who were selected 
for further evaluation from 16,000 screenees because they had at least one car-
diovascular risk factor. Their tables show an increase in cfPWV (unadjusted) 
across coronary calcium categories (0, 1–9, 10–99) until the highest category 
( 6 100), in which it decreases precipitously. The same pattern was observed 
across increasing number of sites with any plaque. Since people with fatal or 
non-fatal CVD events were excluded from the study, it is possible that these 
results may also reflect a survivor bias, in which men who had both high arte-
rial stiffness and high levels of calcified plaque were unrepresented in the study 
sample.

  Finally, two larger studies (reported as abstracts) have reported strong as-
sociations between coronary calcification and cfPWV. First, in a study of 484 
older adults (aged 70–96) from the Cardiovascular Health Study, the associa-
tion between aortic stiffness (cfPWV) and both coronary and aortic calcifica-
tion was evaluated. Among the older women (mean age 79 years), higher aortic 
stiffness was associated with higher quartiles of both coronary and aortic cal-
cification after adjustment for age and mean arterial pressure  [22] . The ab-
sence of an association among these older men may also be due to a survival 
bias. Second, in a cross-sectional analysis of 477 overweight postmenopausal 
women (aged 52–62) with no history of coronary heart disease, the prevalence 
of any coronary calcium was higher among those with higher levels of arterial 
stiffness (cfPWV)  [23] . A 1-SD increase in cfPWV was associated with a 38% 
increase in odds of coronary calcification. These associations remained sig-
nificant after adjusting for age, systolic BP, heart rate, waist circumference, 
weight, fasting glucose and smoking status.

  In summary, the few studies which have evaluated the relationship be-
tween arterial stiffness and coronary calcification have had mixed results, but 
the larger studies have shown a positive association between aortic stiffness (as 
indexed by cfPWV) and coronary calcification. Assuming that coronary cal-
cification represents calcified plaque, an association between coronary calcifi-
cation and arterial stiffness is supported by evidence that arterial stiffness (cf-
PWV) is associated with other measures of atheroma such as intravascular 
ultrasound-detected coronary plaque volume  [24] . In an interesting longitudi-
nal study of 304 elderly Japanese men and women, Sawabe et al.  [25]  found that 
repeat PWV measures correlated with the overall atherosclerotic burden at 
autopsy across eight sites of the large arteries. Several studies have also report-
ed that arterial stiffness is associated with thicker carotid IMT, but because 
IMT may be a marker of both atherosclerosis and arterial remodeling, we have 
not discussed them here.
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  Summary and Conclusion 

 Evidence from animal data and studies of diabetes and ESRD     suggests 
that medial calcification directly increases arterial stiffness. Evidence linking 
intimal calcification with arterial stiffness is less definitive. The number of 
studies is small and studies of extracoronary calcification have generally not 
differentiated between intimal calcification (calcified plaques) versus medial 
calcification. Other measures of atheroma such as aortic and carotid plaque 
have also been shown to be associated with higher levels of arterial stiffening, 
but it is not entirely clear whether or not this is due to shared risk factors or to 
a causal relationship between arterial stiffness and atheroma development.

  As technology allows, future studies should attempt to differentiate be-
tween medial, or non-atherosclerotic, calcification versus calcified plaques. 
Since both arterial stiffness and vascular calcification (both medial and inti-
mal) have been shown to predict cardiovascular risk, further evaluation of the 
relationship between arterial stiffness and vascular calcification is needed, in-
cluding investigation into potential differences by race/ethnicity. Also, be-
cause atherosclerosis-associated calcification (intimal calcification) is a sepa-
rate process from arterial stiffening, future studies should also evaluate poten-
tial additive effects of arterial stiffness and vascular calcification in predicting 
CVD risk among various populations, which has already been demonstrated 
among ESRD patients  [16] .
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 Abstract 
 Type 2 diabetes (DM-2) has become a major global health problem that has been fu-

eled mainly by increasing obesity and aging of the population. Most studies show that 
arterial stiffening occurs across all age groups in both type 1 diabetes and DM-2, and 
among those with impaired fasting glucose, impaired glucose tolerance, and the meta-
bolic syndrome. Arterial stiffening in DM-2 results, in part, from the clustering of hyper-
glycemia, dyslipidemia and hypertension, all of which may promote insulin resistance, 
oxidative stress, endothelial dysfunction, and the formation of pro-inflammatory cyto-
kines and advanced glycosylation end-products. Likewise, aging may increase arterial 
stiffening by altering the proportions of elastin and collagen in the aorta. The conse-
quences of arterial stiffening are increased pulse pressure, hypertension, and a greater risk 
of cardiovascular disease. Treatment strategies to reduce or prevent arterial stiffening in-
clude pharmacologic agents that block the renin-angiotensin-aldosterone system, relax 
vascular smooth muscle, enhance release of nitric oxide from endothelial cells, and break 
glycosylation end-product cross-links, and fish oil supplementation. 

 Copyright © 2007 S. Karger AG, Basel 

 Epidemiology of Diabetes 

 Diabetes is a growing health problem throughout the world; more than 
170 million people are estimated to have diabetes worldwide, the majority of 
whom have type 2 diabetes (DM-2). Largely unknown early in the 20th cen-
tury, DM-2 is now the fifth leading cause of death in the USA. Conservative 
estimates suggest that by 2025 the diabetic population will more than double 
to over 366 million  [1] . From a global perspective, Asia is expected to be the 
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region most heavily impacted by diabetes, with an anticipated 2- to 3-fold in-
crease in prevalence. Factors contributing to the rise in diabetes prevalence are 
the declining mortality from communicable diseases and infant and maternal  
 mortality in less developed countries, aging and urbanization of the popula-
tion, and, most importantly, the striking increase in obesity. The parallel rise 
in the prevalence of obesity and DM-2 has been appropriately labeled ‘diabe-
sity’  [2] .

  The complications of diabetes, which include limb amputations, blind-
ness, nerve damage, kidney failure requiring hemodialysis, and cardiovascular 
disease (CVD), pose the threat of enormous human and economic costs. A 
prospective study of more than 15,000 persons followed for 25 years confirms 
that the risk of cardiovascular death in patients with diabetes without previous 
coronary heart disease (CHD) is equal to that of patients with CHD without 
diabetes, with the risk in women being higher  [3] . Direct healthcare expendi-
tures and the costs of lost productivity attributable to diabetes in the USA were 
estimated at USD 132 billion in 2002  [4] .

  Impaired Glucose Metabolism and Metabolic Syndrome 

 Although numerous past studies show that hyperglycemia is associated 
with a marked increase in CVD mortality risk  [5] , recent investigations have 
focused on the risks posed by impaired glucose metabolism (IGM), i.e., im-
paired fasting glucose (IFG) and/or impaired glucose tolerance (IGT). In the 
Hoorn Study, decreased total systemic arterial compliance,   increased aortic 
augmentation index, and decreased carotid-femoral   transit time were seen in 
DM-2 and to a lesser extent in IGM, suggesting that either greater arterial stiff-
ness in DM-2 or increased aortic atherosclerotic plaque reflection sites might 
increase augmentation   index by altering the amplitude and timing of reflected 
waves  [6] . Increased stiffness of the muscular femoral and brachial arteries in 
IGM may precede elastic carotid artery stiffness in DM-2, because of decreased 
distension and diameter of the femoral artery coupled with increased pulse 
pressure. Hyperglycemia and hyperinsulinemia explained about 30% of
the arterial changes associated with IGM and DM-2. Other factors included 
oxidative stress, chronic low-grade inflammation, and endothelial dysfunc-
tion, including that caused by the formation of glycosylation end-products 
(AGEs)  [7] .

  A study of middle-aged Japanese men with IFG, IGT, and DM-2 showed a 
significant relationship between arterial stiffness, measured by photoplethys-
mography, and IFG or IGT; stepwise regression analysis showed that IGT is an 
independent determinant of arterial stiffness that may be more sensitive
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than FPG in identifying asymptomatic persons with increased arterial stiff-
ness  [8] .

  The metabolic syndrome is characterized by the concurrence of several 
cardiovascular risk factors: central obesity, dyslipidemia,   elevated blood pres-
sure, and high fasting glucose levels. Insulin resistance, a common pathoge-
netic factor underlying these risk factors, may lead to the development of DM-
2 and increased risk   of CVD. Intra-abdominal adiposity, sedentary   lifestyle, 
and a genetic predisposition are prime etiologic factors  [9] .

  In the Amsterdam Growth and Health Longitudinal   Study the prevalence 
of the metabolic syndrome among young subjects (mean age 36 years) was 
18.3% in men and 3.2% in women. Individuals   with the metabolic syndrome 
showed reduced distensibility and compliance of the carotid and femoral ar-
teries compared to those without risk factors. Stiffness of   the muscular femoral 
artery was greater than that of the elastic carotid artery  [9] . Other studies of 
the metabolic syndrome are in agreement with these findings  [10–13] . In mid-
dle-aged Japanese men the number of criteria for the diagnosis of the meta-
bolic syndrome was proportional to the pulse wave velocity. In these subjects, 
pulse wave velocity was higher in those with an elevated C-reactive protein, 
suggesting that inflammation may aggravate the cardiovascular risk of the 
metabolic syndrome  [14] .

  Glucose, Insulin, and Potential Mechanisms of Vascular Stiffening 

(fig. 1) 

 Among patients with diabetes  [15]  or the metabolic syndrome, arterial 
stiffening is observed across all age groups. In children with severe obesity, 
arterial wall stiffness and endothelial dysfunction are accompanied by low 
plasma apolipoprotein A-I levels, insulin resistance, and android fat distribu-
tion, changes that may be the main risk factors for the early events leading to 
atheroma formation  [16] . The positive correlation between insulin resistance 
and central arterial stiffness and the close relationship between the extent of 
metabolic changes and the degree of arterial stiffness suggest that insulin re-
sistance is a primary underlying factor. In animal models of insulin-resistant 
diabetes, chronic hyperglycemia and hyperinsulinemia increase local angio-
tensin II production and expression of vascular Ang II type I receptors via 
stimulation of TGF- �  1 , upregulate plasminogen activator inhibitor-1, and 
downregulate matrix metalloprotease activity, all of which play a critical role 
in coronary remodeling and vessel wall hypertrophy and fibrosis. The prolif-
erative effects of insulin occur because insulin resistance impairs PI 3 -kinase-
dependent signaling, while having little effect on the growth-promoting mito-
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gen-activated kinase pathways. In addition, insulin resistance enhances non-
enzymatic glycation of proteins with covalent cross-linking of collagen (AGEs). 
Other elements occurring early in the insulin-resistant state, such as elevated 
levels of LDL cholesterol, free fatty acids, and endothelin-1, or decreased levels 
of adiponectin and natriuretic peptides, may impair endothelial function and 
increase arterial stiffness as well. Hyperglycemia in DM-2 causes increased 
oxidative stress by generating reactive oxygen species, leading to increased gly-
cosylation of functional proteins and glucose autooxidation with activation of 
the polyol pathway and generation of reactive oxygen species, including super-
oxide, hydrogen peroxide, and hydroxyl radicals. Elevated glucose levels may 
also reduce NO synthase activity by enhancing oxidation of tetrahydrobiop-
terin (BH 4 ), an essential cofactor for NO synthase. As a result, NO production 
from arginine and molecular oxygen is reduced and electrons are transferred 
to molecular oxygen to further increase superoxide and peroxynitrite levels.

  Despite lower systolic blood pressure and pulse pressure and more favor-
able lipid levels, young women have greater small vessel stiffness than age-
matched men  [17] , suggesting that estrogens may lack the vasculoprotective 

  Fig. 1.  Increased arterial stiffening is a hallmark of both type 1 and 2 diabetes. The 
accompanying dyslipidemia, hypertension, visceral obesity and sedentary lifestyle also 
contribute to structural changes in the arterial wall. Premenopausal women may also 
have increased arterial stiffening compared to men, suggesting a role for estrogens. Frac-
ture of elastin fibers and increased deposition of collagen associated with aging leads to 
gradual widening and decreased distensibility of the aorta and the consequent loss of its 
buffering capacity. These clinical features act through a variety of mechanisms, including 
insulin resistance, oxidative stress, endothelial dysfunction, and formation of AGEs and 
pro-inflammatory cytokines, to increase arterial stiffening and increase the risk of 
CVD. 
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effects previously attributed to them. Increased small vessel stiffness in pre-
menopausal women may provide a plausible explanation for the failure of post-
menopausal estrogen treatment to prevent CHD in recent clinical trials.

  Treatment Strategies to Reduce Arterial Stiffening in DM-2 (table 1) 

 Arterial stiffness increases the risk for cardiovascular events, dementia, 
renal failure, and death. These adverse outcomes result from decreased com-
pliance of the central vasculature which leads to widened pulse pressure, im-
paired cardiac performance, and reduced coronary perfusion. In contrast to 
vascular areas that are protected by vasoconstriction, renal and cerebral ves-
sels are exposed to higher pulsatile circumferential and shear stress, increasing 
the risk of microvascular disease  [18] . Patients with DM-2 are especially vul-
nerable to small vessel injury of the brain and kidney because renal and cere-
bral vessels lack the normal resilience to withstand such stresses  [19] .

  Current attempts to reverse arterial stiffening have focused on blocking 
the renin-angiotensin-aldosterone system with angiotensin-converting en-
zyme inhibitors (ACEs) or angiotensin II receptor inhibitors (ARBs) and de-
creasing vascular smooth muscle tone with calcium channel blockers. HMG-
CoA reductase inhibitors reduce vascular stiffening by inducing Akt-mediated 
phosphorylation of NO synthase to increase NO release from endothelial cells 
 [20] . Although administration of BH 4  may not be practical as a therapy for 
chronic vascular   disease states, vitamin C treatment improved NO bioavail-
ability in DM-2 by maintaining normal levels of BH 4   [21] . Fish oil ingestion 
improved vascular compliance in patients with DM-2  [22] , probably by in-
creasing NO production or release  [23] . Regular aerobic   exercise has been re-
ported to partially restore the loss of central arterial compliance   in sedentary 

Table 1. Treatment strategies to reduce arterial stiffening in DM-2

Blockade of renin-angiotensin system (ACEs, ARBs)
Reduced vascular smooth muscle tone (calcium channel blockers)
Aldosterone antagonist treatment (eplerenone)
Increased NO release from endothelial cells (HMG-CoA reductase inhibitors)
Administration of NO synthase cofactor (tetrahydrobiopterin)
Use of antioxidants (vitamin C)
Fish oil supplementation
Regular aerobic exercise
AGE cross-link breakers (alagebrium)
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middle-aged and older men and would likely improve arterial stiffening in 
men with diabetes as well  [24] . Aldosterone antagonist treatment may also re-
duce arterial stiffening; in older patients with hypertension and increased 
pulse pressure, eplerenone lowered systolic blood pressure and pulse wave ve-
locity  [25] , while in aldosterone-salt-treated rats, eplerenone prevented the in-
crease in carotid wall elastic modulus and fibronectin  [26] .

  AGEs may form stable cross-links with glucose and collagen and elastin; 
such cross-links, which occur with aging and are accentuated in diabetes, may 
reduce collagen turnover and increase tissue stiffness. A recent clinical trial 
found that alagebrium (ALT-711), the first of a new class of thiazolium AGE 
cross-link breakers, improved arterial compliance in elderly patients with vas-
cular stiffening  [27] .
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   Abstract 
   Insulin resistance is associated with increased cardiovascular morbidity and mortal-

ity but the underlying mechanism(s) are incompletely understood. Epidemiological data 
suggest that insulin resistance and arterial stiffness are interrelated. In insulin sensitive-
subjects, insulin acutely decreases the augmentation index as measured using pulse wave 
analysis. In insulin-resistant subjects, this effect of insulin is blunted implying that insu-
lin resistance involves also large arteries. This may provide one mechanism linking insu-
lin resistance and cardiovascular disease.       

 Copyright © 2007 S. Karger AG, Basel 

 The term  insulin resistance  refers to a condition which is characterized by 
a blunted response to one or several normal biologic actions of insulin  [1] . In-
sulin resistance predicts the development of type 2 diabetes  [2]  and cardiovas-
cular disease  [3, 4] . The mechanism(s) linking insulin resistance to cardiovas-
cular disease are poorly understood. The augmentation index (see chapter by 
Safar, pp 1–18) is increased by cardiovascular risk factors such as age (see chap-
ter by Izzo and Mitchell, pp 19–34), smoking  [5, 6]  and hypertension (see chap-
ter by Frohlich and Susic, pp 117–124). It predicts cardiovascular mortality in 
patients with end-stage renal failure  [7]  and is an independent marker of sever-
ity of coronary artery disease  [8] . The following chapter discusses evidence 
linking arterial stiffness and the augmentation index to insulin resistance.
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  Epidemiological Data 

 The possibility that insulin resistance is independently associated with 
increased arterial stiffness was first suggested by cross-sectional analysis of 
ARIC (Atherosclerosis Risk in Communities) data. This study explored the 
relationship between insulin resistance (measured using fasting insulin con-
centrations) and arterial stiffness measured with ultrasound in 4,701 white 
and black subjects  [9] . In the entire study group, arteries appear to become 
stiffer at increasing concentrations of fasting glucose and insulin, independent 
of race or gender. The relationship between glucose and insulin concentrations 
and stiffness remained significant after adjustment for classic cardiovascular 
risk factors. This was also true within the non-diabetic subjects, which com-
prised 95% of the study subjects  [9] . In 2,488 adults participating in the Health 
ABC study, increased serum insulin concentrations and visceral fat volume 
measured with computed tomography were associated with increased aortic 
stiffness measured by pulse wave velocity  [10] . In the Baltimore Longitudinal 
Study on Aging, the metabolic syndrome as defined by ATPIII criteria was in-
dependently associated with increased arterial stiffness measured using ca-
rotid artery ultrasound in 471 subjects  [11] . Increased arterial stiffness has 
been a consistent finding in both type 1 and 2 diabetic patients, both charac-
terized by insulin resistance, in several studies (see chapter by Winer and Sow-
ers, pp 245–251). In a recent cross-sectional study of 228 type 2 diabetic pa-
tients, increased central pressure augmentation and central, but not brachial, 
systolic pressure measured using pulse wave analysis (for methods, see chapter 
by Safar, pp 1–18) were associated, independent of age, with increased carotid 
intima-media thickness, an established marker of atherosclerosis  [12] . These 
cross-sectional data do not, however, prove causality and provide no mecha-
nistic insights of the association between insulin resistance and arterial stiff-
ness.

  The ability of insulin to stimulate glucose uptake and inhibit endogenous 
glucose production are the best-known actions of insulin  [1] . Insulin has, how-
ever, multiple other effects such as regulation of lipid and amino acid metabo-
lism, ion fluxes, platelet function and the activity of the autonomic nervous 
system. Insulin also has several acute vascular effects such as the ability to de-
crease the augmentation index. This and other vascular actions of insulin are 
discussed below.
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  Vascular Effects of Insulin 

 Peripheral Vasodilatation 
 Insulin is a slow vasodilator of peripheral resistance arteries in skeletal 

muscle  [13] . This action of insulin is slow and requires prolonged exposure to 
supraphysiological doses. In normal subjects, infusion of a high physiological 
dose of insulin (1 mU/kg � min) increases peripheral blood flow slowly on av-
erage by 20% (range 10–90%) within approximately 2 h in normal subjects 
 [13–15] . Factors which contribute to interindividual variation in blood flow 
responses to insulin include limb muscularity  [14] , the number of capillaries 
surrounding muscle fibers  [16]  and possibly endothelial function  [17] .

  Regarding the mechanism responsible for insulin-induced vasodilatation 
of resistance vessels in vivo, stimulation of endothelial NO synthesis by insulin 
seems to be involved. Both Scherrer et al.  [18]  and Steinberg et al.  [19]  demon-
strated that the insulin-induced increase in blood flow can be abolished by 
inhibiting NO-dependent vasodilatation with  L -NMMA, but not by other va-
soconstrictors such as norepinephrine  [18] . In vitro studies support these ob-
servations. Insulin increases NO production in human vascular endothelial 
cells in vitro  [20] , and both removal of the endothelium and inhibition of 
eNOS using  L -NNMA abolish insulin-induced vasodilatation in isolated rat 
skeletal muscle arterioles  [21] . Insulin induces NO-mediated endothelium-de-
pendent vasodilatation in arterioles from red and white gastrocnemius mus-
cles  [22] . After removal of functional endothelium in these arteries, insulin 
paradoxically evokes vasoconstriction. Insulin also increases eNOS gene ex-
pression in microvessels in lean but not insulin-resistant obese hyperglycemic 
rats  [23] . Studies in humans have shown that insulin enhances blood flow re-
sponses to the endothelium-dependent agonist acetylcholine but not to the 
endothelium-independent agonist sodium nitroprusside  [24–26] . Although 
these data would suggest that insulin is an endothelium-dependent vasodila-
tor, the time course for insulin action on peripheral blood flow is markedly 
slower than that of classic endothelium-dependent vasodilators such as acetyl-
choline, which increases blood flow fivefold within a minute in the human 
forearm  [27] . The reason for the slow vasodilatory effect of insulin on periph-
eral resistance vessels is unknown. One possibility is that insulin rapidly acti-
vates the sympathetic nervous system, and that this counteracts the vasodila-
tory effects of insulin as discussed below.

  Autonomic Nervous Tone 
 Under normoglycemic conditions, physiological concentrations of insulin 

increase the activity of the sympathetic nervous system, as determined from 
increases in plasma norepinephrine but not epinephrine concentrations  [28, 
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29] . Physiological insulin concentrations, lower than those needed for periph-
eral vasodilatation, also increase muscle sympathetic nerve activity, as mea-
sured directly in the peroneal nerve with microneurography  [28, 30, 31] . In 
studies which used power spectral analysis of heart rate variation to assess ef-
fects of insulin on autonomic nervous function, insulin has been found to 
acutely increase the low frequency component of heart rate variation, a mea-
sure of predominantly sympathetic nervous system activity in lean insulin-
sensitive subjects  [32–34]  and to decrease the high-frequency component, 
which reflects vagal control of heart rate variation  [32–34] . Insulin-induced 
sympathetic activation leading to vasoconstriction has been suggested to coun-
teract insulin-induced vasodilatation  [28] .

  Large Arteries 
 In studies measuring changes in the augmentation index using pulse wave 

analysis (for methods, see chapter by Safar, pp 1–18) during euglycemic hyper-
insulinemic conditions in vivo in normal subjects, insulin decreases central 
pressure augmentation and the augmentation index  [35–37]  ( fig. 1 ). This effect 
is observed within 30–60 min at physiological insulin concentrations in nor-
mal lean men  [35] . It clearly precedes insulin-induced increases in blood flow 
( fig. 2 ) and its magnitude correlates with whole-body insulin sensitivity of glu-
cose uptake  [38] . Changes in the augmentation index provide a measure of 
changes in stiffness, or alternatively of arterial muscular tone, provided both 
heart rate and peripheral vascular resistance remain unchanged  [39, 40] . These 
conditions were met in the above-mentioned studies during the lower dose in-
sulin infusion.

  The discovery that insulin acutely decreases the augmentation index initi-
ated studies examining whether this action is blunted in insulin-resistant sub-
jects. This was the case in both obese men  [36] , and type 1  [41]  and type 2  [37]  
diabetic patients. In these insulin-resistant groups, in contrast to the normal 
subjects, the decrease in the augmentation index required supraphysiological 
insulin concentrations and was not observed until 1.5–2.5 h after start of the 
insulin infusion. These findings demonstrate that insulin resistance extends 
to insulin action on large arteries. Consistent with these findings, insulin ther-
apy, which improves insulin sensitivity, has also been shown to decrease the 
augmentation index in poorly controlled type 2 diabetic patients  [42] . In a 
larger study of 50 non-diabetic men searching for factors associated with insu-
lin action on the augmentation index, none of the most important correlates 
of the basal augmentation index (age, LDL cholesterol, blood pressure) were 
significantly associated with insulin action on the augmentation index  [38] . 
The change in the augmentation index was, however, significantly correlated 
with several features of insulin resistance. These included directly measured 
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whole-body insulin sensitivity by the euglycemic insulin clamp technique, 
weight, BMI and the waist-to-hip ratio  [38] . The finding that insulin action on 
the augmentation index is blunted in insulin-resistant conditions was recently 
confirmed in a study involving 20 non-diabetic middle-aged men who were 
divided into two groups based on their adipocyte IRS-1 protein expression 
 [43] . In this study, low IRS-1 protein was used as a marker of insulin resistance 
 [43] .

  Regarding the mechanism by which insulin lowers the augmentation in-
dex, the acute effect of insulin on wave reflection is similar to that previously 
described for low doses of glyceryl trinitrate (GTN)  [44, 45] , which also de-
creases both augmentation and augmentation index. These doses of GTN have 
no effect on brachial artery systolic or diastolic pressure or peripheral blood 
flow  [44, 45] . The decrease in the augmentation index does not necessarily im-
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  Fig. 1.  An example of effects of an acute infusion of insulin (top panels) compared 
to saline (control, lower panels) on radial and aortic pulse waveforms in insulin-sensitive 
men [adapted from  35 ]. 
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ply a change in stiffness at the level of the aorta  [45] . GTN does not alter aortic 
stiffness despite decreasing wave reflection  [45] . This effect of GTN reflects 
relaxation of muscular conduit arteries  [45, 46] . The decreases in the augmen-
tation index by insulin and GTN are closely interrelated  [47] . These data raise 
the possibility that the decrease in the augmentation index reflects acute relax-
ation of muscular tone in conduit arteries rather than an acute change in the 
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  Fig. 2.  The augmentation index (upper panel) and forearm blood flow (lower panel) 
during insulin infusions of 1 (0–120 min) and 2 (120–240 min) mU/kg � min in non-obese 
insulin-sensitive ( y ) and obese insulin-resistant ( I ) subjects. In insulin-sensitive sub-
jects, insulin rapidly decreases the augmentation index whereas in insulin-resistant sub-
jects, a small delayed decrease is observed only after 180 min using supraphysiological 
insulin dose. Peripheral blood flow increases only at supraphysiological insulin concen-
tration.  *  p  !  0.05;  *  *  p  !  0.01;  *  *  *  p  !  0.001 for change vs. 0 min;  +  p  !  0.05;  ++  p  !  0.01; 
 +++  p  !  0.001 for difference between the groups [adapted from  36 ]. 
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elastic properties of the aorta. A recent study in sheep demonstrated that stiff-
ness of large arteries is locally regulated by NO  [48]  but whether the effect of 
insulin on wave reflection is mediated via NO is unknown.

  Conclusion 

 Cross-sectional data from epidemiological studies suggest that arterial 
stiffness and insulin resistance are interrelated. The augmentation index, as 
measured by pulse wave analysis, is acutely decreased by insulin in individuals 
with normal insulin sensitivity. This action of insulin is blunted in insulin-re-
sistant conditions implying that insulin resistance involves large arteries.
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     Abstract 
 Arterial stiffness and pulse pressure are important determinants of cardiovascular 

risk. Patients with hypercholesterolaemia have a higher central pulse pressure and stiffer 
blood vessels than matched controls, despite similar peripheral blood pressures. These 
haemodynamic changes may contribute to the increased risk of cardiovascular disease 
associated with hypercholesterolaemia and their assessment may improve risk stratifica-
tion. Lipid-lowering therapy, particularly with statins, generally leads to a reduction in 
arterial stiffness, re-enforcing the concept that stiffness is a modifiable parameter and 
risk factor. There are a number of potential mechanisms linking arterial stiffness and 
plasma lipids, including atherosclerosis, changes in the elastic elements of the arterial wall, 
endothelial dysfunction and inflammation. This review will focus on the current evidence 
linking cholesterol to larger artery stiffening, potential therapies and mechanisms. 

 Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 Arterial stiffening is now firmly established as an important, independent 
predictor of cardiovascular risk  [1] . Ageing is associated with aortic stiffening 
(arteriosclerosis) in both urban and rural populations, even in populations with 
a low incidence of atherosclerosis  [2–5]  – reinforcing the distinction between 
athero- and arteriosclerosis. Although stiffening of the large arteries is often 
viewed as inevitable – the result of simple ‘wear-and-tear’ in the large arter-
ies – we now recognize that it is a complex pathological process, which is neither 
inevitable nor irreversible  [6] . Indeed, several indigenous human populations 
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do not show any age-related rise in blood pressure  [7, 8] , moreover within pop-
ulations arterial stiffness, and the rate of stiffening, varies considerably  [9] . A 
number of conditions are associated with accelerated arterial stiffening, includ-
ing renal dysfunction and traditional cardiovascular risk factors such as diabe-
tes and cigarette smoking, leading to so-called ‘premature vascular ageing’. The 
aim of this review is to focus on the relationship between cholesterol, lipids and 
arterial stiffness. Three main areas will be covered: epidemiological relation-
ships, likely mechanisms and the potential benefits of lipid-lowering.

  Epidemiology 

 Relationship between Cholesterol and Blood Pressure 
 Several studies have suggested a link between plasma cholesterol and 

blood pressure. Indeed, pooled epidemiological data suggest a significant, if 
relatively modest, relationship between peripheral blood pressure and plasma 
cholesterol  [10] . Unfortunately, the majority of studies simply looked at the as-
sociation between lipids and systolic or diastolic pressure, and data concerning 
pulse pressure, a frequently used surrogate of arterial stiffness, are lacking. 
Moreover, as we and others have repeatedly demonstrated, systolic and pulse 
pressure in the aorta differs significantly from that recorded in the brachial 
artery. This is important because the heart and brain ‘see’ aortic, not brachial 
pressure. Indeed, left ventricular mass and carotid artery remodelling relate 
more closely to central rather than brachial pressures. Therefore, simply as-
sessing blood pressure in the brachial artery may fail to reveal potentially im-
portant differences in differences in aortic pressure or stiffness. Recently, we 
assessed brachial and ascending aortic pressure – using the technique of pulse 
wave analysis – in a cohort of 68 subjects with hypercholesterolaemia, and an 
equal number of age- and sex-matched controls  [11] . As shown in  figure 1 , al-
though   there was no significant difference in brachial pulse pressure between 
the two groups, aortic pulse pressure was 5 mm Hg higher in the hypercholes-
terolaemic subjects. This was driven mainly by a higher aortic systolic pres-
sure, due to more marked wave reflection – as determined by the augmentation 
index (28.8  8  11.3 vs. 15.6  8  12.1%; p  !  0.001).

  These observations, and the frequent clustering of hypertension and hy-
percholesterolaemia within individuals, have led some to suggest that one may 
beget the development of the other. Interestingly, very recent data from the 
Physicians’ Health Study in the USA suggest just this. In a long-term follow-up 
of 3,110 men enrolled in the Physicians’ Health Study in the USA, normoten-
sive men with the highest levels of cholesterol (total, non-high-density lipopro-
tein (HDL) and total/HDL) had the highest risk of developing hypertension, 
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independent of other risk factors, over the 14-year follow-up period  [12] . Un-
fortunately, the investigators did not assess the potential mechanisms respon-
sible for the association, but speculated that stiffening of the large arteries may 
be important. In this respect it would be particularly interesting to know 
whether individuals with high plasma cholesterol levels are more prone to de-
velop a widened pulse pressure and isolated systolic hypertension than mixed 
systolic-diastolic hypertension, the latter being largely due to increased resis-
tance and structural changes in small vessels, or vice versa.

  Relationship between Cholesterol and Arterial Stiffness per se 
 In animals, hypercholesterolaemia, induced by a cholesterol-rich diet, 

leads to an initial reduction in arterial stiffness, followed by a progressive in-
crease over time  [13, 14] , which can be reversed by lowering serum cholesterol 
 [14, 15] . In humans, a variety of techniques have been used to assess vascular 
stiffness in vivo  [16] , and relate this to the serum lipid profile, often with con-
flicting results ( table 1 ).

  Some of the earliest human studies investigating the relationship between 
cholesterol and arterial stiffness focused on subjects with familial hypercholes-
terolaemia. This condition is characterized by very high plasma levels of low-
density lipoprotein (LDL) cholesterol due to a deficiency in hepatic LDL recep-

  Fig. 1.  Brachial artery pressure and ascending aortic pressure in subjects with hyper-
cholesterolaemia ( ) ) and matched controls ( $ ). Error bars represent SD; n = 68 per group 
[data from  11 ]. 
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Table 1. Familial hypercholesterolaemia and arterial stiffness

Reference Sample size Age, years Measures Main findings

Lehmann [17] 20 FH heterozygotes 15 Ultrasound-derived aortic
distensibility

FH associated with increased distensibility. Positive 
association between distensibility and LDL and inverse 
association with HDL cholesterol

20 controls 15

Lehmann [18] 15 FH heterozygotes 25–55 Ultrasound-derived aortic
distensibility

FH associated with reduced aortic distensibility. Inverse 
association between distensibility and LDL and total 
cholesterol

15 FH heterozygotes 20–60

Pitsavos [21] 60 FH heterozygotes 37 Ultrasound distensibility Reduced distensibility in FH subjects. Inverse correlation 
between LDL cholesterol and distension20 controls 34

Giannattasio [22] 13 FH heterozygotes 47 Ultrasound-derived radial
compliance 

Reduced radial artery compliance in FH subjects. 
Compliance unaltered after dietary and simvastatin
treatment

10 controls 45

Virkola [19] 23 FH 2.7–19 Ultrasound-derived carotid
distensibility

Increased stiffness in FH subjects. Inverse relationship 
between stiffness and HDL-cholesterol23 controls 2.7–19

Toikka [23] 10 FH 33 Ultrasound-derived aortic
and carotid compliance

No difference in carotid or aortic compliance between 
groups. Inverse correlation between oxidized LDL levels 
and 1compliance

25 controls 34

Aggoun [20] 30 FH heterozygotes 11 Ultrasound-derived carotid
distensibility/compliance
and elastic modulus

Carotid compliance and distensibility reduced, and 
incremental elastic modulus increased, in FH subjects27 controls 11

Some of the published studies that have reported indices of large artery stiffness in subjects with familial hypercholesterolaemia (FH).
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tors, and is associated with premature, and, severe, coronary disease. Thus it 
serves as a model of marked cholesterol elevation. Lehmann et al.  [17]  were 
amongst the first to investigate large artery haemodynamics in such patients. 
They reported that children heterozygous for familial hypercholesterolaemia 
have increased aortic distensibility (i.e. less stiff aortae), suggesting that this 
may be due to a compensatory dilatation of the aorta in response to the initial 
acute atherosis phase of atherosclerosis often seen in young individuals. In con-
trast Lehmann et al.  [18]  reported reduced aortic distensibility in adults with 
familial hypercholesterolaemia, and an inverse relationship between aortic dis-
tensibility and LDL and total cholesterol. They suggested that this may reflect 
the change to the ‘sclerotic’ component of the disease with advancing age.

  Virkola et al.  [19]  and Aggoun et al.  [20]  both assessed carotid mechanics 
in young children with familial hypercholesterolaemia, and in contrast to the 
observations of Lehmann et al. found reduced carotid distensibility and com-
pliance in subjects with familial hypercholesterolaemia, suggesting stiffer ca-
rotid arteries. Unfortunately, neither group made measurements of aortic 
compliance so it is unclear whether the aorta was similarly stiffened, or wheth-
er familial hypercholesterolaemia has differential effects on aortic and carotid 
stiffness in children.

  In adults, the results are equally conflicting. In the largest study so far, 
Pitsavos et al.  [21]  found aortic distensibility to be reduced in heterozygous 
young adults with familial hypercholesterolaemia, supporting the observa-
tions of Lehmann et al. Giannattasio et al.  [22]  also demonstrated reduced ra-
dial artery compliance in individuals heterozygous for familial hypercholes-
terolaemia, but Toikka et al.  [23]  found no difference in carotid or aortic dis-
tensibility between subjects with familial hypercholesterolaemia and controls. 
No doubt, such confusion reflects small sample sizes, the varying indices used 
to assess arterial stiffness, and different arteries studied. Importantly, data 
concerning aortic pulse wave velocity, the current ‘gold-standard’ stiffness 
measure, in subjects with familial hypercholesterolaemia and its relationship 
to plasma LDL cholesterol levels are lacking.

  Although familial hypercholesterolaemia may provide a useful model to 
investigate the link between LDL cholesterol and arterial stiffness, it does rep-
resent a fairly extreme form of cholesterol elevation. Within the general popu-
lation the average LDL cholesterol is generally lower – with a slightly skewed 
normal distribution. Therefore, a number of studies have investigated the re-
lationship between serum lipids and arterial stiffness in subjects without fa-
milial hypercholesterolaemia, either treating lipids as a continuous variable, or 
selecting arbitrary cut-off levels and dichotomizing data. To further compli-
cate matters, a number of different indices of large artery stiffness have been 
assessed ( table 2 ).
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Reference Population Measures Main findings

Taquet [24] 429 healthy 
middle-aged women

Aortic PWV No independent relationship with cholesterol

Grial [65] 105 hypercholesterolaemic 
men

Aortic PWV Independently positive association with HDL3 
cholesterol

Pirro 60 hypercholesterolaemics
25 controls

Aortic PWV Independent negative correlation with LDL
 cholesterol, disappeared after correction for CRP 
and waist circumference

Lebrun [26] 385 post-menopausal women Aortic PWV Positive relationship with triglycerides, inverse 
with HDL cholesterol

Czernichow [25] 917 middle-aged subjects Aortic PWV No independent association with HDL cholesterol

Wilkinson [11] 68 hypercholesterolaemics Augmentation Augmentation index higher in the
and 68 matched controls index hypercholesterolaemic subjects and a positive

relationship with LDL cholesterol

Alagona [66] 18 low HDL cholesterol Augmentation No difference between groups
subjects index
18 matched controls

Dart [67] 868 hypertensives
age >65

Augmentation 
index/SAC

No relationship with total or HDL cholesterol

Dart [68] 30 hypercholesterolaemics Aortic 
distensibility
(� index)

Cholesterol positively related to � index
24 controls

Hopkins [69] 38 healthy adults Aortic 
distensibility

Inverse correlation with total and LDL cholesterol, 
and positive correlation with HDL cholesterol

Toikka [23] 25 healthy men Aortic and carotid
compliance

Carotid but not aortic compliance 
associated with low HDL:total cholesterol ratio; 
oxidized LDL  correlated with carotid compliance

Urbina [70] 516 random subjects Carotid elastic
modulus

Positive independent association with 
triglycerides only

Giannattasio [71] 10 controls, 10 hypertensives, 
10 hypercholesterolaemics, 
10 mixed

Radial artery 
distensibility

Reduced distensibility in both 
hypercholesterolaemic groups

Cameron [30] 20 patients with SAC Inverse association with LDL cholesterol in
CHD, 20 controls CHD patients

Le [72] 223 subjects with CHD risk 
factors

SAC Inverse correlation with triglycerides and
non-HDL cholesterol

Some of the published studies relating lipids to arterial stiffness. SAC = Systemic arterial compliance; CHD = coronary 
artery disease; PWV = pulse wave velocity; CRP = C-reactive protein.

Table 2. Lipids and indices of large artery stiffness in subjects without familial hypercholesterolaemia
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  Taquet et al.  [24]  were amongst the first to assess the relationship between 
cholesterol and aortic pulse wave velocity in 429 healthy middle-aged women. 
Although they found weak associations between some lipid fractions and pulse 
wave velocity, they were unable to demonstrate any significant correlation af-
ter adjusting for potentially confounding factors such as blood pressure. Simi-
larly, Czernichow et al.  [25]  failed to find any relationship between pulse wave 
velocity and HDL cholesterol in a multivariate analysis of 917 middle-aged 
subjects from a much larger, ongoing, population-based study. In contrast, 
Lebrun et al.  [26]  did find an independent, inverse relationship between HDL 
cholesterol levels and aortic pulse wave velocity in a cohort of healthy post-
menopausal women.

  The augmentation index provides a measure of the degree to which central 
systolic pressure is influenced by wave reflection within the arterial tree. As 
such, it provides a simple composite measure of wave reflection and the stiff-
ness of the large conduit arteries. Both the directly measured carotid augmen-
tation index and the aortic augmentation index, derived from the radial artery 
using a transfer function, have recently been shown to be independent predic-
tors of cardiovascular risk in selected patient groups. We demonstrated that 
asymptomatic individuals with hypercholesterolaemia have a higher augmen-
tation index than age- and gender-matched controls, and that there is an inde-
pendent correlation between LDL cholesterol levels and the augmentation in-
dex, but not with HDL cholesterol  [11] . In a larger cohort of hypertensive sub-
jects included in a national hypertension trial, Dart et al.  [67, 68]  found no 
relationship between the augmentation index or, indeed, systemic artery com-
pliance, and cholesterol levels. This may reflect the confounding influence of 
hypertension, or the considerably higher average age of the Dart population.

  The relationship between serum lipids and a range of other indices of ar-
terial stiffness, including aortic or carotid distensibility/compliance and sys-
temic arterial compliance, have been examined in a number of studies ( ta-
ble 2 ). The majority of these suggest a positive relationship between large ar-
tery stiffness and total or LDL cholesterol, and an inverse relationship with 
HDL cholesterol, although many have been relatively small, and have included 
patients with other risk factors or coronary artery disease. The latter makes 
interpretation of the data difficult since atherosclerosis per se is linked to in-
creased aortic and carotid artery stiffness, and arterial remodelling.

  Metabolic Syndrome 
 Cardiovascular risk factors, including hypercholesterolaemia, rarely oc-

cur in isolation. More commonly, two or risk factors co-exist within the same 
individual. One such clustering of risk factors that has attracted considerable 
interest is the metabolic syndrome, and lipid abnormalities are central to the 
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diagnosis of this increasingly common condition. Several groups have demon-
strated increased aortic pulse wave velocity in subjects with the metabolic syn-
drome, and a relationship between the number of features present and aortic 
stiffness  [27, 28] . Urbina et al.  [70]  assessed the impact of individual compo-
nent of the metabolic syndrome on carotid wall properties, and found that 
there was an independent positive correlation between elastic modulus (a mea-
sure of stiffness) and triglycerides but not HDL or total cholesterol levels. Na-
kanishi et al.  [29]  studied 999 healthy men and women, and related brachial-
ankle velocity (a surrogate of aortic stiffness) to various components of the 
metabolic syndrome. In contrast, they found that stiffness was independently 
related to HDL cholesterol (inversely), and to triglycerides.

  Effect of Acute Changes in Plasma Lipids 
 Although some lipid fractions are relatively stable in the short term, and 

are not influenced by eating, others including triglycerides can show marked 
acute changes, especially after ingestion of fatty food. One recent study exam-
ined the effect of a fatty meal on a measure of large artery stiffness termed sys-
temic arterial compliance. Although no outcome data are available for this 
particular parameter, pervious studies have shown significant correlations 
with other risk factors, and with cholesterol  [30] . Following the meal there was 
a significant reduction in systemic arterial compliance which correlated with 
the acute changes in all lipid fractions. These are intriguing data which need 
to be repeated and allowances made for potential confounders such as post-
prandial changes in blood pressure, heart rate and also insulin, which we have 
previously shown to influence arterial stiffness  [31] .

  Summary 
 Most of the available data suggests that there is probably a positive rela-

tionship between arterial stiffness and cholesterol. However, the current stud-
ies are far from conclusive and interpretation is hampered by the use of mul-
tiple different techniques, indices and small sample sizes. Further, large, well-
conducted studies are urgently required to provide more definitive evidence 
and assess the importance of the various lipid subfractions.

  Impact of Lipid Reduction on Arterial Stiffness 

 In animal models of hypercholesterolaemia, cholesterol-lowering appears 
to reduce arterial stiffness  [14, 15] . In man, a number of studies have addressed 
the effect of HMG-CoA reductase inhibitors (statins) on large artery stiffness 
( table 3 ). Kool et al.  [32]  failed to find any impact of pravastatin on carotid, 
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Table 3. Lipid lowering and arterial stiffness

Reference Population, n Therapy Duration Measures Main findings

Kool [32] 19
cholesterol 6.5–9.0 

Pravastatin
40 mg/placebo

8-week 
cross-over

Carotid, femoral,
brachial compliance/
distensibility

No change in stiffness 
parameters

Muramatsu [33] 59 
cholesterol >5.7 

Pravastatin
10 mg

6 months–
5 years

Aortic pulse wave
velocity

Stiffness fell most in 
those with the greatest 
lowering of cholesterol; 
maintained for 5 years

Raison [73] 23 hypertensives Atorvastatin/
placebo

12 weeks Aortic pulse wave
velocity

Increased stiffness in 
those receiving 
atorvastatin

Kontopoulos [74] 18 CHD
18 controls

Atorvastatin
20 mg

2 years Ultrasound-derived
aortic stiffness

Reduction following 
atorvastatin 

Ferrier [34] 22 isolated systolic
hypertension

Atorvastatin
80 mg/placebo

3-month 
cross-over

Systemic arterial
 compliance

Atorvastatin increased 
compliance and 
reduced systolic 
pressure

Matsuo [75] 10 hypercholesterolaemics Cerivastatin
150 �g

4 weeks Brachial ankle pulse
wave velocity

Reduction in stiffness 
by 4 weeks

Some of the studies that have investigated the effect of statins on arterial stiffness. CHD = Coronary heart disease.
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femoral or brachial distensibility, or compliance, in a short, 8-week, placebo-
controlled, cross-over study. In contrast, Muramatsu et al.  [33]  reported that 6 
months’ therapy with pravastatin led to a significant reduction in aortic pulse 
wave velocity, which was sustained for 5 years. However, this was not a con-
trolled or blinded study.

  The majority, but not all, of the other available studies, would support the 
observations of Muramatsu et al. (see  table 3 ). Intriguingly, Ferrier et al.  [34]  
suggest that high-dose statin therapy may provide a useful blood pressure-low-
ering adjuvant in individuals with isolated systolic hypertension – a condition 
characterized primarily by increased stiffness of the large arteries. The sig-
nificant but modest effect of atorvastatin on peripheral systolic pressure was 
accompanied by an increase in systemic arterial compliance, although the ef-
fect of central blood pressure and other more robust measures of aortic stiff-
ness such as aortic pulse wave velocity were not examined.

  Pooled data from a number of studies would support the view that choles-
terol-lowering can lead to significant, if small, reductions in blood pressure 
both in normotensive and hypertensive individuals  [10] . This view is support-
ed by the recent ASCOT Study – a trial of antihypertensive strategies and lipid-
lowering in hypertensive subjects. This study revealed a small but significant 
reduction in blood pressure following treatment with atorvastatin  [35] . Such 
an effect may help explain the unexpected reductions in stroke seen in most of 
the secondary prevention statin studies  [36] , especially since the effect of 
statins on central pressure may well be larger than the observed effect on pe-
ripheral pressure.

  Not only are these observations interesting, but together with the data 
concerning the acute post-prandial effects of a fatty meal, they suggest that any 
effect of lipids on arterial stiffness may be modifiable. However, the dose of 
statin required to reduce arterial stiffness, and optimal treatment duration, 
needs to be further clarified. It is also unclear whether the effects of statins are 
due to a fall in plasma cholesterol per se, alteration in the lipid profile, or some 
other pleiotropic effect of statins.

  Mechanisms Linking Stiffness and Cholesterol 

 A number of potential mechanisms may explain the link between serum 
lipids and arterial stiffness. As already noted, one of the more obvious is the 
development of atherosclerotic plaques. Atherosclerosis in the coronary arter-
ies, and at other sites, has been consistently associated with increased arterial 
stiffness (see Section II). This has led some to suggest that stiffening of the 
large arteries is simply a measure of the amount or degree of atherosclerosis. 
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However, arterial stiffening occurs in populations with a low prevalence of 
atherosclerosis, and also affects vessels such as the brachial artery which are 
not normally a site of plaque development.

  Cholesterol and oxidized LDL cholesterol, in particular, have a number of 
direct, non-atheromatous, effects on the arterial wall, which may lead to arte-
rial stiffening. Oxidized LDL cholesterol also leads to peroxynitrite formation 
and a generalized state of increased oxidative stress, both of which can damage 
elastin directly  [37, 38] . Oxidized LDL cholesterol is also pro-inflammatory. 
Several groups, including our own, have recently shown an association be-
tween measures of acute inflammation, such as C-reactive protein and arte-
rial stiffness in otherwise healthy individuals  [39, 40] . Moreover, Pirro et al. 
recently found a significant, positive relationship between aortic pulse wave 
velocity and C-reactive protein in subjects with hypercholesterolaemia. Inter-
estingly, when both C-reactive protein and HDL cholesterol were entered into 
a multivariate model, only C-reactive protein remained an independent pre-
dictor of aortic stiffness.

  Systemic and local inflammation may lead to arterial stiffening by a vari-
ety of different mechanisms. Cytokines lead to increased expression of a num-
ber of inducible enzymes that may damage the structural components of the 
arterial wall. One enzyme of particular interest is matrix metalloproteinase-9 
(MMP-9), which is a gelatinase capable of digesting arterial elastin – the main 
‘elastic element’ of the large arteries. We have recently demonstrated a positive 
relationship between serum MMP-9 levels and aortic pulse wave velocity in a 
large cohort of apparently healthy subjects  [41] . A pro-inflammatory environ-
ment also leads to an influx of inflammatory cells into the arterial wall. This 
in itself may lead to arterial stiffening possibly due to changes in the ground 
substance, secretion of destructive enzymes such as MMP-9 and remodelling 
of the wall. An interesting novel hypothesis is that inflammation, and inflam-
matory lipids in particular, may promote deposition of calcium within the ar-
terial wall  [42] . In animal models, arterial calcification leads to stiffening of 
the arterial wall  [43] , and in humans with end-stage renal failure excessive cal-
cification is associated with aortic stiffening and increased mortality  [44, 45] .

  It is unlikely that structural changes in the arterial wall are solely respon-
sible for the relationship between stiffness and cholesterol. As already noted, a 
fatty meal is associated with an acute increase in arterial stiffness, and statin 
therapy can lead to a reduction in stiffness with a matter of weeks. These ob-
servations suggest that lipid abnormalities may lead to functional arterial stiff-
ening.
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  Endothelial Function 
 Mounting evidence suggests that there is a degree of functional regulation 

of stiffness by the vascular endothelium  [46–48] . We and others have recently 
demonstrated that endothelium-derived nitric oxide, in part, regulates the 
stiffness of the large arteries  [47] . Inhibiting endogenous nitric oxide produc-
tion leads to arterial stiffening  [49, 50] .

  Hypercholesterolaemia is strongly associated with endothelial dysfunc-
tion and reduced nitric oxide bioavailability  [51, 52] . Indeed, acute elevation of 
plasma lipids, achieved by either a fatty meal  [53]  or intravenous infusion  [54] , 
leads to a rapid onset of endothelial dysfunction, which can be equally rapidly 
corrected by interventions such as plasmapheresis  [55] . Hypercholesterol aemia 
may impair the  L -arginine/nitric oxide pathway at a number of sites. Endothe-
lial damage may lead to a decrease in either basal or stimulated release of nitric 
oxide or, alternatively, there may be an increased breakdown of nitric oxide. 
The vascular smooth muscle may also exhibit a decreased sensitivity to the ac-
tions of nitric oxide. Finally, the buildup of endogenous inhibitors of nitric 
oxide synthase, such as asymmetric dimethyl arginine (ADMA), may decrease 
the biological activity of the endothelial isoform of nitric oxide synthase 
(eNOS) and hence the production of nitric oxide.

  Oxidized LDL cholesterol is the major molecule mediating both athero-
sclerosis and endothelial dysfunction  [56] . Indeed, oxidized LDL cholesterol 
impairs endothelial function to a greater extent than native LDL cholesterol 
 [57] . Furthermore, oxidized LDL cholesterol downregulates eNOS expression 
 [58] , and reduces the uptake of  L -arginine into endothelial cells  [59] , both of 
which lead to decreased nitric oxide production. In addition, LDL cholesterol 
has recently been shown to increase the synthesis of ADMA  [60] .

  Interestingly, many of the above deleterious effects of LDL cholesterol can 
be reversed by statins, providing a potential explanation for the beneficial ef-
fects of these agents on both endothelial function and arterial stiffness. In ad-
dition to decreased nitric oxide production, abnormal vascular function may 
also be caused by overproduction of constrictors such as endothelin-1 which, 
in contrast to nitric oxide, is an atherogenic molecule. LDL cholesterol increas-
es production of endothelin-1  [61] , an effect that can also be inhibited by statins 
 [62] . We have also recently demonstrated that endothelin-1 is involved in the 
functional regulation of large artery stiffness  [63] , providing yet another link 
between stiffness and hypercholesterolaemia, and one further explanation for 
the beneficial effects of cholesterol reduction on arterial stiffness. Other agents 
with therapeutic potential in hypercholesterolaemia include angiotensin-con-
verting enzyme (ACE) inhibitors. These drugs increase the bioavailability of 
nitric oxide, possibly via increasing circulating levels of bradykinin, upregulat-
ing expression of eNOS or decreasing superoxide production. ACE inhibitors 
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improve endothelial function in patients with hypercholesterolaemia, in-
dependently of cholesterol reduction  [64] . Although ACE inhibition has
been shown to decrease arterial stiffness in other disease states, as yet, its effect 
on arterial stiffness in patients with hypercholesterolaemia has not been 
 studied.

   To summarize:  The majority of the available evidence suggests a positive 
relationship between plasma cholesterol and the stiffness of the large arteries. 
Lipid-lowering agents appear to significantly reduce arterial stiffness. How-
ever, a number of important questions remain unanswered. It is unclear which 
of various lipid subfractions best correlate with arterial stiffness, and the 
strength, or indeed, pathophysiological importance of any independent asso-
ciations. It is important to remember that associations, even if independent, do 
not necessarily imply causality. Stiffening may reflect atherosclerosis rather 
than a direct effect of cholesterol on the mechanical properties of the large ar-
teries themselves. Likewise, it is unclear whether the beneficial effect of statins 
results from lipid-lowering per se, or the much talked about pleiotropic effect 
of this drug class. Greater evidence of causality is likely to come from studying 
much larger cohorts of younger subjects – free for the confounding effects of 
atherosclerosis, and other cardiovascular risk factors – and examining the lon-
gitudinal relationship between different lipid fractions and arterial stiffening. 
Longitudinal studies also need to be undertaken in populations with different 
prevalences of atherosclerosis and average cholesterol levels. Finally, carefully 
designed studies are required to separate the cholesterol-lowering effect of 
statins from their potential pleiotropic effects on large arteries.

 

 References 

  1 Willum Hansen T, Staessen JA, Torp-Pedersen C, Rasmussen S, Thijs L, Ibsen H, Jeppesen J: 
Prognostic value of aortic pulse wave velocity as index of arterial stiffness in the general popula-
tion. Circulation 2006;113:664–670. 

  2 Avolio AP, Chen SG, Wang RP, Zahang CL, Li MF, O’Rourke MF: Effects of ageing on changing 
arterial compliance and left ventricular load in a northern Chinese urban community. Circula-
tion 1983;   68:   50–58. 

  3 Avolio AP, Fa-Quan D, Wei-Qiang L, Yao-Fei L, Zhen-Dong H, Lian-Fen X, O’Rourke MF: Ef-
fects of ageing on arterial distensibility in populations with high and low prevalence of hyperten-
sion: comparison between urban and rural communities in China. Circulation 1985;   71:   202–
210. 

  4 Lakatta EG, Levy D: Arterial and cardiac aging: major shareholders in cardiovascular disease 
enterprises. I. Aging arteries: a ‘set up’ for vascular disease. Circulation 2003;   107:   139–146. 

  5 Mitchell GF, Parise H, Benjamin EJ, Larson MG, Keyes MJ, Vita JA, Vasan RS, Levy D: Changes 
in arterial stiffness and wave reflection with advancing age in healthy men and women: the 
Framingham Heart Study. Hypertension 2004;   43:   1239–1245. 

  6 Najjar SS, Scuteri A, Lakatta EG: Arterial aging. Is it an immutable cardiovascular risk factor? 
Hypertension 2005;   46:   454–462. 



 274  Wilkinson   /Cockcroft   

 

  7 Truswell AS, Kennelly BM, Hansen JD, Lee RB: Blood pressures of Kung bushmen in northern 
Botswana. Am Heart J 1972;   84:   5–12. 

  8 Poulter NR, Khaw KT, Mugambi M, Peart WS, Rose G, Sever P: Blood pressure patterns in rela-
tion to age, weight and urinary electrolytes in three Kenyan communities. Trans R Soc Trop Med 
Hyg 1985;   79:   389–392. 

  9 Benetos A, Adamopoulos C, Bureau JM, Temmar M, Labat C, Bean K, Thomas F, Pannier B, As-
mar R, Zureik M, Safar M, Guize L: Determinants of accelerated progression of arterial stiffness 
in normotensive subjects and in treated hypertensive subjects over a 6-year period. Circulation 
2002;   105:   1202–1207. 

 10 Goode GK, Miller JP, Heagerty AM: Hyperlipidaemia, hypertension, and coronary heart disease. 
Lancet 1995;   354:   362–364. 

 11 Wilkinson IB, Prasad K, Hall IR, Thomas A, MacCallum H, Webb DJ, Cockcroft JR: Increased 
central pulse pressure and augmentation index in subjects with hypercholesterolemia. J Am Coll 
Cardiol 2002;   39:   1005–1011. 

 12 Halperin RO, Sesso HD, Ma J, Buring JE, Stampfer MJ, Gaziano JM: Dyslipidemia and the risk 
of incident hypertension in men. Hypertension 2006;   47:   45–50. 

 13 Pynadath TI, Mukherjee DP: Dynamic mechanical properties of atherosclerotic aorta: a correla-
tion between the cholesterol ester content and the viscoelastic properties of atherosclerotic aor-
ta. Atherosclerosis 1977;   26:   311–318. 

 14 Farrar DJ, Bond MG, Riley WA, Sawyer JK: Anatomic correlates of aortic pulse wave velocity and 
carotid artery elasticity during atherosclerosis progression and regression in monkeys. Circula-
tion 1991;   83:   1754–1763. 

 15 Farrar DJ, Green HD, Wagner WD, Bond G: Reduction in pulse wave velocity and improvement 
of aortic distensibility accompanying regression of atherosclerosis in the rhesus monkey. Circ 
Res 1980;   47:   425–432. 

 16 Mackenzie IS, Wilkinson IB, Cockcroft JR: Assessment of arterial stiffness in clinical practice. 
Q J Med 2002;   95:   67–74. 

 17 Lehmann ED, Watts GF, Fatemi-Langroudi B, Gosling RG: Aortic compliance in young patients 
with heterozygous familial hypercholesterolaemia. Clin Sci 1992;   83:   717–721. 

 18 Lehmann ED, Hopkins KD, Gosling RG: Aortic compliance measurements using Doppler ultra-
sound: in vivo biochemical correlates. Ultrasound Med Biol 1993;   19:   683–710. 

 19 Virkola K, Pesonen E, Akerblom HK, Siimes MA: Cholesterol and carotid artery wall in children 
and adolescents with familial hypercholesterolaemia: a controlled study by ultrasound. Acta 
Paediatr 1997;   86:   1203–1207. 

 20 Aggoun Y, Bonnet D, Sidi D, Girardet JP, Brucker E, Polak M, Safar ME, Levy BI: Arterial me-
chanical changes in children with familial hypercholesterolemia. Arterioscler Thromb Vasc Biol 
2000;   20:   2070–2075. 

 21 Pitsavos C, Toutouzas K, Dernellis J, Skoumas J, Skoumbourdis E, Stefanadis C, Toutouzas P: 
Aortic stiffness in young patients with heterozygous familial hypercholesterolemia. Am Heart J 
1998;   135:   604–608. 

 22 Giannattasio C, Mangoni AA, Failla M, Carugo S, Stella, ML, Stefanoni P, Grassi G, Vergani C, 
Mancia G: Impaired radial artery compliance in normotensive subjects with familial hypercho-
lesterolemia. Atherosclerosis 1996;   124:   249–260. 

 23 Toikka JO, Niemi P, Ahotupa M, Niinikoski H, Viikari JSA, Ronnemaa T, Hartiala JJ, Raitakari 
OT: Large-artery elastic properties in young men: relationships to serum lipoproteins and oxi-
dized low-density lipoproteins. Arterioscler Thromb Vasc Biol 1999;   19:   436–441. 

 24 Taquet A, Bonithon-Kopp C, Simon A, Levenson J, Scarabin Y, Malmejac A, Ducimetiere P, 
Guize L: Relations of cardiovascular risk factors to aortic pulse wave velocity in asymptomatic 
middle-aged women. Eur J Epidemiol 1993;   9:   298–306. 

 25 Czernichow S, Bertrais S, Blacher J, Oppert JM, Galan P, Ducimetiere P, Hercberg S, Safar M, 
Zureik M: Metabolic syndrome in relation to structure and function of large arteries: a predom-
inant effect of blood pressure. A report from the SU.VI.MAX Vascular Study. Am J Hypertens 
2005;   18:   1154–1160. 

 26 Lebrun CE, van der Schouw YT, Bak AA, de Jong FH, Pols HA, Grobbee DE, Lamberts SW, Bots 
ML: Arterial stiffness in postmenopausal women: determinants of pulse wave velocity. J Hyper-
tens 2002;   20:   2165–2172. 



 Cholesterol and Arterial Stiffness  275 

 27 Nakanishi N, Suzuki K, Tatara K: Clustered features of the metabolic syndrome and the risk for 
increased aortic pulse wave velocity in middle-aged Japanese men. Angiology 2003;   54:   551–
559. 

 28 Li S, Chen W, Srinivasan SR, Berenson GS: Influence of metabolic syndrome on arterial stiffness 
and its age-related change in young adults: the Bogalusa Heart Study. Atherosclerosis 2005;   180:  

 349–354. 
 29 Nakanishi N, Shiraishi T, Wada M: Brachial-ankle pulse wave velocity and metabolic syndrome 

in a Japanese population: the Minoh study. Hypertens Res 2005;   28:   125–131. 
 30 Cameron JD, Jennings GL, Dart AM: The relationship between arterial compliance, age, blood 

pressure and serum lipid levels. J Hypertens 1995;   13:   1718–1723. 
 31 Westerbacka J, Wilkinson I, Utriainen T, Vehkavaar S, Cockcroft J, Yki-Järvinen H: Diminished 

wave reflection in the aorta: a novel physiological action of insulin. Hypertension 1999;   33:   1118–
1122. 

 32 Kool M, Lustermans F, Kragten H, Struijker BH, Hoeks A, Reneman R, Rila H, Hoogendam I, 
Van Bortel L: Does lowering of cholesterol levels influence functional properties of large arter-
ies? Eur J Clin Pharmacol 1995;   48:   217–223. 

 33 Muramatsu J, Kobayashi A, Hasegawa N, Yokouchi S: Hemodynamic changes associated with 
reduction in total cholesterol treatment with the HMG-CoA reductase inhibitor pravastatin. 
Atherosclerosis 1997;   130:   179–182. 

 34 Ferrier KE, Muhlmann MH, Baguet JP, Cameron JD, Jennings GL, Dart AM, Kingwell BA: In-
tensive cholesterol reduction lowers blood pressure and large artery stiffness in isolated systolic 
hypertension. J Am Coll Cardiol 2002;   39:   1020–1025. 

 35 Poulter NR, Wedel H, Dahlof B, Sever PS, Beevers DG, Caulfield M, Kjeldsen SE, Kristinsson A, 
McInnes GT, Mehlsen J, Nieminen M, O’Brien E, Ostergren J, Pocock S: Role of blood pressure 
and other variables in the differential cardiovascular event rates noted in the Anglo-Scandina-
vian Cardiac Outcomes Trial-Blood Pressure Lowering Arm (ASCOT-BPLA). Lancet 2005;   366:  

 907–913. 
 36 Blauw G, Lagaay A, Smelt A, Westendrop R: Stroke, statins and cholesterol: A meta-analysis of 

randomized, placebo-controlled, double-blind trials with HMG-CoA reductase inhibitors. 
Stroke 1997;   28:   946–950. 

 37 Ciba Foundation Symposium: The Molecular Biology and Pathology of Elastic Tissues. Chich-
ester, Wiley, 1995. 

 38 Paik DC, Ramey WG, Dillon J, Tilson MD: The nitrite/elastin reaction: implications for in vivo 
degenerative effects. Connect Tissue Res 1997;   36:   241–251. 

 39 Yasmin, McEniery CM, Wallace S, Mackenzie IS, Cockcroft JR, Wilkinson IB: C-reactive protein 
is associated with arterial stiffness in apparently healthy individuals. Arterioscler Thromb Vasc 
Biol 2004;   24:   969–974. 

 40 Duprez DA, Somasundaram PE, Sigurdsson G, Hoke L, Florea N, Cohn JN: Relationship between 
C-reactive protein and arterial stiffness in an asymptomatic population. J Hum Hypertens 2005;  

 19:   515–519. 
 41 Yasmin, Wallace S, McEniery CM, Dakham Z, Pusalkar P, Maki-Petaja K, Ashby MJ, Cockcroft 

JR, Wilkinson IB: Matrix metalloproteinase-9 (MMP-9), MMP-2, and serum elastase activity 
are associated with systolic hypertension and arterial stiffness. Arterioscler Thromb Vasc Biol 
2005;   25:   372. 

 42 Abedin M, Tintut Y, Demer LL: Vascular calcification: mechanisms and clinical ramifications. 
Arterioscler Thromb Vasc Biol 2004;   24:   1161–1170. 

 43 Niederhoffer N, Lartaud-Idjouadiene I, Giummelly P, Duvivier C, Peslin R, Atkinson J: Calcifi-
cation of medial elastic fibers and aortic elasticity. Hypertension 1997;   29:   999–1006. 

 44 Guerin AP, London GM, Marchais SJ, Metivier F: Arterial stiffening and vascular calcifications 
in end-stage renal disease. Nephrol Dial Transplant 2000;   15:   1014–1021. 

 45 London GM, Guerin AP, Marchais SJ, Metivier F, Pannier B, Adda H: Arterial media calcifica-
tion in end-stage renal disease: impact on all-cause and cardiovascular mortality. Nephrol Dial 
Transplant 2003;   18:   1731–1740. 

 46 Dobrin PB, Rovick AA: Influence of vascular smooth muscle on contractile mechanisms and 
elasticity of arteries. Am J Physiol 1969;   217:   1644–1651. 



 276  Wilkinson   /Cockcroft   

 

 47 Wilkinson IB, Franklin SS, Cockcroft JR: Nitric oxide and the regulation of large artery stiffness. 
From physiology to pharmacology. Hypertension 2004;   44:   112–116. 

 48 Nichols WW, O’Rourke MF: McDonald’s Blood Flow in Arteries: Theoretical, Experimental and 
Clinical Principles, ed 5. London, Arnold, 2005. 

 49 Wilkinson IB, Qasem A, McEniery CM, Webb DJ, Avolio AP, Cockcroft JR: Nitric oxide regu-
lates local arterial distensibility in vivo. Circulation 2002;   105:   213–217. 

 50 Schmitt M, Avolio A, Qasem A, McEniery CM, Butlin M, Wilkinson IB, Cockcroft JR: Basal NO 
locally modulates human iliac artery function in vivo. Hypertension 2005;   46:   227–231. 

 51 Chowienczyk PJ, Watts GF, Cockcroft JR, Ritter JM: Impaired endothelium-dependent vasodi-
latation of forearm resistance vessels in hypercholesterolaemia. Lancet 1992;   340:   1430–1432. 

 52 Wilkinson IB, Cockcroft JR: Cholesterol, endothelial function and arterial stiffness. Curr Opin 
Lipidol 1998;   9:   237–442. 

 53 Ong PJ, Dean TS, Hayward CS, la Monica PL, Sanders TA, Collins P: Effect of fat and carbohy-
drate consumption on endothelial function. Lancet 1999;   354:   2134. 

 54 Steinberg HO, Tarshoby M, Monestel R, Hook G, Cronin J, Johnson A, Bayazeed B, Baron AD: 
Elevated circulating free fatty acid levels impair endothelium-dependent vasodilation. J Clin 
Invest 1997;   100:   1230–1239. 

 55 Tamai O, Matsuoka H, Itabe H, Wada Y, Kohno K, Imaizumi T: Single LDL apheresis improves 
endothelium-dependent vasodilatation in hypercholesterolemic humans. Circulation 1997;   95:  

 76–82. 
 56 Witztum JL, Steinberg D: Role of oxidized low density lipoprotein in atherogenesis. J Clin Invest 

1991;   88:   1785–1792. 
 57 Jacobs M, Plane F, Bruckdorfer KR: Native and oxidized low-density lipoproteins have different 

inhibitory effects on endothelium-derived relaxing factor in the rabbit aorta. Br J Pharmacol 
1990;   100:   21–26. 

 58 Liao JK, Shin WS, Lee WY, Clark SL: Oxidized low-density lipoprotein decreases the expression 
of endothelial nitric oxide synthase. J Biol Chem 1995;   270:   319–324. 

 59 Chen LY, Mehta P, Mehta JL: Oxidized LDL decreases  L -arginine uptake and nitric oxide syn-
thase protein expression in human platelets: relevance of the effect of oxidized LDL on platelet 
function. Circulation 1996;   93:   1740–1746. 

 60 Boger RH, Sydow K, Borlak J, Thum T, Lenzen H, Schubert B, Tsikas D, Bode-Boger SM: LDL 
cholesterol upregulates synthesis of asymmetrical dimethylarginine in human endothelial cells: 
involvement of S-adenosylmethionine-dependent methyltransferases. Circ Res 2000;   87:   99–
105. 

 61 Sakurai K, Cominacini L, Garbin U, Fratta PA, Sasaki N, Takuwa Y, Masaki T, Sawamura T: In-
duction of endothelin-1 production in endothelial cells via cooperative action between CD40 
and lectin-like oxidized LDL receptor (LOX-1). J Cardiovasc Pharmacol 2004;   44:S173–S180. 

 62 Hernandez-Perera O, Perez-Sala D, Navarro-Antolin J, Sanchez-Pascuala R, Hernandez G, Diaz 
C, Lamas S: Effects of the 3-hydroxy-3-methylglutaryl-CoA reductase inhibitors, atorvastatin 
and simvastatin, on the expression of endothelin-1 and endothelial nitric oxide synthase in vas-
cular endothelial cells. J Clin Invest 1998;   101:   2711–2719. 

 63 McEniery CM, Qasem A, Schmitt M, Avolio A, Cockcroft JR, Wilkinson IB: Endothelin-1 regu-
lates arterial pulse wave velocity in vivo. J Am Coll Cardiol 2003;   42:   1975–1981. 

 64 Lee AFC, Dick JBC, Bonnar CE, Struthers AD: Lisinopril improves arterial function in hyper-
lipidaemia. Clin Sci 1999;   96:   441–448. 

 65 Giral P, Atger V, Amar J, Cambillau M, Del PM, Megnien JL, Levenson J, Moatti N, Simon A: A 
relationship between aortic stiffness and serum HDL3 cholesterol concentrations in hypercho-
lesterolaemic, symptom-free men. The PCVMETRA Group (Groupe de Prévention Cardiovas-
culaire en Médecine du Travail). J Cardiovasc Risk 1994;   1:   53–58. 

 66 Alagona C, Soro A, Westerbacka J, Ylitalo K, Salonen JT, Salonen R, Yki-Järvinen H, Taskinen 
MR: Low HDL cholesterol concentration is associated with increased intima-media thickness 
independent of arterial stiffness in healthy subjects from families with low HDL cholesterol. Eur 
J Clin Invest 2003;   33:   457–463. 

 67 Dart AM, Gatzka CD, Cameron JD, Kingwell BA, Liang YL, Berry KL, Reid CM, Jennings GL: 
Large artery stiffness is not related to plasma cholesterol in older subjects with hypertension. 
Arterioscler Thromb Vasc Biol 2004;   24:   962–968. 



 Cholesterol and Arterial Stiffness  277 

 Dr. John R. Cockcroft
Department of Cardiology
University of Wales College of Medicine
University Hospital
Cardiff CF4 4XN (UK)
Tel. +44 29 2074 3489, Fax +44 29 2074 3500, E-Mail cockcroftjr@cf.ac.uk 

 68 Dart AM, Lancombe F, Yeoh JK, Cameron JD, Jennings GL, Laufer E, Esmore DS: Aortic disten-
sibility in patients with isolated hypercholesterolaemia, coronary artery disease, or cardiac 
transplantation. Lancet 1991;   338:   270–273. 

 69 Hopkins KD, Lehmann ED, Gosling RG, Parker JR, Sonksen P: Biochemical correlates of aortic 
distensibility in vivo in normal subjects. Clin Sci 1993;   84:   593–597. 

 70 Urbina EM, Srinivasan SR, Kieltyka RL, Tang R, Bond MG, Chen W, Berenson GS: Correlates of 
carotid artery stiffness in young adults: the Bogalusa Heart Study. Atherosclerosis 2004;   176:  

 157–164. 
 71 Giannattasio C, Mangoni AA, Failla M, Stella ML, Carugo S, Bombelli M, Sega R, Mancia G: 

Combined effects of hypertension and hypercholesterolemia on radial artery function. Hyper-
tension 1997;   29:   583–586. 

 72 Le NA, Brown WV, Davis WW, Herrington DM, Mosca L, Homma S, Eggleston B, Willens HJ, 
Raines JK: Comparison of the relation of triglyceride-rich lipoproteins and muscular artery 
compliance in healthy women versus healthy men. Am J Cardiol 2005;   95:   1049–1054. 

 73 Raison J, Rudnichi A, Safar ME: Effects of atorvastatin on aortic pulse wave velocity in patients 
with hypertension and hypercholesterolaemia: a preliminary study. J Hum Hypertens 2002;   16:  

 705–710. 
 74 Kontopoulos AG, Athyros VG, Pehlivanidis AN, Demitriadis DS, Papageorgiou AA, Boudoulas 

H: Long-term treatment effect of atorvastatin on aortic stiffness in hypercholesterolaemic pa-
tients. Curr Med Res Opin 2003;   19:   22–27. 

 75 Matsuo T, Iwade K, Hirata N, Yamashita M, Ikegami H, Tanaka N, Aosaki M, Kasanuki H: Im-
provement of arterial stiffness by the antioxidant and anti-inflammatory effects of short-term 
statin therapy in patients with hypercholesterolemia. Heart Vessels 2005;   20:   8–12. 



 Safar ME, Frohlich ED (eds): Atherosclerosis, Large Arteries and Cardiovascular Risk.
Adv Cardiol. Basel, Karger, 2007, vol 44, pp 278–301 

   Abstract 
High plasma concentrations of the amino acid homocysteine have been associated 

with atherothrombotic disease, first in individuals with inborn errors of homocysteine 
metabolism, who have very high plasma homocysteine concentrations, and later also in 
the general population. In general, the cardiovascular risk associated with hyperhomo-
cysteinemia is significant, but modest and probably differs between populations. High 
homocysteine concentrations are thought to impair endothelial function, increase oxida-
tive stress, impair methylation reactions, and alter protein structure. Although some stud-
ies have shown improvement of vascular surrogate end points, homocysteine-lowering 
treatment has not yet been associated with a significant reduction of cardiovascular 
events. Studies that have examined the relationship between plasma homocysteine and 
arterial stiffness parameters have shown heterogenous results.              

 Copyright © 2007 S. Karger AG, Basel 

 Relationship between Atherosclerosis and Hyperhomocysteinemia 

 Homocysteine Metabolism 
 Homocysteine is a sulfur-containing amino acid, which in humans can 

only be derived from the demethylation of the essential amino acid methio-
nine. S-adenosylmethionine and S-adenosylhomocysteine are intermediates 
in this important biochemical pathway, called transmethylation, in which S-
adenosylmethionine donates its methyl group to a variety of acceptors, such
as guanidinoacetic acid, phosphatidylethanolamine, norepinephrine, DNA, 
RNA and protein amino acid residues. This reaction is driven towards the gen-
eration of homocysteine as long as homocysteine is further metabolized. Ho-
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mocysteine can either be remethylated to methionine or be transsulfurated to 
cysteine. There are two remethylation pathways. The first is catalyzed by me-
thionine synthase (MS) and requires 5-methyltetrahydrofolate as methyl do-
nor and reduced cobalamin as cofactor. 5-Methyltetrahydrofolate is generated 
by a reaction catalyzed by 5,10-methylenetetrahydrofolate reductase (MTH-
FR). The second remethylation reaction is catalyzed by betaine-homocysteine 
methyltransferase and uses betaine as methyl donor. The transsulfuration 
pathway is considered irreversible and consists of two reactions. In the first, 
homocysteine condenses with serine to form cystathionine (facilitated by cys-
tathionine  � -synthase (CBS)) and in the second, cystathionine is cleaved into 
cysteine and  � -ketobutyrate (by  � -cystathionase). Both require pyridoxal 
phosphate as cofactor. Cysteine can be incorporated into protein, used for the 
synthesis of compounds such as taurine and glutathione, or further metabo-
lized to sulfate, which is excreted in the urine, and to  � -ketobutyrate, which is 
oxidized in the Krebs cycle.

  Homocysteine metabolism takes place intracellularly and exhibits tissue-
specific activity. In humans, transmethylation and folate-dependent remeth-
ylation occurs in all cells. Betaine-dependent remethylation occurs only in the 
liver and kidney, whereas complete transsulfuration takes place only in the 
liver, kidney, small intestine and pancreas. Transport of homocysteine from 
the intra- to the extracellular compartment is enhanced when its intracellular 
production is increased, and, vice versa, when homocysteine production is in-
hibited, transmembrane transport decreases, suggesting that the intracellular 
homocysteine level is controlled and kept within a certain range, and that the 
extracellular homocysteine level (e.g. in plasma) reflects the intracellular level. 
In plasma, homocysteine is present in different forms. About 70–80% is pro-
tein-bound, mainly to albumin. Non-protein-bound homocysteine is found in 
‘mixed disulfide’ (i.e. the dimer of homocysteine and cysteine), homocystine 
(the oxidized disulfide of homocysteine) and reduced homocysteine. Reduced 
homocysteine forms only about 1% of the total plasma homocysteine content. 
Laboratories usually measure plasma total homocysteine concentration, which 
is the sum of all homocysteine fractions. The upper limit of normal plasma 
total homocysteine concentration is generally set at 12  � mol/l.

  Homocysteine and Vascular Disease 
 Homocystinuria was discovered in 1962, when some of the mentally re-

tarded children who were screened for abnormal (patterns of) urinary amino 
acids showed large amounts of homocystine in their urine. The disease was 
shown to be caused by a deficiency of the transsulfuration enzyme CBS, the 
gene for which was later found to be located on chromosome 21. Clinically, 
CBS deficiency is characterized by skeletal abnormalities, dislocation of the 



280 van Guldener   /Stehouwer   

 

optic lens, mental retardation, thromboembolic processes and premature ath-
erosclerosis. Laboratory abnormalities include elevated plasma methionine 
levels, strongly elevated plasma homocysteine levels, low plasma cysteine lev-
els, and homocystine excretion in the urine  [1] .

  In 1969, McCully  [2]  proposed that elevated plasma homocysteine levels 
can cause atherosclerotic disease. This theory was based on observations that 
advanced and similar arterial lesions were found at autopsy in two children 
who had two distinct enzyme abnormalities (a transsulfuration defect in one 
and a remethylation defect in the other), but shared the biochemical abnormal-
ity of a severe hyperhomocysteinemia. This theory, although attractive, was 
neglected for a long time, which was mainly due to the low prevalence of in-
born errors of metabolism that were accompanied by severe hyperhomocyste-
inemia.

  In 1976, hyperhomocysteinemia regained a world-wide interest, when 
Wilcken and Wilcken  [3]  observed an abnormal rise in plasma homocysteine 
after oral methionine loading in 17 of 25 patients who had angiographically 
documented coronary artery disease, whereas this was the case in only 5 of 22 
control subjects. Important messages of this study were that an abnormal me-
thionine-homocysteine metabolism was not as rare as current thinking at that 
time suggested and that sulfur amino acid abnormalities might be related to 
premature atherosclerotic disease in a large proportion of patients from the 
general population.

  Since then, a large number of retrospective, cross-sectional and prospec-
tive studies have been performed in different patient groups or community-
based populations in order to assess the cardiovascular risk that is associated 
with elevated plasma homocysteine levels.

  The first prospective study on the association between plasma homocys-
teine and coronary heart disease was published in 1992 and described a nested 
case-control study of the Physicians’ Health Study, in which 14,916 male physi-
cians were followed for up to 5 years  [4] . Mean plasma homocysteine was high-
er in the 271 cases who developed myocardial infarction than in the 271 con-
trols (11.1  8  4.0 vs. 10.5  8  2.8  � mol/l, p = 0.03) and the relative risk for indi-
viduals in the highest 5% of plasma homocysteine level versus the lowest 90% 
was 3.1 (95% CI 1.3–8.8). Subsequently, several other prospective studies have 
been carried out in individuals (mainly) without cardiovascular disease  [5–
29] , in patients with coronary heart disease  [16, 30–34] , stroke  [35] , diabetes 
 [36–39] , renal failure  [40–46] , and other diseases  [47] . In some of these studies, 
plasma homocysteine was investigated as a predictor of total mortality only 
 [36–38] .

  The first meta-analysis of homocysteine as a vascular risk factor was pub-
lished in 1995 and consisted mainly of retrospective studies and studies that 
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used post-methionine-loading homocysteine levels  [48] . A 5- � mol/l increase 
in fasting plasma homocysteine was associated with an odds ratio for coronary 
artery disease of 1.6 (95% CI 1.4–1.7) in men and 1.8 (95% CI 1.3–1.9) in wom-
en, whereas the odds ratio for cerebrovascular disease was 1.5 (95% CI 1.3–1.9). 
The meta-analysis also showed for the first time that prospective studies found 
lower risk estimates than retrospective studies.

  Prospective studies in patients with established coronary artery disease 
have consistently shown that higher plasma homocysteine levels are associated 
with a lower survival  [30–33] . In the study by Nygard et al.  [30] , the mortality 
during a follow-up of 4.6 years in patients with a plasma homocysteine of 
  1 20  � mol/l was 27% compared to 4% in those with a plasma homocysteine of 
 ! 9  � mol/l. In patients with chronic kidney disease, such as maintenance di-
alysis patients, the study outcomes are less consistent. Some investigators have 
linked hyperhomocysteinemia to cardiovascular events in these patients  [40–
43] , whereas others have not, or even found the opposite, i.e. that a low homo-
cysteine concentration is associated with an adverse cardiovascular outcome 
 [44–46] .

  Controversy as to whether the relationship between homocysteine and 
vascular disease is causal already arose when some large prospective popula-
tion-based studies found that plasma homocysteine was not significantly re-
lated to vascular disease  [6, 9] . The greatest impact had a nested case-control 
analysis of the Multiple Risk Factor Intervention Trial, an observational study 
of 12,886 men aged 35–57 years  [9] . Plasma homocysteine was measured in 93 
individuals who developed a non-fatal myocardial infarction and 186 matched 
controls, and in 147 individuals who died of coronary heart disease and 286 
matched controls. The odds ratio for a coronary event of the highest
 ( 1 15  � mol/l) versus the lowest ( ! 9.6  � mol/l) quartile of homocysteine level 
was 0.92 (95% CI 0.6–1.5). The results contrasted with the British United Prov-
ident Association study, a prospective study of 21,520 men aged 35–64 years, 
in which the risk of ischemic heart disease in the quartile with the highest ho-
mocysteine level was 2.9 times higher than in the lowest quartile  [12] .

  A second meta-analysis, published in 2002, which included 20 prospective 
trials, concluded that plasma homocysteine was significantly related to coro-
nary artery disease (odds ratio 1.23 (95% CI 1.14–1.32) for each 5- � mol/l in-
crement in plasma homocysteine) and to cerebrovascular disease (odds ratio 
1.42 (95% CI 1.21–1.66))  [49] . As this meta-analysis included individuals with 
and without vascular disease, it was still unclear whether the relationship be-
tween homocysteine and atherosclerotic disease is causal. There are (at least) 
four different ways to further clarify whether homocysteine is truly a vascular 
risk factor in humans.
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  Homocystinuria 
 The clinical features and natural history of patients with classical homo-

cystinuria, i.e. CBS deficiency, have been described in detail by Mudd et al.  [1] . 
The lack of the enzyme leads to very high plasma concentrations of methionine 
and of homocysteine (up to 200  � mol/l) with overflow in the urine. Untreated, 
50% of affected individuals will have suffered from a vascular event by the age 
of 29 years. About 50% of these events are arterial (32% cerebrovascular, 4% 
coronary and 11% peripheral arteries). As McCully pointed out, patients with 
other inborn errors of metabolism also resulting in very high plasma homocys-
teine levels, but not hypermethioninemia, may also suffer from enhanced arte-
rial disease  [2] . As classical risk factors for atherosclerotic disease are usually 
absent in these young patients, homocysteine seems to be an important factor 
in the development of arterial disease. Homocysteine-lowering treatment has 
led to an enormous reduction of vascular disease in these patients  [50] .

  Prospective Studies in Healthy Individuals 
 A number of prospective studies have reported the risk estimates of arte-

rial events or vascular and/or total mortality conferred by homocysteine in 
populations without vascular disease at baseline  [4–29] . A careful meta-analy-
sis of relevant studies by the Homocysteine Studies Collaboration focused on 
the association between homocysteine concentration and risk of ischemic 
heart disease and stroke in populations without existing cardiovascular dis-
ease, diabetes mellitus, renal disease or systemic lupus erythematosus  [51] . The 
meta-analysis showed that a 25% lower plasma homocysteine (about 3  � mol/l) 
was independently associated with an 11% (95% CI 4–17%) lower risk of isch-
emic heart disease, and a 19% (95% CI 5–31%) lower risk of stroke ( fig. 1 ). 
Studies that were published after this report do not substantially differ from 
these results  [16, 18, 26–29] . Overall, plasma homocysteine, therefore, seems 
to be a modest, but significant independent predictor of arterial occlusive dis-
ease in otherwise healthy subjects.

  Studies in low-risk populations which reported only on mortality have 
consistently shown that plasma homocysteine is associated with an increased 
risk of both cardiovascular and total mortality  [19–21, 24] . The magnitude of 
this risk seems to be similar for total and cardiovascular mortality and amounts 
to a 50% higher mortality risk per 5  � mol/l increase in plasma homocysteine 
 [20, 24] , or to a 50% higher mortality in individuals of the upper 20–25% of 
plasma homocysteine values  [19, 21] .

  Mendelian Randomization 
 Plasma homocysteine level is related to different variables, such as age, 

blood pressure, smoking status, renal function, B-vitamin status, caffeine con-



 Homocysteine and Large Arteries 283

sumption and, possibly, to unknown factors. The relationship between plasma 
homocysteine and vascular disease may therefore be subject to residual con-
founding. In addition, observations that patients with vascular disease have 
higher plasma homocysteine levels than healthy individuals may also be the 
result of reverse-causality bias.

  Mendelian randomization refers to the examination of the consistency 
between risk assessments based on genotype and phenotype conditions in or-
der to understand the nature of disease determinants more precisely.

  A genetic determinant of plasma homocysteine level in the general popu-
lation is the common C677T polymorphism in the gene encoding for MTHFR. 
Homozygosity for this mutation (TT) leads to a less active variant of MTFHR 
and has a mean prevalence of about 10% in various populations. A TT status 

   Fig. 1.   Odds ratios of ischemic heart disease (upper panel) and stroke (lower panel) 
for a 25% lower usual homocysteine level in individual studies [modified from 51]. 
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is associated with higher plasma homocysteine levels, especially when folate 
status is low  [53] . As carriage of this mutation is subject to random parental 
inheritance according to Mendel’s second law, the relationships between 
MTHFR genotype and homocysteine or vascular disease should not be influ-
enced by other confounding factors that determine plasma homocysteine con-
centration, or be subject to reverse causality. In addition, if homocysteine is a 
true vascular risk factor, individuals with the TT polymorphism should have 
an elevated risk of vascular disease that is proportional to the increase in plas-
ma homocysteine that is associated with this mutation. There are several re-
ports on the relation between MTHFR status and vascular disease (mostly 
coronary heart disease, stroke and venous thromboembolism), but more pre-
cise quantification of such associations have used meta-analyses of the avail-
able studies. In a meta-analysis of 72 case-control studies (46 on ischemic heart 
disease, 26 on VTE and 7 on stroke) comprising 16,849 vascular cases and 
16,849 controls, Wald et al.  [49]  found that the odds ratio of the TT versus the 
CC genotype was 1.21 (95% CI 1.06–1.39) for ischemic heart disease and 1.31 
(0.80–2.15) for stroke. The difference in plasma homocysteine between TT and 
CC individuals was 2.7  � mol/l, which would amount to an odds ratio for isch-
emic heart disease of 1.42 (1.11–1.84) for a 5- � mol/l increase in plasma homo-
cysteine. Based on 16 prospective studies, the calculated odds ratio for isch-
emic heart disease was found to be 1.32 (1.19–1.45) for each 5- � mol/l increase 
in plasma homocysteine. In a more recent meta-analysis, which focused on 
homocysteine and stroke, the mean difference in plasma homocysteine be-
tween healthy individuals with the TT genotype (n = 1,887) and the CC geno-
type (n = 7,252) was 1.93  � mol/l (1.38–2.47)  [54] . The only other determinant 
of this difference was serum folate. Using the meta-analysis of Wald et al.  [49] , 
the expected odds ratio for stroke of an increase of this 1.93  � mol/l in plasma 
homocysteine would be 1.20 (1.38–2.47). Based on 30 studies on stroke and 
MTHFR, the calculated odds ratio was 1.26 (1.14–1.40).

  Both meta-analyses conclude that the observed increase in risk of vascular 
disease conferred by plasma homocysteine in prospective studies is similar to 
the increase in risk based on Mendelian randomization of the MTHFR TT 
genotype, and, therefore, that plasma homocysteine is causally related to isch-
emic heart disease and stroke.

  Homocysteine-Lowering Treatment 
 From our understanding of sulfur amino acid metabolism, it follows that 

reduction of plasma homocysteine concentration is expected to be achieved by 
administration of folate, vitamin B 12 , vitamin B 6 , betaine or serine, by en-
hancement of urinary homocysteine excretion or by reduction of homocyste-
ine synthesis by dietary means (methionine restriction with or without cystine 
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supplementation). Estrogens are also known to decrease plasma homocysteine 
levels, especially in post-menopausal women, although the mechanism of this 
reduction is unknown. Of these methods, folate treatment has been shown to 
be superior in lowering fasting plasma homocysteine levels  [55] . In a meta-
analysis of 12 randomized trials, which included more than 1,000 (mostly 
healthy) subjects, the effect of several doses of folic acid, but also the addition 
of vitamin B 6  and vitamin B 12 , was investigated  [56] . The main findings were 
that the reduction in plasma homocysteine was highest in subjects with the 
highest baseline homocysteine level: 16% (95% CI 11–20%) reduction in those 
with plasma homocysteine levels  ! 8.9  � mol/l and 39% (95% CI 36–43%) re-
duction in those with a baseline concentration of  1 18.5  � mol/l (p for trend 
 ! 0.001). The dose of folic acid had a non-significant effect on the homocyste-
ine reduction. All dose ranges, i.e.  ! 1 mg (mean 0.5 mg/day), 1–3 mg (mean 
1.2 mg/day) and  1 3 mg (mean 5.7 mg/day), were associated with a mean 25% 
reduction in plasma homocysteine level. The addition of vitamin B 12  (mean 
0.5 mg/day) led to an additional reduction in plasma homocysteine only by 
about 7%, and the addition of vitamin B 6  (mean 16.5 mg/day) had no signifi-
cant effect. Folic acid, therefore, is the cornerstone of homocysteine-lowering 
treatment in general, whereas vitamin B 12  is usually reserved for cobalamin 
deficiency. Vitamin B 6  is used in patients with CBS deficiency and to lower the 
plasma homocysteine concentration after methionine loading.

  If effective homocysteine-lowering treatment significantly decreased the 
occurrence of vascular disease, the evidence that homocysteine is indeed a vas-
culotoxic amino acid would be stronger. Many years elapsed before prospec-
tive placebo-controlled randomized homocysteine-lowering studies were ini-
tiated, mostly due to the lack of interest of funding such trials. Eventually, 
several studies were performed or are still underway. In some studies, surro-
gate vascular end-points were used  [57–64] , whereas clinical events were taken 
as the primary end-point in other, larger studies  [65–67] . Most homocysteine-
lowering therapies that were used consisted of a combination of folic acid, vi-
tamin B 6  and cobalamin.

  The results of the surrogate end-point trials are summarized in  table 1 . 
 It can be seen that homocysteine-lowering treatment was associated with ben-
eficial vascular effects in some studies (less abnormal exercise ECGs, more 
patent coronary arteries and less revascularization procedures after angioplas-
ty), but also that other studies reported a lack of significant vascular effects 
(restenosis after coronary stenting, biochemical markers of endothelial func-
tion and inflammation). Differences in study population characteristics, ther-
apies that were used and the types of vascular end-points make it virtually 
impossible to compare these trials in order to conclude whether homocysteine-
lowering therapy in general prevents vascular disease. From the large inter-
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Table 1. Randomized, controlled homocysteine-lowering trials with surrogate vascular end-points

Study Subjects Sample Treatment Outcome

Vermeulen Healthy siblings 158 FA 5 mg + 250 mg B6 OR 0.4 (0.17–0.93). Abnormal exercise ECG
et al. [57] of vascular patients vs. placebo. F.u. 2 years OR 0.87 (0.56–1.33). Ankle-brachial index

OR 1.02 (0.26–4.05). Carotid stenosis
OR 0.86 (0.47–1.59). Peripheral stenosis

Vermeulen Healthy siblings 158 FA 5 mg + 250 mg B6 Decrease in urinary albumin/creatinine ratio
et al. [58] of vascular patients vs. placebo. F.u. 2 years No significant effect on E-selectin, VCAM-1, vWF, tPA, PAI-1 

and CRP

Vermeulen Healthy siblings 158 FA 5 mg + 250 mg B6 OR 0.48 (0.17–1.41). Cerebrovascular atherosclerosis on MRA
et al. [59] of vascular patients vs. placebo. F.u. 2 years OR 0.48 (0.14–1.60). Cerebral microangiopathy on MRI 

Schnyder Post-coronary 205 FA 1 mg + B12 0.4 mg + B6 10 mg RR 0.52 (0.32–0.86). Restenosis
et al. [60] angioplasty vs. placebo for 6 months. F.u. 6 months

Schnyder Post-coronary 553 FA 1 mg + B12 0.4 mg + B6 10 mg RR 0.68 (0.48–0.96). Revascularization, myocardial infarction
or deathet al. [61] angioplasty vs. placebo for 6 months. F.u. 11 months

Lange Post-coronary 636 FA 1.2 mg + B6 48 mg + B12 0.06 mg RR 1.30 (1.00–1.69). In-stent restenosis
et al. [62] stenting vs. placebo. 6 months

Dusitanond Stroke/TIA 285 FA 2 mg + B12 0.5 mg + B6 25 mg No significant effect on C-reactive protein, sCD40L, IL-6, 
et al. [63] vs. placebo. 6 months VCAM-1, ICAM-1, vWF, P-selectin, prothrombin fragments 

1 and 2, and D-dimer

Durga Mild hyperhomo- 530 FA 0.8 mg No significant effect on C-reactive protein, sICAM-1, oxidized 
et al. [64] cysteinemia vs. placebo. 1 year LDL and autoantibodies against oxidized LDL

(613 �mol/l)

FA = Folic acid; B6 = vitamin B6; B12 = vitamin B12; F.u. = follow-up.
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vention studies ( table 2 ), only the VISP trial has been published so far  [66] . 
 In this study, 3,680 stroke patients with a baseline plasma homocysteine of 
 13.4  � mol/l were randomized to a high- or low-dose multivitamin B treat-
ment. After 2 years, the primary end-point, recurrent ischemic stroke, was 
reached in 9.2% in the high-dose vitamin group and in 8.8% in the low-dose 
group. There was also no significant difference in a composite end-point con-
sisting of stroke, coronary artery disease or death between the two groups (risk 
ratio 1.0, 95% CI 0.8–1.1). The disappointing results may have been related to 
the small difference in plasma homocysteine that was achieved. Plasma homo-
cysteine was about 13  � mol/l in the low-dose group and 11  � mol/l in the high-
dose group. The small difference was probably due to the dietary folic acid 
fortification that was instituted in North America in 1998 in order to reduce 
the risk of neural tube defects in newborns. Inclusion of patients took place 
from 1997 to 2001 and those who had been randomized to the control group 
exhibited lower plasma homocysteine levels during follow-up than expected. 
However, a small beneficial effect of active homocysteine-lowering treatment 
could not be excluded in this trial. Results of other trials are awaited eagerly, 
but due to the folic acid fortification, studies taking place in North America 
may suffer from a similar power shortage.

  Pathophysiological Considerations 
 Several animal models of hyperhomocysteinemia have been used to elu-

cidate the mechanisms behind the atherogenic properties of homocysteine. 
Hyperhomocysteinemia has been induced in animals by supplementation of 
methionine or homocysteine, by dietary restriction of folate, choline, cobala-
min, and/or pyridoxine, and by disrupting genes encoding for enzymes in-
volved in homocysteine metabolism, such as CBS, MTHFR and MS.

  Genetically induced hyperhomocysteinemia does not seem to cause ath-
erosclerosis in animal models  [68, 69] , whereas dietary-induced hyperhomo-
cysteinemia was shown to be associated with the development and acceleration 
of atherosclerotic lesions, especially in susceptible animal models, such as the 
apolipoprotein E (apoE)-deficient mouse  [70, 71] . Mice lacking the gene for 
apoE develop hypercholesterolemia and spontaneous atherosclerotic lesions in 
the aortic root and branch points, which resemble human atherosclerosis. In-
terestingly, apoE knockout mice which were also made deficient for CBS (dou-
ble knockout mice), exhibited larger atherosclerotic lesions than apoE control 
mice  [72] .

  Endothelial Dysfunction 
 Normal endothelium is a highly active organ with many vascular func-

tions. These include the regulation of vascular tone, the composition of suben-
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Table 2. Randomized, controlled homocysteine-lowering trials with clinical end-points

Study Subjects Sample Treatment Outcome

Liem et al. [65] Stable CAD 593 Open label FA 0.5 mg vs. RR 1.05 (0.63–1.75)
All-cause mortality and 
composite vascular end-point

standard care. F.u. 2 years

Cambridge Heart 
Antioxidant 

Myocardial
infarction
or unstable angina

1,882 FA 5 mg vs. placebo
Terminated after 1.7 years

RR 1.0 (0.7–1.3)
Revascularization, myocardial 
infarction or cardiac deathStudy (CHAOS-2)

Norwegian Study of Homo-
cysteine Lowering with
B-vitamins Myocardial
Infarction (NORVIT)

Myocardial
infarction

3,750 2 ! 2 factorial design
FA 0.8 mg + B12 0.4 mg vs.
placebo with B6 40 mg vs.
placebo

Western Norway B-vitamin 
Intervention Trial
(WENBIT)

Coronary artery
disease on
angiography

3,000 2 ! 2 factorial design
FA 0.8 mg + B12 0.4 mg vs.
placebo with B6 40 mg vs.
placebo

Study of the Effectiveness of  
Additional Reductions in 
Cholesterol and 
Homocysteine (SEARCH)

Myocardial
infarction

12,064 2 ! 2 factorial design
FA 2 mg + B12 0.8 mg vs.
placebo with
simvastatin 20 mg vs. 80 mg

Woman’s Antioxidant and CVD or high risk 5,442 FA 2.5 mg  + B12 1 mg +
Cardiovascular Disease B6 50 mg vs. placebo
Study (WACS)1

Heart Outcomes Prevention 
Evaluation (HOPE-2) 1

Arterial disease 5,522 FA 2.5 mg + B12 1 mg +
B6 50 mg vs. placebo

Su.Fol.Om3 CHD or stroke (3,000) FA 0.5 mg + B12 0.02 mg +
B6 3 mg vs. placebo

Toole et al. [66] 1 Stroke 3,680 FA 2.5 mg  + B12 0.4 mg + RR 1.0 (0.8–1.3)
Recurrent stroke
RR 1.0 (0.8–1.1)
Composite vascular end-point

B6 25 mg  vs. FA 0.02 mg +
B12 0.006 mg + B6 0.2 mg
F.u. 2 years

VITAmins TO Prevent 
Stroke Study (VITATOPS)

Stroke 8,000 FA 2 mg + B12 0.5 mg +
B6 25 mg vs. placebo

Wrone et al. [67] 1 End-stage renal 
disease

510 FA 1 mg vs. 5 mg vs. No difference in mortality
and vascular events, p = 0.4715 mg. F.u. 2 years

Folic Acid for Vascular 
Outcome Reduction in 
Transplantation (FAVORIT) 1

Renal transplant
recipients

(4,000) FA 2.5 mg  + B6 20 mg  +
B12 0.4 mg vs. placebo

Homocysteine Study
 (HOST)1

Renal disease 2,056 FA 40 mg + B12 2 mg +
B6 100 mg vs. placebo

FA = Folic acid; B6 = vitamin B6; B12 = vitamin B12; F.u. = follow-up.
1 Folic-acid-fortified population.
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dothelial matrix, the proliferation of smooth muscle cells, the balance between 
coagulation and fibrinolysis, the permeability to substances and the adhesion 
and migration of blood cells. These functions are carried out by the synthesis 
and release of a variety of substances that are deposited in the subendothelial 
matrix or have vasoactive or modulating properties, such as nitric oxide (NO), 
prostacyclin, endothelin, angiotensin II, von Willebrand factor, thrombomod-
ulin, tissue-type plasminogen activator, plasminogen activator inhibitor type 
1, vascular cell adhesion molecules, and vascular endothelial growth factor. 
Many substances have more than one function. For example, NO not only is a 
vasodilator but also has inhibitory effects on the growth of smooth muscle cells 
and the adhesion and aggregation of platelets. From the multitude of vascular 
effects, it is clear that there is no gold standard for the assessment of endothe-
lial function. Normally, the endothelium keeps the vascular tone low, inhibits 
smooth muscle cell proliferation, and provides an antithrombotic inner vascu-
lar surface. Dysfunction of the endothelium is a major and early event in the 
development of atherothrombosis.

  One of the main theories on the atherogenic properties of homocysteine 
is that homocysteine is toxic to endothelium and causes endothelial dysfunc-
tion. Early studies have shown that intravenous infusion of homocysteine in 
baboons resulted in desquamation and denudation of the endothelium  [73] . In 
vitro studies showed detachment of cultured venous endothelial cells from 
their substratum  [74] . However, these toxic effects are of little clinical rele-
vance because they occur only at homocysteine concentrations that are much 
higher than those that are present in hyperhomocysteinemic individuals.

  Many subsequent studies have rather focused on more functional aspects 
of endothelial function, such as endothelium-dependent vasomotor responses. 
These responses can be assessed non-invasively and they have gained such a 
wide acceptance and popularity that endothelial dysfunction sometimes is de-
fined by the presence of impaired endothelium-dependent vasodilation. Sev-
eral methods in and ex vivo have been used to assess arterial endothelium-de-
pendent vasodilation. As NO is a major mediator of endothelium-dependent 
vasodilation in large arteries and resistance vessels, these methods involve the 
activation of endothelial NO synthase by stimuli such as acetylcholine, throm-
bin, bradykinin and shear stress in order to increase the bioavailability of NO. 
Vessel wall responses to these stimuli are usually compared with the response 
to an endothelium-independent vasodilator such as nitroprusside or glyceryl 
trinitrate.

  Disturbed endothelium-dependent relaxation of arteries can be demon-
strated in patients with atherosclerotic disease and in individuals with cardio-
vascular risk factors, such as hypertension, smoking, diabetes and hypercho-
lesterolemia. Impaired endothelium-dependent vasodilation of coronary or 
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brachial arteries has also been associated with a higher risk of subsequent vas-
cular events  [75–80] .

  In animal models, it has been demonstrated that monkeys with diet-in-
duced hyperhomocysteinemia (10.6  8  2.6 vs. 4.0  8  0.2  � mol/l in controls) 
exhibited a decreased endothelium-dependent vasodilator response to acetyl-
choline in the leg  [81] . Endothelium-dependent vasodilation of cerebral arte-
rioles was shown to be impaired in hyperhomocysteinemic CBS-, MTHFR- or 
MS-deficient mice  [82] .

  Most human studies have used the brachial reactive hyperemia model to 
examine the influence of hyperhomocysteinemia on endothelium-dependent 
vasodilation. Children with classic homocystinuria who are on vitamin treat-
ment are still hyperhomocysteinemic and show a reduction of flow-mediated 
vasodilatation by about 70% compared with control subjects, whereas nitro-
glycerin-mediated vasodilatation is not significantly different  [83, 84] . Patients 
with chronic kidney disease, who have elevated plasma homocysteine levels, 
exhibit an impaired flow-mediated brachial artery vasodilation independent 
of traditional risk factors  [85–87] . The response to reactive hyperemia in both 
CBS-deficient and renal failure patients, however, does not correlate with the 
plasma homocysteine levels.

  The results of studies on endothelium-dependent vasodilation and mild 
hyperhomocysteinemia are conflicting. Two small studies found an impaired 
endothelium-dependent vasodilation in hyperhomocysteinemic subjects  [88, 
89] , whereas other larger studies did not find a significant relationship be-
tween plasma homocysteine level and endothelial function  [90–92] . The nega-
tive effects of homocysteine on endothelial function have been ascribed to re-
duced bioavailability of NO due to auto-oxidation of homocysteine in plasma, 
which leads to oxidative inactivation of NO  [93] . Alternatively, by inhibiting 
dimethylarginine dimethylaminohydrolase, an enzyme which catabolizes 
asymmetric dimethylarginine, homocysteine may lead to accumulation of this 
endogenous inhibitor of NO synthase. The effect of homocysteine-lowering 
treatment with folic acid on brachial endothelium-dependent vasodilation has 
been examined in different populations [for review, see  94 ]. In renal failure 
patients, folic acid treatment was not associated with an improved arterial en-
dothelial response  [95, 96] . In asymptomatic hyperhomocysteinemic individ-
uals, some studies found a beneficial effect of folic acid treatment  [97, 98]  
whereas others did not  [92] . Most studies in patients with coronary artery dis-
ease have shown an improvement of endothelial dysfunction after folate ther-
apy  [94] . It is debated whether any beneficial effect of folates on endothelium-
dependent vasodilation is the result of the lowering of homocysteine  [99]  or is 
to be ascribed to intrinsic effects of folate itself  [100] .
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  The relationship between homocysteine and endothelial function mark-
ers in plasma is poor  [101, 102] , and several studies have shown that homocys-
teine-lowering treatment is not associated with lowering of these markers  [58, 
63, 95, 103] .

  Other Mechanisms 
 Several other biochemical mechanisms than (the induction of endothelial 

dysfunction by) increased oxidative stress or elevation of asymmetrical di-
methylarginine have been proposed to explain the association between homo-
cysteine and atherosclerotic vascular disease.

   Hypomethylation.  High homocysteine levels may slow down the trans-
methylation pathway and lead to an impaired methylation and function of 
important genes and proteins  [104] .

   Protein Homocysteinylation/Acylation.  In acylation, homocysteine-thio-
lactone, a highly reactive compound formed by methionyl-tRNA synthetase, 
leads to post-translational modification of proteins and protein damage 
 [105] .

   Endoplasmic Reticulum Stress.  The thiol group of homocysteine can un-
dergo disulfide exchange reactions leading to disruption of the folding and the 
processing of newly synthesized proteins in the endoplasmic reticulum. Con-
sequences of this so-called endoplasmic reticulum stress include an altered 
lipid metabolism, activation of inflammation and programmed cell death 
 [106] .

  Is Hyperhomocysteinemia Associated with Increased Arterial 

Stiffness? 

 Can Homocysteine Alter Arterial Stiffness? 
 Arterial stiffness is not only determined by age and blood pressure, but 

also by other cardiovascular risk factors, notably diabetes mellitus. In this 
paragraph, the role of hyperhomocysteinemia as a possible determinant of ar-
terial stiffness is discussed.

  Epidemiological data have shown that plasma homocysteine is more 
strongly associated with systolic than with diastolic blood pressure  [107, 108] . 
It can, therefore, be hypothesized that hyperhomocysteinemia increases arte-
rial stiffness. Arterial stiffness is determined by the number and function of 
smooth muscle cells, by extracellular matrix properties, such as quantity and 
collagen-to-elastin ratio, and, possibly, by endothelial function. Theoretically, 
homocysteine might increase arterial stiffness by destroying elastin fibers, in-
creasing collagen production and/or stimulating smooth muscle cell activity.
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  In vitro and animal studies have demonstrated that moderate to high ho-
mocysteine concentrations may lead to smooth muscle cell proliferation, in-
creased collagen production and disruption of elastic fiber formation [re-
viewed in  109 ]. An ex vivo study showed that carotid arteries of folate-deplet-
ed, hyperhomocysteinemic rats were less elastic than those of control animals 
 [110] . However, homocysteine might also  decrease  arterial stiffness by impair-
ing collagen cross-linking. In a minipig model, diet-induced hyperhomocys-
teinemia resulted in a ‘mega-artery syndrome’ with hyperpulsatile arteries, 
characterized by hypertension, extended reactive hyperemia of conduit arter-
ies and dilatation of the aorta  [111] . In these animals, a decreased aortic stiff-
ness was observed in the presence of an increased smooth muscle tension and 
fragmentation of the arterial wall elastic lamina.

  Post-mortem studies of homocystinuric individuals have reported lesions 
in large, medium-sized, and smaller arteries  [2, 112] . There was intimal and 
medial fibrosis and thickening with fraying and disruption of the internal elas-
tic membranes. Furthermore, focal proliferation of connective tissue of small 
arteries was found with an increase of fibroblasts, collagen, and elastic fibers. 
Notably, little or no lipid accumulation was reported.

  Biopsies of occluded superficial femoral arteries in patients with periph-
eral vascular disease showed morphologically similar atherosclerotic lesions in 
hyper- and normohomocysteinemic individuals, but the smooth muscle cell/
extracellular matrix ratio of the medial layer was significantly decreased in 
those with hyperhomocysteinemia  [113] . It remains speculative whether and 
to which extent a decreased smooth muscle cell/extracellular matrix ratio is 
involved in altered elastic properties of arteries.

  Relationship between Homocysteine and Arterial Stiffness in Humans 
 In vivo data of the effects of homocysteine on elastic properties of vessel 

walls in humans have yielded conflicting results ( table 3 ).
  In healthy individuals and in high-risk subjects, plasma homocysteine lev-

els were shown to be not or only marginally associated with carotid and femo-
ral artery stiffness  [90, 114] . In men without cardiovascular disease, aortic 
pulse wave velocity was related to homocysteine level univariately, but the as-
sociation was no longer significant after correction for blood pressure, while 
systolic blood pressure remained significantly associated with plasma homo-
cysteine  [115] . Two studies in patients with end-stage renal disease, who usu-
ally are hyperhomocysteinemic, did not find a significant relationship between 
arterial stiffness and homocysteine  [85, 116] , whereas another study reported 
that homocysteine was related to lower-limb, but not upper-limb pulse wave 
velocity in chronic hemodialysis patients  [117] . A significant relationship be-
tween homocysteine and aortic stiffness has been described in patients with 
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Study Subjects Study nature Stiffness parameter Outcome

Wilkinson
et al. [120]

n = 8, healthy Methionine loading Augmentation index
timing of reflected
pressure wave

No change in aortic and 
systemic arterial stiffness

Nestel
et al. [121]

n = 18, healthy Methionine loading Systemic arterial
compliance

Increase in central arterial 
stiffness

Arcaro
et al. [122]

n = 12, healthy Methionine loading Brachial and femoral
DC + CC

Increase in brachial and 
femoral stiffness

Malinow
et al. [115]

n = 174, men without
evidence of vascular
disease

Cross-sectional PWV car-fem Aortic stiffness not associated 
with Hcy

Van Guldener
et al. [85]

n = 28, ESRD
n = 28, controls

Cross-sectional Carotid DC + CC No significant relationship 
between carotid stiffness and 
Hcy

Blacher
et al. [117]

n = 74, ESRD
n = 57, controls

Cross-sectional PWV car-fem
PWV car-rad
PWV fem-tib

Lower-limb stiffness 
independently associated with 
Hcy in ESRD patients

Smilde
et al. [114]

n = 132, HH, HZ,
V, FH, H, S, or C

Cross-sectional Carotid and femoral
DC + CC

Hcy marginally related to 
carotid and femoral stiffness

Lambert
et al. [90]

n = 123, healthy
siblings of vascular
patients

Cross-sectional Carotid DC + CC No significant relationship 
between carotid stiffness and 
Hcy 

Bortolotto
et al. [118]

n = 236, hyper-
tension

Cross-sectional PWV car-fem Aortic stiffness independently 
associated with Hcy

Pannier
et al. [116]

n = 60, ESRD
n = 34, controls

Cross-sectional Carotid DC No significant relationship 
between carotid stiffness and 
Hcy

Yasmin
et al. [119]

n = 115, offspring
of hypertensives
n = 203, healthy

Cross-sectional Augmentation index
Brachial PWV

Hcy related to aortic and 
brachial stiffness

Van Guldener
et al. [123]

n = 41, ESRD Randomization to
1 or 5 mg folic acid
for 1 year

Carotid DC + CC No change in carotid stiffness
Decrease in systolic and 
diastolic blood pressure

Van Dijk
et al. [124]

n = 124, healthy
siblings of vascular
patients

Randomization to 
5 mg folic acid +
250 mg pyridoxine or 
placebo for 2 years

Carotid DC + CC No change in carotid stiffness
Decrease in systolic and 
diastolic blood pressure

Mangoni
et al. [125]

n = 24, healthy
smokers

Randomization to
5 mg folic acid or 
placebo for 4 weeks

PWV car-fem No change in aortic stiffness
Decrease in systolic and 
diastolic blood pressure 

Table 3. Studies on the relationship between arterial stiffness and homocysteine in humans
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hypertension  [118]  and in a combined group of healthy individuals and off-
spring of hypertensive patients  [119] .

  Conflicting results have also been reported in individuals in whom acute 
hyperhomocysteinemia was induced by methionine loading ( table 3 ). No sig-
nificant change in aortic and systemic arterial stiffness was found in healthy 
individuals in one study  [120] , whereas others have reported an acute reduc-
tion in arterial compliance  [121, 122] .

  The results of homocysteine-lowering interventions on arterial stiffness 
are rather disappointing ( table 3 ). Homocysteine-lowering therapy had no 
beneficial effect on carotid distensibility in patients with end-stage renal dis-
ease  [123] , nor in healthy siblings of patients with premature atherosclerosis 
 [124] . Treatment with folic acid was also not associated with an improvement 
of carotid-femoral pulse wave velocity in smokers  [125] , patients with type 2 
diabetes  [126] , and a group of normo- and hypertensive men  [127] . In the lat-
ter study, however, 3 weeks of folic acid therapy led to an increase in systemic 
compliance as assessed by simultaneous measurements of the ascending aortic 
blood flow and driving pressure in the ascending aorta  [127] . Interestingly, in 
some studies, a significant lower blood pressure was found after folic acid ther-
apy  [123–125] .

  Conclusion 
 It can be concluded that the relationship between hyperhomocysteinemia 

and altered elastic properties of the arterial wall is not clear. One possibility is 
that the effect of homocysteine on arterial stiffness is relatively small and thus 
is not picked up by underpowered studies. In this regard, the largest study with 

Study Subjects Study nature Stiffness parameter Outcome

Mangoni
et al. [126]

n = 26, DM-2 Randomization to
5 mg folic acid or
placebo for 4 weeks

PWV car-fem
PWV car-rad

No change in stiffness

Williams
et al. [127]

n = 41, normo- or
hypertensive men

Randomization to
5 mg folic acid or 
placebo for 3 weeks

Systemic arterial
compliance
PWV car-fem
PWV fem-ped

Reduction of central arterial 
stiffness and pulse pressure
No change in aortic and lower 
limb stiffness

ESRD = End-stage renal disease; HH = homozygous cystathionine �-synthase deficiency; HZ = heterozygous cysta-
thionine �-synthase deficiency; V = vascular disease and mild hyperhomocysteinemia; FH = familial hypercholesterolemia; 
H = hypertension; S = smokers; C = healthy controls; DM-2 = type 2 diabetes mellitus; PWV = pulse wave velocity; DC = 
distensibility coefficient; CC = compliance coefficient; Hcy = plasma homocysteine concentration.

Table 3. (continued)
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236 hypertensive patients did show a significant relationship between plasma 
homocysteine and aortic stiffness which was independent of mean arterial 
pressure  [118] . Alternatively, the influence of hyperhomocysteinemia on arte-
rial stiffness may vary in different parts of the vascular tree, being stronger in 
muscular than in elastic arteries  [117] , probably depending on the net effect of 
homocysteine on smooth muscle cell function, endothelial function, and ma-
trix composition. It should be noted that, in humans, the precise sequence and 
localization of the vascular wall events remain to be established and that the 
role of homocysteine in these processes is likely to be influenced by other ath-
erogenic factors.
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 Abstract 
 This chapter traces the history of nitroglycerin from the initial nitration of glycerol 

to its widespread clinical use. The pharmacologic differences between nitroglycerin and 
nitric oxide are described, as well as their similar mechanisms of action. The vasoactivity 
of nitroglycerin requires a biochemical transformation, the nature of which remains in-
completely understood. This poorly defined mechanism probably also relates to the phe-
nomenon of nitroglycerin tolerance. By increasing the distensibility of muscular arteries, 
nitroglycerin slows pulse wave velocity, reduces wave reflections and alters the shape of 
the aortic pulse. This alteration reduces the systolic blood pressure and left ventricular 
after load and helps to explain the usefulness of nitroglycerin in angina pectoris, conges-
tive heart failure and isolated systolic hypertension.       

 Copyright © 2007 S. Karger AG, Basel 

 History 

 An Italian chemist, Ascanio Sobrero, working in Paris under the tutelage 
of a French chemist, Theophile-Jules Pelouse, accomplished the nitration of 
glycerol in 1847. They found that, unless cooled, the compound would deto-
nate. Sobrero also reported that a minute quantity placed on the tongue would 
produce a violent headache for several hours. Four years later, Alfred Nobel 
visited Pelouse’s laboratory and took the compound back to Stockholm, where 
he and his father, Immanuel, invented a method to control its detonation. As 

 Nitrates, Arterial Function, Wave 
Reflections and Coronary Heart Disease 

 Harold Smulyan  

 Department of Medicine, Upstate Medical University,  Syracuse, N.Y. , USA 

U U U U U U U U U U U U U U U U U U U U U U U U U U U



 Nitrates, Arterial Function, Wave Reflections and CHD 303

is now well known, this invention became a huge commercial success and 
some of the proceeds were used to found the prize bearing his name. It is iron-
ic that in 1890, Alfred Nobel developed angina pectoris, but refused to take 
nitroglycerin (NTG) as advised by his physician  [1] .

  After some animal experimentation, the clinical use of nitrates began in 
1867, when a Scotsman, Thomas Lauder Brunton, tried it on himself. Experi-
ence in the use of NTG in patients grew slowly and was then described for the 
treatment of angina pectoris by a number of physicians, among them a Lon-
doner, William Murrell  [2] . Within a few years, NTG had become accepted as 
an effective form of therapy. Brunton’s seminal work in this field was reviewed 
in his  Textbook of Pharmacology and Therapeutics  in 1885. The history of NTG 
and nitric oxide (NO) was well described in greater detail by Marsh and Marsh 
 [1]  in 2000.

  Mechanism of Action 

 Although used for more than a century as a treatment for angina pectoris, 
the mechanism of action of NTG went undiscovered. A near-chance observa-
tion, and one that at the time appeared to have little relevance to NTG, was 
published by Furchgott and Zawadski  [3]  in 1980. They observed that acetyl-
choline-induced relaxation of rabbit aortic strips only occurred if the endothe-
lium of these strips was intact. If the endothelium was removed (rubbed off), 
acetylcholine induced contraction (rather than relaxation) mediated by mus-
carinic receptors. The requirement for an intact endothelium for acetylcholine 
to induce smooth muscle relaxation led to the belief that the endothelium had 
been stimulated to release a relaxing substance. Since the nature of this sub-
stance was unknown, it was called endothelium-derived relaxing factor or 
EDRF. Near-simultaneous investigations by Ignarro et al.  [4]  and by Palmer et 
al.  [5]  later identified EDRF as NO. These fundamental observations had sub-
sequent far-reaching consequences in physiology and medicine that led to the 
awarding of the Nobel Prize. This award closed a historical/scientific loop that 
began with the invention of dynamite.

  The discovery of the endothelium as an organ with a paracrine function 
that influenced vascular control led to an explosion of investigations of other 
physiological functions and pathological disturbances of the endothelium. As 
far as NO was concerned, it was found that NO was generated by the action of 
NO synthase, an endothelial enzyme (eNOS) on  L -arginine, converting it to 
 L -citrulline. The identification of both the substrate for NO production and a 
competitive inhibitor of eNOS, N G -monomethyl- L -arginine, permitted many 
studies that either stimulated or inhibited the formation of NO in a variety of 
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vascular beds  [6] . Subsequent work also showed that NO produced in the en-
dothelium could diffuse into nearby smooth muscle, where the NO stimulated 
the synthesis of soluble guanylate cyclase that, in turn, increased the synthesis 
of cyclic guanosine monophosphate from guanosine triphosphate. It is the 
guanosine monophosphate that finally leads to smooth muscle relaxation by 
reducing cytoplasmic calcium. This is accomplished by inhibiting inflow of 
calcium into the cell and stimulating the uptake of calcium by the mitochon-
dria ( fig. 1 )  [7] .

  Although the mechanism of action of endogenous NO is now well under-
stood and accepted, the same cannot be said for the biotransformation of NTG 
and other similar therapeutic drugs into pharmacologically active agents. 
Since both NTG and nitroprusside (NTP) have vasodilator activity similar to 
that of NO, it is reasonable to believe that in some way, each contributes NO, 
or an NO intermediary, to the vasodilation process, but the mechanism(s) by 
which this takes place is not clear. Initially it was believed that these nitrate 
donors reacted with cysteine to form unstable intermediate S-nitrosothiols 
that in turn activated guanylate cyclase  [8] . This has not been completely ac-
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   Fig. 1.   Mechanisms of action of GTN. GTN is metabolized to NO which stimulates 
the synthesis of cGMP. In turn, cGMP reduces cytoplasmic Ca2+ by inhibiting inflow and 
stimulating mitochondrial uptake, causing relaxation of smooth muscle cells. PDE1A1 = 
Phosphodiesterase 1A1; GTP = guanosine triphosphate; cGMP = cyclic guanosine mono-
phosphate; ATII = angiotensin II; K+ = potassium currents [7]. 
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cepted  [9]  and alternative possibilities have been proposed  [10] . The release of 
NO from the non-organic NTP appears to be less complex and related only to 
a single electron transfer  [9] . These differences in the biotransformation of 
NTG and NTP help explain some of the other differences in the behavior of 
these two drugs and from endogenous NO.

  Endothelial function may be disturbed either locally or systemically by a 
variety of clinical conditions such as hypertension, diabetes mellitus or coro-
nary atherosclerosis. This dysfunction of the endothelium reduces the amount 
and the influence of endogenous NO on vascular tone. But the therapeutically 
administered nitrate donors bypass endothelium and stimulate smooth mus-
cle relaxation more directly. Although the vasorelaxation induced by both en-
dogenous NO and the nitrate donors are similar, the mechanisms for the re-
lease of the active principle from the donor molecules induce some differences 
in behavior. For example, NO is a potent vasodilator of resistance microvessels 
of all sizes. But NTG, while successfully dilating microvessels  1 100  � m in di-
ameter, does not dilate vessels  ! 100  � m ( fig. 2 ). This has been attributed to a 
suspected relative deficiency of available sulfhydryl groups in the small vessels 
and their resulting inability to process NTG to an active form – possibly that 
of nitrosothiols  [11–13] . In contrast to NTG, the release of an active principle 
from NTP is simpler, permitting it to be active in the small microvessels.
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   Fig. 2.   Coronary arteriolar responses to 10  � M nitroglycerin (GTN). Large symbols 
represent means for groups with control diameters  ! 100  � m (open circles) and  1 100  � m 
(filled circles)  8  SEM. GTN dilated large vessels from 183  8  12 to 218  8  15  � m but had 
no effect on small vessels (58.5  8  5 to 58.9  8  5  � m).  *  Different from control value, p  !  
0.05 [13]. 
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  Another difference between endothelium-derived NO and therapeutical-
ly administered NTG is the development of NTG tolerance. There is no toler-
ance to NO alone. Initially, tolerance to NTG was attributed to reduced avail-
ability of local thiols for the biotransformation of NTG. Since then, many oth-
er explanations have been proposed  [7, 14] . Of these, two seem more promising 
than the others. NTG tolerance is associated with increased levels of angioten-
sin II and some investigators have described the relief of tolerance with both 
angiotensin-converting enzyme inhibitors and angiotensin receptor blockers. 
The other plausible explanation for NTG tolerance involves the link with oxi-
dative stress  [15] . NO as well as NTG react readily with superoxide radicals to 
form peroxynitrite – a mystery molecule with both beneficial and harmful ef-
fects  [15–17] . This binding of therapeutically useful nitrates may explain the 
reduced endothelial function induced by oxidative stress and the reduced va-
sodilator effects of continued NTG use. Whether or not antioxidants are useful 
in the relief of NTG tolerance remains controversial.

  Clinical Use 

 Nitrate donors in frequent clinical use are displayed in  figure 3 . From a 
clinical perspective, the circulatory effects of NTG can be viewed in two 
 ways – venous and arterial. As a venodilator, NTG induces venous pooling and 
reduces venous return. The resulting reduction in ventricular preload has 
found an important place in the treatment of heart failure  [18]  – in acute heart 
failure with intravenous NTG and in chronic heart failure with oral prepara-
tions. The venodilatory effect of NTG also plays a role in the relief of angina 
pectoris by reducing left ventricular end-diastolic pressure, ventricular wall 
tension and improving subendocardial blood flow. Long-term use of organic 
nitrates for heart failure has been limited because of nitrate tolerance.

  The use of NTG for more than a century in the treatment of angina pec-
toris has long been attributed to its effects on the arterial side of the circulation. 
NTG has a powerful dilating effect on muscular arteries. Coronary arterio-
graphic studies have shown increased diameter of normal coronary segments 
and reduction in the narrowing of coronary stenoses, with a resultant decrease 
in the resistance to blood flow across these stenoses ( fig. 4 )  [19, 20] . NTG also 
improves the function of collateral vessels distal to proximal stenoses ( fig. 5 ) 
 [21] . In contrast to inorganic nitrates, as described earlier, NTG must undergo 
biotransformation before it becomes active. Resistance vessels  ! 100  � m in di-
ameter in the coronary circulation lack the biochemical machinery to activate 
NTG and are therefore not dilated by the drug. Larger microvessels ( 1 200  � m) 
are able to biotransform NTG and these vessels are therefore responsive to the 
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action of NTG. By contrast, NO can dilate all arteriolar sizes  [11] . This differ-
ential effect of NTG on arterioles of different sizes may play an important role 
in how NTG relieves angina pectoris. Because the small resistance vessels are 
not responsive to NTG, the resistance to flow in unobstructed coronary arter-
ies is little changed. But the effect of NTG on flow in stenosed vessels is en-
hanced by its effect on the larger arterioles and on the epicardial stenoses 
themselves. This combination acts to reduce or eliminate any ‘coronary steal’ 
from affected to unaffected arteries. Such an advantage is not available from 
the non-organic nitrates.

  Effects on Large Arteries 

 NTG also has differential effects on other parts of the arterial tree. Be-
cause the central aortic walls have little in the way of smooth muscle, the effect 
of NTG in this part of the arterial tree is small  [22, 23] . In the walls of the large 
peripheral arteries however, smooth muscle is abundant and NTG is not only 
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   Fig. 3.   Chemical structure of selected nitrovasodilators. GTN = Glyceryl trinitrate; 
ISDN = isosorbide dinitrate; IS-5-MN = isosorbide 5-mononitrate; NTP = nitroprusside 
[9]. 
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effective in increasing their diameter but increases their compliance as well 
( fig. 6 )  [23, 24] . Therefore, in the central aorta there is little change in pulse 
wave velocity or stiffness, while in the periphery, pulse wave velocity is reduced 
and distensibility increased.

  These changes in the behavior of the peripheral arterial walls alter the way 
in which the arterial pulse is transmitted and reflected. Studies in the frequen-
cy domain have shown no change in the impedance modulus of the aorta at 
zero frequency (systemic vascular resistance) from administered NTG, prob-
ably due to its lack of effect in the smallest resistance vessels. There was also 
no change in the characteristic impedance, as indicated above, but there were 
consistent decreases in the lowest frequency components of the impedance 
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modulus, indicating a reduction in the amplitude and delay in the timing of 
the reflected waves  [25, 26] . The results of these changes can be easily seen on 
the aortic pulse wave itself ( fig. 7 )  [25]  where the reflected wave after NTG is 
of lower amplitude and peaks later in systole. This salutary effect of NTG on 
the aortic pulse may not be readily observed in the brachial artery pulse. Here, 
closer to the periphery, the reflected wave more markedly augments the pri-
mary systolic wave than it does in the aorta. The result is a higher brachial 
systolic blood pressure (SBP) than in the aorta (pulse amplification) and indi-
cates to the clinician a smaller reduction in the SBP than that which has oc-
curred centrally  [23] . The functional effect of these changes in aortic pulse 
shape is to lower the SBP with little change in the mean blood pressure. Of the 
three major determinants of left ventricular afterload, systemic vascular resis-
tance, aortic distensibility and reflected waves, NTG is able to lighten the load 
on the left ventricle by reducing the effect of reflected waves with little altera-
tion in the other two. The explanation for the reduction in the reflected waves 
is speculative since the wave reflection sites are multiple and not well defined. 
If the primary waves are reflected from physiologically abrupt changes in small 

100

80

60

40

0
Basea b cGTN

m
m

 H
g

(+750%)
(+400%)

+80

+60

+40

+20

0
Base GTN

C
h

an
g

e 
(%

)

0

–20

–40

–60

–80

–100
Base GTN

C
h

an
g

e 
(%

)

   Fig. 5.   Aortic pressure (a), retrograde flow (b) and calculated coronary collateral 
resistance (c) before (Base) and after GTN when aortic pressure decrease is mechanically 
prevented. In the absence of significant associated aortic pressure drop, GTN induced a 
uniform and a dramatic rise in retrograde flow and fall in collateral resistance (geometric 
mean decrease: 50%). Thus a decrease in aortic pressure was not requisite to demonstrate 
GTN-induced salutary effect on collateral function [21]. 



310 Smulyan

 

2.2

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0
40 50

Vo
lu

m
e 

d
is

te
n

si
b

ili
ty

 (%
 �

vo
lu

m
e/

m
m

 H
g

)

60

Transmural pressure (mm Hg)

70 80 90 100

Control

Nitroglycerin

Standard error

   Fig. 6.   Plot of calculated volume distensibility vs. transmural arterial pressure before 
and during nitroglycerin infusion [24]. 

Pr
es

su
re

 (m
m

 H
g

)

80

70

90

100

110

130

120

   Fig. 7.   Effect of sublingual GTN (0.3 mg) on ascending aortic pressure. There is a 
 15 mm Hg reduction of peak systolic pressure due to a diminution of the late systolic pres-
sure peak. Continuous line denotes control, broken line values after GTN [25]. 



 Nitrates, Arterial Function, Wave Reflections and CHD 311

arterial caliber, NTG-induced vasodilation could move those sites distally and 
help explain the time delay for the reflected wave to return to the central aorta 
( fig. 8 )  [27] . Reduced pulse wave velocity in the muscular arteries could also 
play a role. Relaxation of the larger arterioles ( 1 200  � m) could also reduce the 
reflection coefficient and thus the magnitude of the reflected wave. Whatever 
the explanation, NTG effectively reduces left ventricular afterload with little 
change in mean blood pressure.

   Fig. 8.   The proposed mechanism for reduction in peripheral reflection coefficient 
with GTN. The forward traveling wave is shown above, reflected at the peripheral arteri-
oles indicated at right. The backward traveling reflected wave (dark arrow) is shown in 
the top panel under control conditions, and in the bottom panel after GTN. Wave reflec-
tion at peripheral arterioles is quite unchanged, but amplitude of the backward traveling 
reflected wave as observed centrally is decreased by negative (‘open-ended’) reflection at 
the junctions of parent artery with disproportionately dilated daughter branches [27]. 
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  Effects in Hypertension 

 Isolated systolic hypertension in the elderly has been related to the age-
induced increase in aortic stiffness. Although the benefits of calcium channel 
blockers and diuretics have been demonstrated in this disease  [28, 29] , clinical 
experience has shown that it is often difficult to lower the brachial artery SBP 
to the therapeutic target without using uncomfortably large doses. These dos-
es may also induce excessive reductions in diastolic pressures that relate to to-
tal and cardiovascular mortality  [30] . Greater decreases in diastolic blood 
pressure than in SBP stress the importance of pulse pressure during therapy as 
a risk factor. Although organic nitrates may not be able to combat the aortic 
stiffness of aging, they have a vasorelaxing effect on the peripheral arteries and 
ameliorate the deleterious effects of strong reflected waves into the aorta. Sev-
eral small observational studies support this possibility as clinically useful  [31–
33] . Although the use of nitrates in patients with isolated systolic hypertension 
whose SBPs are difficult to control seems reasonable, there are no large ran-
domized, controlled trials to support it. Nitrate tolerance could be a problem, 
but oral administration, once or twice daily, or even 12-hourly nitrate patches 
might ameliorate this problem. At present, isosorbide might be added with 
benefit to a conventional regimen in those patients with isolated systolic hy-
pertension who are difficult to treat.

  Conclusions 

 Although organic nitrates have been in clinical use for many years, it is 
only more recently that their mechanisms of action have been clarified. The 
complexity of these mechanisms account, in part, for the multiplicity of its 
clinical activity and the variety of clinical situations in which they find use. 
These vary from heart failure to angina pectoris, to isolated systolic hyperten-
sion. Rather than being supplanted by newer, safer and more effective medica-
tions, the nitrates appear firmly established and widely used in their present 
roles.
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   Abstract 
 It is well known that dyslipidemia and hypertension frequently coexist. There is in-

creasing recognition of a mutually facilitative interaction between dyslipidemia and re-
nin-angiotensin system (RAS) activation in the development of atherosclerosis. Both of 
these systems share many of the same properties in terms of activation of pro-inflamma-
tory, pro-oxidant and pro-atherosclerosis pathways. Statins in particular have been shown 
to influence the biology of endothelial cells, vascular smooth muscle cells and constituents 
of the interstitial matrix, particularly fibroblasts. It is no wonder that concurrent therapy 
of dyslipidemia with statins enhances the effects of RAS inhibitors. Although the effects 
of statins on the regulation of determinants of vascular stiffness are not well defined, it is 
quite likely that these regulatory pathways will be influenced by dyslipidemia therapy, 
especially statins. 

 Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 Cardiovascular disease is the most common cause of morbidity and mor-
tality in developed countries. This is related mainly to atherosclerotic disease 
in the arterial system. Anatomically speaking, the arterial wall becomes thick-
ened with an inward narrowing, while physiologically speaking, the arterial 
wall loses its elasticity.

  Atherosclerosis is an ongoing process that continues to develop and re-
model over time, ranging from macroscopically intact arteries in the early 
stages to ruptured atherosclerotic plaque resulting in an acute event. The 
pathogenesis of atherosclerosis comprises various steps, including endothelial 
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activation or dysfunction, expression of adhesion molecules, monocyte adhe-
sion and migration, foam cell formation, development of fatty streak, smooth 
muscle cell (SMC) migration and plaque formation, and, finally, plaque rup-
ture or intraplaque hemorrhage. The rupture occurs in part because of the 
break in the fibrous plaque covering the lipid-filled plaque. Since thrombus 
formation is the most important event in the evolution of an acute vascular 
event, the process has become known as atherothrombosis.

  In recent years, atherosclerosis has been recognized as a chronic inflam-
matory process. The atherosclerotic vessel expresses a variety of pro-inflam-
matory genes, proteins, and growth factors as seen in chronic inflammation. 
Inflammatory cells, such as monocytes, are found in early atherosclerotic le-
sions, while the more advanced lesions contain a large number of T and B lym-
phocytes reminiscent of an immune response  [1] . There is convincing clinical 
and experimental evidence that there is a state of oxidative stress during the 
entire process of atherogenesis due to an imbalance between synthesis of oxi-
dants and availability of neutralizing anti-oxidants  [2] . Both inflammatory and 
oxidative processes are intimately involved in determining the elasticity of the 
vessel as well as formation of the fibrous cap over the atherosclerotic plaque.

  HMG-CoA reductase inhibitors (commonly known as statins) have 
evolved to be viewed as potent antiatherosclerotic agents, and their use is now 
the cornerstone of therapy for patients with atherosclerotic disease. The aim of 
this review is to discuss the role of statins as it relates to atherosclerosis, blood 
pressure and arterial elasticity.

  Pleiotropic Effects of Statins 

 The word ‘pleiotropic’ usually is applied to genetics, referring   to the mul-
tiple actions of a single gene. With regard to statin therapy   for dyslipidemia, 
the term has become synonymous with   clinical benefits of statins beyond the 
effects on lipoproteins.

  Hypercholesterolemia is strongly associated with coronary and vascular 
atherosclerotic disease. Atherosclerosis is mediated, in part, by the uptake of 
modified low-density lipoprotein (LDL) into the vessel wall. The predominant 
mechanism underlying the beneficial effects of statins is the inhibition of the 
enzyme HMG-CoA, thus blocking the early rate-limiting step in cholesterol 
biosynthesis. Therapeutic doses of statins reduce serum total and LDL choles-
terol levels markedly in humans.

  Several large primary and secondary prevention trials have demonstrated 
that these agents decrease the incidence of cardiovascular events in hypercho-
lesterolemic individuals  [3] . However, this benefit is also evident in individuals 
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without a significantly high cholesterol level. This has led to the hypothesis 
that statins may exert protective effects beyond cholesterol reduction. This was 
first noted in the subgroup analyses of the West of Scotland Coronary Preven-
tion Study (WOSCOPS)  [4] , which suggested that statin-treated subjects had a 
significantly lower risk of coronary heart disease events than seen in the age-
matched, placebo-treated individuals, despite comparable serum cholesterol 
levels. Further, meta-analyses of past clinical trials have revealed that the risk 
of cardiovascular events in individuals treated with statins is significantly less 
than in individuals treated with other cholesterol-lowering agents or modali-
ties, despite similar reduction in serum cholesterol levels in both groups.

  Mechanistic Basis of the Efficacy of Statins in Atherothrombosis 

 In addition to their well-documented effects on serum lipid levels, there 
are several other postulated mechanisms by which statins exert a variety of 
beneficial effects on the determinants of atherothrombosis. These effects are 
summarized in  table 1 . Most of these effects have been attributed to the mod-
ification of the altered biology of endothelial cells and vascular SMCs as well 
as coagulation and platelet activation pathways. In particular, statins enhance 
the activity of endothelial nitric oxide synthase (eNOS) and thereby the bio-
synthesis of the potent vasodilator and platelet inhibitor NO in vascular endo-
thelial cells  [5] . Statins also prevent degradation of NO by inhibiting the gen-
eration of oxidant species. Statins inhibit pre-proET-1 mRNA expression and 
reduce ET-1 release in bovine endothelial cells  [6] . Recent studies show that 
statins decrease angiotensin II type 1 receptor expression in SMCs which is 
another potent vasoconstrictor and pro-fibrotic stimulus  [7] . In addition, 
statins promote vasculogenesis and bone formation  [8]  and inhibit SMC pro-
liferation and migration. Many of these effects are unrelated to the lowering of 
LDL cholesterol and may involve reduction in the prenylation of proteins.

  It is well known that the enzyme HMG-CoA reductase catalyzes the con-
version of HMG-CoA into mevalonate, the rate-limiting step in cholesterol 
synthesis. Mevalonate is not only the precursor of cholesterol, but also of the 
isoprenoids farnesyl-pyrophosphate and geranylgeranyl-pyrophosphates. Iso-
prenoids play an important role in the post-translational lipid modification of 
regulatory proteins such as G proteins, Ras, Rho, and Rab  [9] . Covalently 
linked to these proteins, isoprenoids allow their membrane localization and 
function. Thus, besides inhibiting the synthesis of cholesterol, statins may also 
reduce the prenylation of proteins involved in cell signaling, cell proliferation 
and intracellular trafficking. Recently, a new immunomodulatory effect of 
statins was described which, in contrast to previously described effects, is not 
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mediated by the blockade of HMG-CoA reductase  [10] . This statin effect in-
volves the inhibition of the integrin lymphocyte function-associated antigen-1 
(LFA-1,  � L � 2, CD11a/CD18).

  Studies from our and other laboratories indicate that the expression of a 
lectin-like receptor for ox-LDL (LOX-1) is upregulated in atherosclerotic le-
sions  [11, 12] , and the increased expression of LOX-1 promotes the pathobio-
logical effects of ox-LDL and lysophosphatidylcholine  [12, 13] . Li et al.  [14]  
showed that statins inhibit the uptake of ox-LDL in human coronary artery 
endothelial cells and thereby the expression of LOX-1. Enhanced activity of 
protein kinase B (PKB/Akt), a cell survival kinase, appears to be relevant in the 
effect of statins in the expression of LOX-1 in HCAECs  [14] . Inhibition of LOX-
1 may also be the mechanism by which statins upregulate eNOS expression 
 [15] . Other studies from our laboratory  [15]  show that LOX-1 expression and 

Table 1. Non-lipid-lowering effects of statins

Anti-thrombotic effects Reduction in PAI-1
Increase in t-PA
Increase in NOS expression and activity
Reduction in tissue factor expression
Reduction in fibrinogen
Decreased platelet aggregation
Increase in thrombomodulin

Effects on endothelial Enhanced eNOS expression and activity
cell biology Reduction in genes for leukocyte adhesion and inflammatory 

signals
Reduction in endothelial permeability
Increased endothelial growth
Increase in endothelial progenitor cells/angiogenesis
Reduction in pre-pro-ET-1 expression

Effects on vascular Reduction in VSMC growth and migration
smooth muscle cells Decrease in expression of AT1 receptor in response to 

injurious stimuli

Miscellaneous effects Reduction in generation of oxidant species
Increase in gene expression of antioxidants
Decrease in fibroblast growth and collagen formation
Inhibition of LDL oxidation and ox-LDL uptake
Inhibition of mitogen-stimulated T- and B-lymphocyte 

proliferation
Inhibition of expression of class II MHC
Blockade of the effects of angiotensin II
Inhibitor of natural killer cell cytotoxicity
Stimulation of bone formation
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activation result in the release of metalloproteinases (MMPs) and the expres-
sion of pro-inflammatory signals such as CD40 and CD40L. Cola et al.  [16] , 
from our laboratory, showed that endothelium, when exposed to atherogenic 
stimuli, ox-LDL in particular, regulates the process of calcification by enhanc-
ing the expression of the bone inhibitory matrix gla-protein (MGP), a potent 
inhibitor of calcification, while the expression of core binding factor- �  1  (Cbfa1/
Runx2), a pivotal transcriptional regulator of osteogenesis, remains un-
changed. The effect of pro-atherogenic stimuli appears to be mediated by LOX-
1 activation. It is likely that the modification of bone-forming proteins is an 
important activity of the statin group of drugs.

  Plasminogen activator inhibitor type-1 (PAI-1) is an endogenous inhibitor 
of tissue plasminogen activator (t-PA) which is crucial in the regulation of fi-
brinolysis, atherosclerosis, and tissue remodeling. PAI-1 expression has been 
shown to be enhanced in human atherosclerotic lesions, and PAI-1 knockout 
mice have diminished formation of atherosclerotic lesions  [17] . These data 
suggest a powerful role of PAI-1 in the pro-atherogenic and pro-thrombotic 
processes. A decrease in PAI-1 and an increase in t-PA have been observed af-
ter treatment of endothelial cells with statins. These agents have also been 
shown to reduce tissue factor and fibrinogen availability, and enhance throm-
bomodulin secretion  [18] . Platelets are also key elements in the pathophysiol-
ogy of acute coronary syndrome. Platelet aggregation is reduced by adminis-
tration of statins. All these effects may participate in inhibiting the thrombosis 
part of atherothrombosis.

  SMC proliferation is seen in several vascular processes, such as post-an-
gioplasty restenosis, transplant arteriosclerosis and saphenous vein graft oc-
clusion. Statins appear to attenuate vascular proliferative disease in post-trans-
plant settings. Coupled with the effects described above, inhibition of SMC 
proliferation and inhibition of the coagulation cascade is a major component 
of the benefits of statins.

  Reactive oxygen species (ROS) affect vascular function. Statins attenuate 
the Ang II-induced ROS production in vascular smooth cells  [19] . Statins de-
crease the number of inflammatory cells in atherosclerotic plaques and there-
by exert anti-inflammatory effects on the vascular wall.

  Relevant Vascular Effects of Statins 

 Endothelial Function 
 Endothelium is a key element in the pathophysiology of coronary and vas-

cular atherosclerotic disease processes. Endothelial function is altered early 
during the atherosclerotic process into an activated state. Endothelial activa-
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tion involves a pro-inflammatory, pro-proliferative, and pro-coagulant state 
which promotes inflammation and thrombosis.

  High cholesterol levels initiate endothelial activation followed by its dys-
function, which is observed even before plaque formation. Endothelial activa-
tion and dysfunction may relate to the decreased bioavailability of vasodilators 
such as NO, and/or excess of vasoconstrictors such as endothelin. High cho-
lesterol concentrations are responsible for endothelial activation, since endo-
thelial function promptly improves after plasma LDL aphaeresis. This may 
explain the beneficial effects of statins which have a potent LDL-lowering 
property.

  However, in some studies restoration of endothelial function occurred 
even before a significant reduction in serum cholesterol levels was evident, 
suggesting that there are also cholesterol-independent effects of statins by 
which endothelial function improves  [20] .

  Improvement in NO release with statins is associated with upregulation 
of eNOS mRNA and improvement of endothelial function. Since statins also 
increase NO production in humans at clinically relevant doses, this effect of 
statins on endothelial function has been studied in hyper- and normocholes-
terolemic individuals. In randomized, placebo-controlled, double-blind stud-
ies, statins alone or with anti-oxidant therapy significantly increased the bio-
availability of NO in hypercholesterolemic patients  [21, 22] . The improvement 
in endothelial function occurred as early as within 1 month of treatment.

  Inflammation 
 A wide array of inflammatory cells such as monocytes, macrophages, and 

T lymphocytes are observed in atheroma, which suggests complex inflamma-
tory process in atherosclerosis. These inflammatory cells secrete cytokines, 
thereby modifying endothelial function, SMC proliferation, collagen degrada-
tion, and thrombosis. Statins possess anti-inflammatory properties because of 
their ability to reduce the number of inflammatory cells in atherosclerotic 
plaques. Inhibition of adhesion molecules, such as intercellular adhesion mol-
ecule-1 (ICAM-1), by statins is one mechanism which leads to a reduced re-
cruitment of inflammatory cells under statin treatment. Expression of LOX-1, 
which is observed to be upregulated early during atherogenesis, is also a potent 
pro-inflammatory signal, since it is associated with the upregulation of a vari-
ety of other pro-inflammatory signals. LOX-1 expression and its activation are 
both suppressed by statins  [23] . High levels of C-reactive protein (CRP), re-
leased from the liver in response to the inflammatory cytokine IL-6, are often 
observed in the setting of coronary and vascular atherosclerotic disease. In 
hypercholesterolemic patients, statin therapy lowers CRP levels. In cultured 
endothelial cells, all statins reduce the mRNA and protein for CRP, showing 



 Statins and Arterial Elasticity 321

an independent effect of statins on CRP release  [24] . In clinical studies involv-
ing thousands of patients (CARE and AFCAPS/TexCAP)  [25, 26] , statins were 
shown to be effective in reducing clinical events in patients with previous 
events as well as in those at risk of developing events. Importantly, statins were 
particularly effective in those who had elevated cholesterol as well as CRP lev-
els, suggesting that part of the benefit of statins may be derived from their anti-
inflammatory effect.

  Role of Fibroblasts 
 There is renewed interest in the biology of fibroblasts in atherogenesis. 

Since fibroblasts generate collagen and the matrix-degrading MMPs, these cells 
play a powerful role in the regulation of the structural integrity of the vessel 
wall. There is only scant data on the effects of statins on fibroblast biology. Re-
cent data from our laboratory suggest that statins can reduce the expression of 
pro-collagen without a significant effect on the release of MMPs in cultured 
mice fibroblasts exposed to Ang II [Chen et al., unpubl. data]. Fukumoto et al. 
 [27]  showed that statins can reduce MMP expression in atheroma and that cell-
permeant statins can decrease SMC number and collagen gene expression in the 
rabbit atheroma. These observations support the contention of Bauersachs et al. 
 [28]  that statin use improves left ventricular function and collagen I synthesis 
in rats with experimental myocardial infarction and subsequent cardiac remod-
eling. On the other hand, Maeda et al.  [29]  observed that simvastatin slightly 
increased the type I collagen mRNA abundance throughout the osteoblast cell 
line, and markedly inhibited the gene expression of collagenase-1 between days 
14 and 22 of culture. The latter effect may be salutary in bone formation.

  Statins and Blood Pressure 

 Interaction of Dyslipidemia and Renin-Angiotensin System (RAS) 
 Interactions between dyslipidemia and activation of neurohumoral sys-

tems, such as RAS, may not only explain the frequent coexistence of hyperten-
sion and dyslipidemia, but also play an important role in the pathogenesis of 
atherosclerosis. Experimental data suggest that the effects of Ang II and lipo-
proteins on atherogenic risk are not independent and that the pathways by 
which Ang II and dyslipidemia lead to vascular disease may frequently overlap. 
There is a suggestion that the combined use of cholesterol-lowering drugs 
along with agents that modulate RAS may have additive benefits in the preven-
tion and treatment of coronary artery disease, hypertension, and heart fail-
ure.
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  Keidar et al.  [30]  harvested macrophages from the peritoneum after injec-
tion of Ang II in the rat, and observed that Ang II dramatically increased mac-
rophage cellular cholesterol biosynthesis with no significant effect on blood 
pressure or on plasma cholesterol levels. Fosinopril and the AT1 receptor 
blocker (losartan) decreased cholesterol biosynthesis in response to Ang II. 
Further, in cells that lack the AT1 receptor (RAW macrophages), Ang II did 
not increase cellular cholesterol synthesis, thereby confirming the role of AT1  

 receptor in Ang II-mediated cholesterol synthesis by macrophages.
  Increased oxidative stress is regarded an important feature of hypercho-

lesterolemic atherosclerosis. LDL enhances Ang II AT1   receptor expression in 
cultured SMCs, and atherosclerotic lesions are associated with increased an-
giotensin-converting enzyme (ACE) expression, which may serve as a source 
of local production of Ang II and ultimately increased stimulation of superox-
ide anion production. Experimental studies have shown that dyslipidemia ac-
tivates RAS. All components of increased RAS activation have been identified 
in hyperlipidemic atherosclerotic lesions. These include, in particular, in-
creased expression of ACE and AT1 receptor  [31] . A number of recent studies 
in human atherosclerotic tissues have confirmed the upregulation of ACE and 
AT1 receptors, particularly in the regions that are prone to plaque rupture. 
Importantly, these same areas show extensive inflammatory cell deposits, 
macrophage accumulation, and apoptosis.

  In vitro studies have shown that incubation of vascular SMCs with LDL 
increases expression of the AT1 receptors. Li et al.  [32]  in our laboratory ex-
amined the expression of Ang II receptors in human coronary artery endothe-
lial cells and observed that ox-LDL increases the mRNA and protein for AT1, 
but not AT2, receptors, implying that ox-LDL increases AT1   expression at the  
transcriptional level. In this process, activation of the redox-sensitive tran-
scription factor NF- � B plays a critical role. In recent studies, we showed that 
ox-LDL also enhances ACE expression in human coronary artery endothelial 
cells.

  The association of hypertension with hyperlipidemia has been noted in 
population studies as well. The prevalence of hypertension is greater in popu-
lations with high cholesterol. Sung et al.  [33]  examined the blood pressure re-
sponse to a standard mental arithmetic test in 37 healthy normotensive sub-
jects with hypercholesterolemia and 33 normotensive subjects with normal 
cholesterol levels. The blood pressure response during the arithmetic test was 
significantly higher in the hypercholesterolemic group compared to the nor-
mocholesterolemic group. In a double-blind, crossover design, treatment with 
statins was associated with lower mean systolic blood pressure prior to and 
during the arithmetic test. These observations suggest that individuals with 
hypercholesterolemia have exaggerated systolic blood pressure responses to 
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mental stress, and the lipid lowering improves systolic blood pressure response 
to stress. Nazzaro et al.  [34]  made an interesting observation of combined and 
distinct effects of ACE inhibitors and statins on blood pressure. They exam-
ined the effects of lipid lowering on blood pressure in a study of 30 subjects 
with coexisting hypertension and hypercholesterolemia. The combination of 
statins and ACE inhibitor achieved greater blood pressure reduction than ei-
ther alone.

  To define the relationship of RAS and lipids in humans, Nickenig et al. 
 [35]  administered Ang II in normocholesterolemic and hypercholesterolemic 
men and found that blood pressure was exaggerated in the hypercholesterol-
emic group and this response could be blunted by LDL cholesterol-lowering 
agents. Further, these investigators found that there was a linear relationship 
between AT1 receptor density on platelets and LDL cholesterol concentration 
in plasma. Further, treatment with statins decreased AT1 receptor density. 
Statin-mediated downregulation of AT1 receptor expression has also been 
shown in vascular SMCs. A recent study has indeed shown that statins direct-
ly decrease AT1 receptor expression in endothelial cells.

  Atherosclerosis is inhibited by fosinopril and losartan in animal studies, 
suggesting that the antiatherosclerotic effects of RAS inhibitors may be due, 
at least in part, to direct inhibition of LDL oxidation and other actions of Ang 
II in the vessel wall. In order to examine the direct contribution of RAS in 
dyslipidemic atherosclerosis, we recently conducted a study in apoE knock-
out mice fed a high cholesterol diet. Treatment of these animals with cande-
sartan, an AT1 receptor blocker, decreased the extent of atherosclerosis as did 
the treatment with the potent HMG-CoA reductase inhibitor rosuvastatin. 
More importantly, we observed that concurrent therapy with candesartan 
and rosuvastatin almost completely abolished atherogenesis. In concert with 
prevention of atherogenesis, the animals treated with the combination of 
anti-hypertensive and anti-dyslipidemic therapy had ablation of inflamma-
tory signals – ICAM-1, VCAM-1, MCP-1, CD40/CD40L and expression of 
LOX-1.

  These findings unarguably suggest a mutually facilitative interaction be-
tween dyslipidemia and RAS in relation to atherogenesis and development of 
hypertension. These observations also suggest that inflammatory signals are 
also related to dyslipidemia and RAS activation. Notably, a similar interaction 
between altered biosynthesis of NO as well as vasoconstrictor autacoids, such 
as endothelin-1 and leukotrienes, has also been implicated in this vascular dys-
function  [36, 37] .
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  Clinical Evidence of Cross-Talk between Dyslipidemia and RAS Activation 

 O’Callaghan et al.  [38]  examined the effects of pravastatin in the setting of 
background antihypertensive therapy with ACE inhibitors and calcium antago-
nists. They treated 25 hypertensive hypercholesterolemic patients with 12 weeks 
of either pravastatin or placebo in this double-blind, placebo-controlled parallel 
group study. Placebo treatment did not alter plasma lipids, whereas 12 weeks of 
treatment with pravastatin reduced total cholesterol by 27% and LDL choles-
terol by 35%. There was no change in systolic or diastolic blood pressure follow-
ing 12 weeks of treatment or 3 weeks of withdrawal of pravastatin. Sposito et al. 
 [39]  demonstrated an additional effect of statins on blood pressure reduction by 
comparing patients receiving ACE inhibitors alone with those receiving these 
medications plus statins after 3 months of dietary intervention. Although blood 
pressure was similarly reduced at week 4, the statin-treated group had a greater 
reduction in blood pressure and total cholesterol levels at week 16, suggesting a 
synergistic effect between cholesterol-lowering with statins and ACE inhibitor 
treatment for hypertensive patients. Borghi et al.  [40]  compared the extent of 
blood pressure changes in 41 patients with hypertension and hypercholesterol-
emia taking antihypertensive drugs and treated for 3 months with statins 
(pravastatin or simvastatin) with matched controls with high or normal serum 
cholesterol undergoing antihypertensive treatment combined with dietary treat-
ment alone. After 3 months of follow-up, a greater reduction of systolic and dia-
stolic blood pressure values was observed in the statin recipients. In the statin-
treated patients, a slight linear relation was found between changes in diastolic 
blood pressure and those in plasma total cholesterol. This study demonstrated 
that the use of statins in combination with antihypertensive drugs can improve 
blood pressure control in patients with uncontrolled hypertension and high se-
rum cholesterol levels. The additional blood pressure reduction observed in pa-
tients treated with statins is clinically relevant and only partially related to the 
lipid-lowering effect  [40] . Several other small studies have also shown that lipid-
lowering treatment with statins may have a blood pressure-lowering effect. Some 
of the important studies are summarized in  table 2 .

  Effects of Statins on Vascular Elasticity 

 Determinant of Vascular Elasticity and Compliance 
 Vascular elasticity or compliance or stiffness is a major determinant of 

vascular resistance. The elasticity is determined by all components of the ves-
sel wall, including the endothelium, SMCs, and the interstitium composed 
primarily of fibroblasts.
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  The effects of statins on endothelium have been amply described, and in-
clude an increase in eNOS expression (and activity). Statins also reduce the 
generation of oxidant species in endothelial cells. These effects appear to be 
dose-dependent and are shared by all statins with minor inter-statin variabil-
ity. Schmalfuss et al.  [41] , in our laboratory, examined the effects of different 
statins on vascular endothelial cell growth. Whereas atorvastatin and simvas-
tatin reduced endothelial cell growth in culture, pravastatin did not affect it.

  Increase in endothelial progenitor cells or neovascularization has been 
described with all statins with increasing regularity. How this phenomenon 
correlates with alteration in elasticity is not clear. Cooke  [42]  suggested that 
lower dosages of statins may be pro-angiogenic whereas the higher doses may 
be anti-angiogenic. The precise mechanism of increase in vascularity with 

Table 2. Evidence for blood pressure-lowering effect of statins

Author Study outline Statin used Outcome

Abetel 23 patients with Fluvastatin 40 mg Fluvastatin lowered blood pressure by 
8–16 mm Hget al. [49] hypertension and

hyperlipidemia
for 3 months

Borghi Patients with Statins (pravastatin or Additive benefit of statins in lowering  
blood pressureet al. [40] hypertension and simvastatin) in addition

hyperlipidemia to antihypertensive
treatment

Glorioso 25 patients with Pravastatin 20–40 mg Pravastatin decreased systolic blood 
pressure by 8 mm Hg et al. [50] hypertension and vs. placebo for 32 weeks

hyperlipidemia

O’Callaghan 25 patients with Pravastatin vs. placebo Pravastatin did not lower blood pressure
et al. [38] hypertension and for 12 weeks

hyperlipidemia

Sposito Patients with ACE inhibitor (enalapril Additive blood pressure-lowering effect 
of the combination compared to ACE 
inhibitor alone

et al. [39] hypertension and or lisinopril) alone or
hyperlipidemia with statin (lovastatin

or pravastatin)

Tonolo 26 microalbuminuric Simvastatin in addition Simvastatin exerted additional blood 
pressure-lowering effect and also reduced 
24-hour urinary albumin excretion

et al. [51] hypertensive type 2 to antihypertensive
diabetic patients treatment

Ferrier 22 normolipidemic Atorvastatin therapy Intensive cholesterol reduction with 
atorvastatin reduced large artery stiffness 
and blood pressure in normo-
cholesterolemic patients with stage I 
isolated systolic hypertension

et al. [53] patients with stage I (80 mg/day) and placebo
isolated systolic for 3 months in cross-
hypertension over design
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statins is not known, but activation of protein kinase B/Akt, the cell survival 
signal related to generation of NO, has been thought to be responsible for this 
phenomenon.

  Increased formation and activity of NO may influence arterial SMC con-
tractile activity and proliferation. The reduction in vascular SMC proliferation 
and disarrayed growth may also be involved in salutary effects of statins on 
vascular compliance. In this regard, decrease in AT1R expression may also 
contribute to the improvement of the contractile response of vascular SMCs.

  The interstitium, consisting primarily of fibroblasts, affects vascular com-
pliance by generation of collagen and collagen-degrading enzymes. Reduced 
vascular elasticity (and loss of compliance) is often observed in hypertension, 
diabetes mellitus and aging. Dechend et al.  [43]  showed that cerivastatin re-
duced pro-fibrotic response in the hearts of rats made transgenic for human 
renin and angiotensinogen. Patel et al.  [44]  also showed reduced fibrosis in re-
sponse to simvastatin in  � -myocyte heavy-chain transgenic mice. The studies 
on improvement in cardiac diastolic as well as systolic function, a reflection of 
cardiovascular system compliance with statins, were reviewed recently by 
Reddy et al.  [45] .

  Although there are very few studies relating to arterial compliance and 
elasticity with statins, one study is particularly noteworthy. Dougherty et al. 
 [46]  examined the effect of Ang II infusion on aortic anatomical changes in 
the aorta and noted formation of microaneurysms. Interesting, the formation 
of microaneurysms was greater in hypercholesterolemic mice, showing the 
importance of cross-talk between dyslipidemia and RAS.

  The effects of statins on elasticity are not as well studied, and there is pau-
city of literature in this area. Ichihara et al.  [47]  recently reported the differen-
tial effect of statins on aortic stiffness. In this single-blind, randomized pro-
spective study, 85 hyperlipidemic, hypertensive patients were followed for 12 
months. Aortic stiffness was assessed by measuring pulse wave velocity every 
3 months. Patients were randomly allocated to groups treated with pravastatin, 
simvastatin, fluvastatin, or a non-statin antihyperlipidemic drug. During the 
12-month treatment period, pulse wave velocity did not change in the prava-
statin group or the non-statin group, but it was transiently reduced in the sim-
vastatin group and significantly decreased in the fluvastatin group. Notably, 
the doses of the statins used in this study were lower than the usually pre-
scribed dose. All four antihyperlipidemic drugs significantly decreased serum 
cholesterol levels without affecting blood pressure, ankle brachial index, or 
serum triglyceride levels. These results suggest that long-term use of statins in 
hyperlipidemic, hypertensive patients is associated with a significant reduc-
tion in aortic stiffness without any effect on blood pressure.
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  Raison et al.  [48]  assessed arterial stiffness in 23 patients, aged 32–70 years, 
who had hypertension and hypercholesterolemia. Subjects received either ator-
vastatin or a placebo. Aortic stiffness was measured from aortic pulse wave ve-
locity after a 12-week treatment. The results revealed that atorvastatin did not 
change blood pressure; however, it significantly lowered plasma total and LDL 
cholesterol and increased aortic pulse wave velocity by +8 vs. 2% under placebo. 
The percentage changes in plasma total and LDL cholesterol and in pulse wave 
velocity were significantly and negatively correlated, independent of blood 
pressure level. These results support the possibility that statins might contrib-
ute to a change in arterial stiffness independent of blood pressure level.

  Kontopoulos et al.  [52]  assessed the effect of atorvastatin on aortic stiff-
ness in hypercholesterolemic patients free of arterial hypertension and diabe-
tes mellitus. Thirty-six patients (18 with coronary artery disease and 18 with-
out coronary artery disease) received atorvastatin for a 2-year period. As ex-
pected, total cholesterol, LDL cholesterol, triglycerides and high-density 
lipoprotein cholesterol levels changed favorably. Aortic stiffness was assessed 
by transthoracic echocardiography at baseline and 2 years later. After 2-years’ 
treatment with atorvastatin, aortic stiffness was significantly reduced by 14% 
(p = 0.019) which was similar in patients with or without coronary artery dis-
ease. Ferrier et al.  [53]  investigated the effect of high-dose atorvastatin on large 
artery stiffness and blood pressure in normolipidemic patients with isolated 
systolic hypertension. Atorvastatin 80 mg/day and placebo were used for 3 
months in a randomized, double-blind, cross-over study design. Systemic arte-
rial compliance was measured non-invasively using carotid applanation to-
nometry and Doppler velocimetry of the ascending aorta. Systemic arterial 
compliance was higher after treatment (placebo vs. atorvastatin: 0.36  8  0.03 
vs. 0.43  8  0.05 ml/mm Hg, p = 0.03) whereas brachial systolic, mean and dia-
stolic blood pressures were lower after treatment.

  Conclusion 

 It is quite evident that dyslipidemia and hypertension frequently coexist. 
There is increasing recognition of a mutually facilitative interaction between 
dyslipidemia and RAS activation in the development of atherosclerosis. Both 
share many of the same properties in terms of activation of pro-inflammatory, 
pro-oxidant, and pro-atherosclerosis pathways. It is no wonder that the con-
current therapy of dyslipidemia with statins enhances the effects of RAS in-
hibitors. Although the effects of statins on regulation of determinants of vas-
cular stiffness are not well defined, it is quite likely that these regulatory path-
ways will be influenced by dyslipidemia therapy, especially statins.
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 Abstract 
 Increased aortic stiffness is a consequence of cardiovascular (CV) aging and may be 

observed in the elderly with or without hypertension. Hypertension and arterial stiffness 
are independent risk factors for CV events, but such events may also be complicated by 
atherosclerosis, especially in the older population. The purpose of this chapter is to deter-
mine whether, in the presence of atherosclerosis, systolic hypertension in the elderly re-
quires specific drug therapy. It will be shown that, in addition to the targeted drug treat-
ment of associated hypercholesterolemia and/or hyperglycemia, the major problem 
nowadays is to find specific antihypertensive drugs causing a selective reduction of sys-
tolic blood pressure (SBP).       

 Copyright © 2007 S. Karger AG, Basel 

Before presenting antihypertensive agents acting selectively on systolic 
blood pressure (SBP), a brief overview of past therapeutic trials and meta-anal-
yses is needed.

 Antihypertensive Drug Therapy: A Simplified Overview of Past 

Therapeutic Trials and Their Meta-Analyses 

 In recent years, therapeutic trials and meta-analyses have become the ma-
jor guidelines for the management of patients with hypertension. Before analyz-
ing their results, it is important to briefly review their historical background.
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  A Brief Historic Overview 
 From 1950 to 1980, the effectiveness of antihypertensive drug therapy 

was demonstrated for the first time in men in the Veterans Administration 
trials  [1, 2] . Later, both men and women were studied  [1, 2] . The effect of drug 
therapy on CV risk was easy to demonstrate in relatively small populations 
with severe or malignant hypertension, but much larger populations and lon-
ger follow-up times were needed for subjects with mild to moderate hyperten-
sion. The defined goal of these early studies was to reduce CV risk exclusive-
ly through reduction of diastolic blood pressure (DBP). DBP was the single 
entry criterion for the hypertensive population and the only criterion used 
 to determine drug effectiveness  [1, 2] . Changes in SBP were frequently not 
published. During this period, therapeutic trials never included old subjects 
with isolated systolic hypertension, defined as DBP  ̂  90 mm Hg but SBP 
 1 160 mm Hg.

  Circa 1990, it was shown that antihypertensive drugs reduced CV risk in 
subjects with isolated systolic hypertension or with systolic-diastolic hyper-
tension and a disproportionate increase of SBP over DBP  [3, 4] . These trials 
included much older patients ( 1 65 years) of both sexes and emphasized the 
importance of including women in study cohorts. As a consequence, results 
were frequently focused on SBP but the effects of drug treatment were also re-
lated to DBP, although in many trials, baseline DBP values were already nor-
mal or even low.

  More recently, comparisons of the effectiveness of various antihyperten-
sive agents have been performed  [5, 6] . In most studies, it was not possible to 
clearly identify any difference between the effects of various antihypertensive 
agents at similar levels of BP reduction. In these trials, the target of antihyper-
tensive drug therapy had become both SBP and DBP reduction. However, there 
was no consistent improvement in the reduction of CV events, when compared 
to the earlier primary trials. To test such conclusions, Staessen et al.  [6]  com-
pared new and old antihypertensive drugs and computed pooled odds ratios 
from stratified tables. Compared with early drugs (diuretics and  � -blockers), 
calcium-channel blockers, angiotensin-converting enzyme inhibitors and an-
giotensin II antagonists provided similar overall CV protection. However, 
some published results suggested that dihydropyridine calcium-channel block-
ers might offer a selective benefit in the prevention of stroke and inhibitors of 
the renin-angiotensin system in the prevention of heart failure  [5, 6] . For pre-
vention of myocardial infarction, the results were more equivocal. However, 
the prevention of myocardial infarction by antihypertensive therapy had been 
constantly the object of debate since the early phases of antihypertensive ther-
apy. Finally, taken together, these results suggested that all antihypertensive 
drugs provided similar overall CV protection.
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  Effects of Antihypertensive Drug Treatment on CV Risk 
 During the 30-year evolution of therapeutic trials and meta-analyses, it 

is evident that (1) the clinical face of hypertension has considerably changed, 
from severe and malignant to milder forms of hypertension, including sys-
tolic hypertension in the aged; (2) the number of classes of antihypertensive 
agents has also increased, as a function of the discovery and commercializa-
tion of new antihypertensive agents; (3) the concomitant use of non-anti-
hypertensive agents, such as statins, has also markedly increased, and
(4)  no consistent differences have been sought in the strategy of drug treat-
ment between men and women despite the well-established lower CV risk in 
women  [7] .

  During all these remarkable changes over time, the effects of drug treat-
ment on CV risk remained quite stable  [1, 2]  ( fig. 1 ). The major results over the 
years were the reduction of stroke and congestive heart failure, both clearly 
demonstrated from the initial studies. Another salutary result was the stabili-
zation or even the improvement of renal function, although relatively few large 
therapeutic trials were performed on this subject. Finally, the beneficial effects 
of drug treatment on the prevention of myocardial infarction continued to be 
more difficult to demonstrate than that of stroke and undoubtedly remained 
lower than expected from the initial epidemiological predictions.

  Effect of Drug Treatment on Brachial BP 
 An important aspect of all these therapeutic trials was the effect of anti-

hypertensive agents on brachial BP determinations. Despite the heterogeneity 
of the different classes of antihypertensive agents, the resulting changes in BP 
were quite homogeneous for all trials. DBP was lowered to  ̂  90 mm Hg in ap-
proximately 80% of treated patients but SBP remained  6 140 mm Hg in ap-
proximately 60%  [8–10]  ( fig. 2 ). These findings in many patients resulted in an 
increase in pulse pressure (PP), above that which rises normally and substan-
tially with aging. This increased PP became a possible index of residual CV risk 
during therapy and therefore represented an important factor in the total eval-
uation of antihypertensive drug therapy (see chapter by Verdecchia and An-
geli, pp 150–159). Finally, for most authors, the consistent reduction of CV risk 
and the homogeneity of the changes in BP under various treatments contrast-
ed with the heterogeneity of the classes of antihypertensive agents. This dis-
parity suggested a substantial cause-effect relationship between the reduction 
of BP (mainly SBP) and CV events  [11–13] .

  To test whether such conclusions were valid, Staessen et al.  [6]  considered 
new outcome trials published in recent years (2005). For these trials, Staessen 
et al.  [13]  predicted outcome from achieved SBP using their previously pub-
lished meta-regression models. The main finding of the overview was that re-
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duction in brachial SBP largely explained CV outcomes in the recently pub-
lished actively controlled trials in hypertensive patients and in placebo-
controlled secondary prevention trials ( fig. 3 ). The hypothesis that new 
antihypertensive drugs might influence CV prognosis over and beyond their 
antihypertensive effect was considered to be unproven and a need for a better 
BP control seemed evident.

  Using a different epidemiological approach, Benetos et al.  [14]  published 
similar conclusions. These authors observed that treated but persistently hy-
pertensive subjects not only had higher SBPs and DBPs, but also had a higher 
prevalence of associated CV risk factors when compared to untreated subjects, 

   Fig. 1.   Global results of therapeutic trials according to references 1 and 2. Note that 
the effectiveness is much more pronounced for stroke than for coronary heart disease 
(CHD). SD = Standard deviation. Acronyms of trials are explained in references 1 and 2. 

Trial 
(or group of trial)

Number of events, 
treatment:control

Odds ratios and 95% confidence limits
(treatment:control)

Strokes Treatment better Treatment worse

HDFP trial 102:158
MRC 35–64 trial 60:109
SHEP 105:162
MRC 65–74 trial 101:134
13 others 157:272
All trials 525:835 38% SD 4 reduction

2p < 0.00001
(Heterogeneity �2

4 = 4.2; NS)

CHD events

HDFP trial 275:343
MRC 35–64 trial 222:234
SHEP 104:142
MRC 65–74 trial 128:159
13 others 205:226
All trials 934:1,104 16% SD 4 reduction

2p < 0.00001
(Heterogeneity �2

4 = 4.3; NS)

Difference in risk-associated
epidemiologically with a long-term
difference of 5–6 mm Hg in DBP:

   Stroke      CHD              1.0
   35–40%   20–25%
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some of whom were normotensive. Treated hypertensives compared to these 
controls presented a twofold increase in the risk ratio (RR) for CV mortality 
(RR 1.96; 95% confidence interval (CI) 1.74–2.22) and coronary mortality (RR 
1.99; 95% CI 1.63–2.44). Adjustment for unmodifiable risk factors (height etc.) 
decreased the excess CV risk observed in treated subjects only slightly: RR 
1.77; 95% CI 1.56–2.00 for CV mortality, and RR 1.76; 95% CI 1.44–2.16 for 
coronary mortality. After additional adjustment for modifiable associated CV 
risk factors (plasma glucose, cholesterol etc.), the increased mortality in treat-
ed subjects persisted: RR 1.52; 95% CI 1.33–1.74 for CV mortality, and RR 1.49; 
95% CI 1.19–1.86 for coronary mortality. Only after additional adjustment for 
SBP were CV mortality and coronary mortality similar in the two groups of 
subjects: RR 1.06; 95% CI 0.92–1.23, and RR 1.06; 95% CI 0.85–1.35, respec-
tively. Finally, such results indicated again that there is a need for a tight SBP 
control in treated hypertensive subjects.

   Fig. 2.   Results of therapeutic trials [as described in 10] of hypertension: drug treat-
ment tends to normalize DBP but not SBP. B = Before treatmen; T = under treatment. 
Acronyms of trials are indicated in reference 10. 
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   Fig. 3.   Meta-analysis of therapeutic trials [13]: odds ratios for CV mortality in rela-
tion to corresponding differences in SBP. Odds ratios were calculated for experimental 
versus reference treatment. BP differences were obtained by subtracting achieved levels 
in experimental groups from those in reference groups. Negative values indicate tighter 
BP on control than on reference treatment. The regression lines were plotted with 95% CI 
and were weighted for the inverse of the variance of the individual odds ratios. Open sym-
bols denote placebo-controlled studies or trials with an untreated control group. Closed 
symbols indicate actively controlled trials. Acronyms of trials are explained in reference 
13. 
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  Atherosclerosis, Arterial Stiffness and Antihypertensive Therapy 

 As shown earlier in this book, the links between atherosclerosis, arterial 
stiffness, age and high BP are often difficult to establish, particularly according 
to age. Many atherosclerotic alterations (AA) are subclinical and difficult to 
define in routine clinical investigations. On the other hand, many markers have 
been proposed, such as defects in vascular relaxation, alterations in endotheli-
um-dependent flow dilatation and/or presence of atherosclerotic plaques (see 
chapter by Baldewsing et al., pp 35–61, and chapter by Hayoz and Mazzolai,
pp 62–75). Within the framework of antihypertensive drug therapy, it seems 
likely that the links between atherosclerosis and arterial stiffness should pri-
marily be explored through a simple clinical description of CV events clearly 
related to AA. The principal AA are those responsible for peripheral arterial 
disease (see chapter by Safar, pp 199–211), coronary ischemic disease (see chap-
ter by Kingwell and Ahimastos, pp 125–138) and carotid atherosclerotic dis-
ease (mainly stenosis of the carotid artery) (see chapter by Agabiti-Rosei and 
Muiesan, pp 173–186). The relation of such CV events to arterial stiffness,
and potentially age and high BP, are evaluated in the following paragraphs.

  In clinical medicine, the best examples associating hypertension and AA 
are represented by subjects with atherosclerosis of the lower limbs  [15, 16] . In-
creased SBP and PP are commonly observed in these patients, whereas mean 
arterial pressure, systemic vascular resistance and ventricular ejection remain 
usually within the normal range. Arterial stiffness is significantly increased 
(see chapter by Safar, pp 199–211). This increase is exaggerated in the presence 
of high sodium intake and acute non-selective  � -blockade. The increased PP 
is significantly and independently associated with the limitation of the vaso-
dilating arteriolar properties of the diseased limbs  [17] . This suggests that ath-
erosclerosis, through increased arterial stiffness and wave reflections, might 
contribute to the elevated SBP and PP even when vascular resistance and DBP 
are normal. In vessels of the lower limbs, non-fibrous and non-calcified plaques 
contribute little to increase arterial stiffness. By contrast, in more advanced 
disease, atherosclerosis may contribute greatly to increased collagen content 
and calcifications of the arterial wall and accentuate arterial rigidity, especial-
ly in the presence of advanced age and/or hypertension.

  Coronary ischemic disease has been found to be almost constantly associ-
ated with increased aortic stiffness  [18]  (see chapter by Kingwell and Ahimas-
tos, pp 125–138). Although an increased incidence of elevated SBP has not 
been widely reported in populations of subjects with ischemic heart diseases, 
these subjects often display an increased PP and a decreased diastolic pressure-
time index, probably due to aortic stiffening. Experimentally, increased aortic 
stiffness, which reduces DBP, participates in and aggravates the myocardial 
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ischemia observed in the presence of stenosis of coronary arteries  [19] . Finally, 
even in the absence of systolic hypertension, increased stiffness is a major con-
tributor to the evolution of coronary heart disease and predicts myocardial 
ischemia (see chapter by Danchin and Mourad, pp 139–149, chapter by Ver-
decchia and Angeli, pp 150–159, and chapter by McEniery and Cockcroft,
pp 160–172).

  In contrast, with narrowed coronary arteries, stenosis of the internal ca-
rotid artery is frequently associated with systolic hypertension  [20] . In sub-
jects with carotid endarterectomy, a significant increase of SBP variability is 
also observed, particularly during the night  [21] . Atherosclerotic plaques of 
the common carotid artery and of the carotid bifurcation are classical fea-
tures of hypertensive subjects, particularly over 50 years of age  [22] . De-
creased carotid distensibility, increased arterial wall thickness and calcifica-
tions are observed in uncomplicated hypertensive subjects for the same age 
and gender as normotensive controls  [22] . Such populations have been also 
the object of specific therapeutic trials (see chapter by Mackey et al., pp 234–
244)  [22, 23] .

  Finally, whatever the clinical aspects of AA may be, the links of athero-
sclerosis with age, increased arterial stiffness and hypertension are similar in 
the different vascular territories and are all related by the presence of increased 
SBP. There is only one exception to this description, coronary ischemic disease, 
where the increased arterial stiffness and SBP are frequently masked by an as-
sociated reduction of ventricular ejection. Thus, the therapeutic links between 
AA and increased arterial stiffness are now easy to understand. The more dif-
ficult issue is how to treat systolic hypertension in the elderly. It is increased 
SBP. This problem must be approached cautiously. First, the principal goal of 
drug treatment, SBP reduction, involves a common denominator that com-
bines several associated parameters: arterial stiffness, atherosclerosis, age and 
high BP. Second, to be valid in terms of AA, the reduction of SBP by drug treat-
ment should be accompanied by the reduction of biomarkers of atherosclero-
sis, such as modifications in atherosclerotic plaques.

  Target Trials Showing Selective SBP Reduction 

 Any antihypertensive drug reducing arteriolar tone, and therefore mean 
arterial pressure, may decrease SBP through a passive reduction of arterial 
stiffness and change in the timing of wave reflections (see chapter by Safar,
pp 1–18)  [24, 25] . However, in the case of subjects with a disproportionate in-
crease of SBP over DBP, the target mechanisms are rather a decrease of ven-
tricular ejection, an active decrease of arterial stiffness or a change in wave 
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reflections. Regarding ventricular ejection, the decrease in stroke volume, ob-
served with ventricular pacing and treatment of atrioventricular block  [24] , 
will not be detailed in this book. The change in wave reflection is the main 
objective of this chapter. We have shown that some drugs, such as nitrates, may 
act predominantly on large artery structure and function independent of mean 
blood pressure (MBP) changes  [26–28] , particularly in the elderly  [29–31]  
(chapter by Smulyan, pp 302–314). Here it will be also shown that prolongation 
of survival in hypertensive subjects requires reduction not only of BP but also 
of arterial stiffness and/or wave reflections.

  The main therapeutic trial demonstrating the role of arterial stiffness and 
wave reflections in the control of SBP and PP was performed in hypertensive 
patients with end-stage renal disease (ESRD) undergoing hemodialysis  [32] . 
Many studies have shown that the clinical and hemodynamic profile of these 
patients is very similar to those described in systolic hypertension in the elder-
ly  [30, 33] . The primary objective of the trial in ESRD patients was to reduce 
CV morbidity and mortality through a therapeutic regimen involving first salt 
and water depletion by hemodialysis, then, after randomization, angiotensin-
converting enzyme inhibition or calcium-entry blockade, and finally the com-
bination of the two agents and their association with a  � -blocker. Using this 
design, it was possible to evaluate over a long-term follow-up (51 months) 
whether the drug-induced MBP reduction was or was not associated with a par-
allel decrease of arterial stiffness and the resulting consequences on CV risk 
 [32] . During the follow-up, it was clear that MBP, PP and aortic pulse wave ve-
locity (PWV) were reduced in parallel in the surviving population. In contrast, 
in subjects who died from CV events, MBP was lowered to the same extent as 
in survivors, but neither PP nor PWV were significantly modified by drug 
treatment ( fig. 4 ). From the results of this trial, it seemed likely that a failure of 
the aortic PWV to fall, despite a significant drug-induced MBP reduction, was  
a significant predictor of CV death in subjects with ESRD.

  In elderly subjects with systolic hypertension the Syst-Eur trial provided 
similar results to those observed in ESRD subjects. The predictive value of con-
ventional and ambulatory PP for CV morbidity and mortality was studied dur-
ing follow-up of the Syst-Eur after adjustment for all significant confounding 
covariables   [34] . In the placebo group, conventional and mostly ambulatory
PP – but not MBP – predicted total and CV mortality, all CV events, stroke and 
cardiac events. In the group treated with calcium channel antagonists com-
pared with those who received placebo, the relation between clinical outcomes 
and ambulatory (and conventional) PP was significantly attenuated and even 
reached non-significant levels. Furthermore, at any given level of 24-hour SBP, 
a lower 24-hour DBP was shown to be significantly associated with a worsening 
of CV risk. Finally, the results of the Syst-Eur trial clearly confirmed that PP in 
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the elderly is a significant CV risk factor and that its lowering is a necessary goal 
in elderly hypertensive subjects to improve CV morbidity and mortality.

  Taken together, all these studies have shown the need in hypertensive sub-
jects, particularly in the elderly, to develop drugs acting specifically on the 
large artery wall, i.e. either on arterial stiffness or on wave reflections or on a 
combination of both, to produce   improvements of AA and CV risk  [35] . The 
recent finding of aortic PWV as an independent predictor of CV risk has con-
firmed this conceptual approach.

  Pharmacological Basis of Selective SBP Reduction 

 Many antihypertensive agents, such as dihydralazine, propanolol and di-
uretics in middle age  [24, 33] , have been shown to have no effect on arterial 
stiffness or wave reflections and cannot target the above-mentioned mecha-
nisms. What follows is focused on antihypertensive drugs that have a potential 
direct effect on large artery structure and function.

  Changes in Stiffness and Wave Reflections Induced by Nitrates 
 Two double-blind randomized placebo-controlled studies  [31, 36]  have 

investigated the effect of chronic isosorbide dinitrate (ISDN) in elderly subjects 
with isolated systolic hypertension. In one study, ISDN caused a significant 
decrease of SBP, from the 8th to the 12th week of treatment: –27 mm Hg with 
ISDN and –13 mm Hg with placebo. DBP and heart rate did not differ from 
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   Fig. 4.   Therapeutic trial in subjects with chronic renal failure undergoing hemodi-
alysis [32]: BP reduction is observed both in survivors and non-survivors (––U––). The 
main difference is that non-survivors have no reduction of PWV (– – U – –). 
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placebo. The other study confirmed the reduction in office PP with ISDN after 
8 weeks of treatment (ISDN: –18%; placebo: –5%) without a reduction in DBP 
(ISDN: 0%; placebo: –6%). In addition, ambulatory PP was also reduced with 
ISDN, while it did not change during placebo  [36] . During this study, no ni-
trate tolerance was observed. Similar findings have been reported in hyperten-
sive subjects of middle age using transdermal nitroglycerin or the long-acting 
agent molsidomine  [37, 38] . The fact that nitrates decrease PP without decreas-
ing DBP suggests that these compounds act mainly on muscular conduit arter-
ies without a substantial effect on small resistance vessels.

  Investigations with the NO donor sinitrodil in young healthy volunteers 
 [39]  showed a dose-dependent increase in brachial artery compliance after a 
single oral dose. With sinitrodil 40 mg, brachial artery compliance increased 
by 27% while compliance was only increased 8% after ISDN 20 mg. In contrast, 
total peripheral resistance decreased by 11% after ISDN and only 7% after sin-
itrodil. It therefore appears possible to develop drugs that act even more selec-
tively on large arteries than nitrates. Drugs like the NO donor sinitrodil are 
presumed to be suitable candidates to decrease PP, thereby decreasing SBP 
without decreasing, or even increasing, DBP.

  Apart from NO donors, enhancers of NO production/release might be of 
interest in the treatment of systolic hypertension in the elderly. Recent studies 
suggest that some compounds like the diuretic agent cicletanine  [40, 41] , the 
selective  �  1 -blocker nebivolol  [42]  and even the selective atrial natriuretic pep-
tides  [43]  act as enhancers of NO production and/or release with a resulting 
decrease of arterial stiffness. These examples offer some prospective views on 
the development of drugs acting specifically on systolic hypertension in the 
elderly. Recent studies in old hypertensive rats support the concept that NO 
dysfunction and/or related endothelial alterations involving oxidative stress 
may be important target mechanisms in the development of the age-related 
increase of PP and arterial stiffness  [44] . In addition, clinical interference with 
gene polymorphisms related to NO synthase has been reported in humans to 
modulate the age-PP relationship  [45] .

  Stiffness and Wave Reflection Changes Associated with Sodium and the 
Renin-Angiotensin System 
 Since angiotensin II stimulates the production of various types of collagen 

fibers  [46]  together with a number of growth factors  [47] , converting enzyme 
inhibition and angiotensin II type I AT 1  receptor blockade have been used as 
pharmacological tools to show that in vivo, the chronic inhibition of the effects 
of angiotensin II prevents the aortic accumulation of collagen in spontane-
ously hypertensive rats (SHRs)  [48] . Antihypertensive doses of converting-en-
zyme inhibitor were shown to prevent the chronic accumulation of aortic col-
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lagen, whereas this result was not observed with the non-specific vasodilator 
hydralazine for the same BP reduction. The collagen reduction was noted even 
with non-antihypertensive doses of converting enzyme inhibitor and paral-
leled the decrease of angiotensin-converting enzyme measured in the aortic 
tissue, but not in the plasma  [48] . Further experiments clearly indicated that 
the collagen effects were not due to bradykinin but involved specifically the 
blockade of AT 1  receptors of angiotensin II  [49] . Finally, such findings were 
observed exclusively on a normal, but not a high sodium diet  [50] , a situation 
in which the production of transforming growth factor- �  1  is increased  [51] . 
Furthermore, when a diuretic and a converting enzyme inhibitor were studied 
in SHRs, the combination of the two agents was able to consistently prevent 
carotid collagen accumulation and, at the same time, decrease isobaric carotid 
stiffness  [52] . Thus, it is important now to re-evaluate the possible links be-
tween sodium, diuretics, blockers of the renin-angiotensin system, and chang-
es of extracellular matrix of arterial vessels in humans and rat models of hy-
pertension.

  Experimental data on sodium-induced changes of arterial structure and 
function have been mostly obtained in genetic strains of hypertensive rats, 
such as stroke-sensitive and -resistant SHRs and Dahl salt-sensitive rats  [50, 
53, 54] . In these models, increased sodium intake does not significantly mod-
ify intra-arterial BP (with the exception of Dahl salt-sensitive rats), but is as-
sociated with reduced isobaric carotid stiffness, increased aortic wall thick-
ness and collagen accumulation. Such alterations are prevented by reduced 
sodium diet or administration of diuretics, without concomitant change of the 
intra-arterial BP level. Numerous findings in molecular biology have demon-
strated the pressure-independent effect of sodium and/or diuretic compounds 
on the aortic and carotid vessel wall, leading to a loss or a reduction in the con-
tractile properties of vascular smooth muscle cells and to an increase in their 
secretory properties  [55] .

  In the clinical investigation of hypertensive humans, substantial links be-
tween arterial stiffness, sodium and blockade of the renin-angiotensin system 
have been reported. As in hypertensive rats, converting enzyme inhibitors are 
able to produce a pressure-independent increase of diameter, compliance and 
distensibility of peripheral muscular arteries  [56] . Such changes are observed 
even in the presence of diuretic compounds. By contrast, diuretics alone, given 
to middle-aged hypertensive patients, cause little changes in arterial diameter 
and stiffness  [57, 58] . The REASON study in hypertensive patients  [59]  has 
shown that the combination of perindopril (Per) and indapamide (Ind) de-
creases brachial SBP and PP more than the  � -blocking agent atenolol for the 
same reduction of DBP ( fig. 5 ). This result is even more obvious when BP is 
measured centrally, in the carotid artery and the thoracic aorta, and not in the 
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brachial artery. After 6 months of therapy, the hemodynamic pattern showed 
a change in central wave reflections, and at 1 year, a pressure-independent re-
duction of aortic stiffness. These findings, observed with Per/Ind, but not aten-
olol, strongly suggest that structural changes of the vessels occur after 1 year 
of drug treatment, because, in the long term, drug treatment has limited effect 
on the thickness of elastic arteries  [60] , but does better on the structure of mus-
cular arteries and arterioles  [61, 62] . Therefore, the weight of evidence suggests 
a parallelism between the reduction of SBP and PP under Per/Ind and the re-
gression of arteriolar structural changes, commonly observed under blockade 
of the renin-angiotensin system, but not with atenolol. The validity of this ob-
servation is strengthened by two modifications previously noted under drug 
treatment by converting enzyme inhibition (but not with  � -blocking agents): 
a reduction in arteriolar peripheral reflection coefficients  [63]  and in the tim-
ing and/or amplitude of backward pressure wave  [64, 65] , responsible for the 
observed selective decrease in central SBP and PP ( fig. 5 ). This interpretation 
is compatible with the finding by Rizzoni et al.  [66]  that, in hypertensive sub-
jects, structural alterations of small resistance arteries predict CV risk, as well 
as increased PP level. Finally, taken together, these results suggest that drug 
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treatment of hypertension to selectively reduce SBP and PP requires complex 
interactions between structure and function of small and large arteries.

  Stiffness Changes Induced by Aldosterone Antagonists 
 In recent years, experimental studies in rats have shown that chronic al-

dosterone administration might act on the mechanical properties of large ves-
sels as well as on myocardial stiffness  [67] . Immunohistochemical methods 
have shown that the intensity of staining of mineralocorticoid receptors with-
in the vascular wall predominates in the aorta and decreases with the size of 
the arteries  [68] . Endogenous vascular synthesis of aldosterone occurs in the 
rat mesenteric artery, even after adrenalectomy, and requires the presence of 
an intact endothelium  [69, 70] . In this line of evidence, Benetos et al.  [71, 72]  
have observed that, both in younger and older hypertensive rats, spironolac-
tone prevents in vivo both myocardial and aortic collagen accumulation with 
minimal changes of intra-arterial BP. Conversely, long-term aldosterone infu-
sion in the presence of high sodium intake increases the intrinsic rigidity of 
the aortic wall in rats  [67] . This increased aortic rigidity is reversed in the pres-
ence of the selective aldosterone antagonist eplerenone  [67] . In contrast, in 
hypertensive patients, studies of spironolactone administration for 2 weeks 
never produced a change in brachial artery stiffness  [33] , suggesting that long-
term treatments may be needed to limit aortic stiffness.

  Interestingly, in untreated hypertensive subjects, increased aortic stiffness 
and increased plasma aldosterone have been shown to be statistically associ-
ated  [73] . In addition, in hypertensive subjects, a polymorphism of the aldo-
synthase gene has been found to be associated with a pressure-independent 
increase of aortic stiffness with age  [74] . Long-term studies are needed in sub-
jects with hypertension, particularly in the elderly, to demonstrate a reduction 
of arterial stiffness and SBP following aldosterone antagonism, since recently 
it is commonly used in subjects with congestive heart failure.

  Stiffness Changes and Mechanotransduction Mechanisms 
 Mechanical properties of the large arteries may be modified independent-

ly of mean arterial pressure not only through structural modifications of elas-
tin and collagen, but also through the specific effects of interstitial molecules 
of the extracellular matrix, which are implicated in the cell-cell and cell-matrix 
attachments and thus in mechanotransduction  [75] . In rats and in man, amino-
guanidine and collagen breakers such as ALT711 decrease isobaric carotid 
stiffness without changing mean arterial pressure or the elastin and collagen 
contents of the arterial wall  [76–78] . The stiffness improvement seems to be 
the consequence of blockade of collagen glycation with resulting changes in 
collagen cross-linking. On the other hand, diuretic compounds, such as inda-
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pamide, have been shown to reduce aortic stiffness and to modify wave reflec-
tions in SHRs and in man, in association with changes in the proteoglycan-
labeling patterns of the arterial wall  [79, 80] . Finally, other antihypertensive 
compounds, as calcium-entry blockers (see p. 146) or mostly converting en-
zyme inhibitors, whether or not associated with atrial peptides, act mostly on 
fibronectin  [81] , a major component with integrins of mechanotransduction 
mechanisms within the arterial wall.

  Finally, numerous substances, such as estrogens, have been proposed in 
the future to improve the mechanical properties of hypertensive large arteries 
independently of MBP changes.

  Prospective Views for the Drug Treatment of Hypertension in Old 

Subjects with Atherosclerosis 

 Nowadays, the standard treatment of hypertension in middle age aims to 
decrease SBP, DBP and MBP and therefore to shift the age-BP curve towards 
lower values of SBP, DBP and MBP. The findings discussed in this chapter 
clearly indicate that, over 60 years of age, a novel objective of treatment should 
be not only a shift of the BP curve but also a reduction of the normal increase 
of SBP and decrease of DBP with aging, thereby reducing the slope of the age-
PP curve ( fig. 6 )  [82] . This goal may be achieved only through a specific action 
on large (and not small) arteries, thus modifying arterial stiffness and wave 
reflections and normalizing not only SBP and DBP, but also PP.

  A first approach consists of the use of standard antihypertensive drugs, 
since some of them have noticeable effects on the mechanical properties of 
large arteries. For example, from experimental studies, it appears that aortic 
collagen accumulation may be prevented independent of mean arterial pres-
sure by converting enzyme inhibition and/or aldosterone antagonism  [54] . 
However, for this purpose, there is no evidence in hypertensive humans that 
the doses of these drugs may be the same as those required for conventional 
antihypertensive drug therapy. Studies in clinical pharmacology, particularly 
those done with the calcium-entry blocker mibefradil  [35] , have shown that 
the most effective dosages commonly used for the lowering of SBP and DBP 
may be inadequate for reducing the PP. Moreover, the level of brachial PP re-
duction may differ from that of aortic PP reduction (see chapter by Safar,
pp 1–18)  [22] . Further investigations are needed to resolve these new aspects 
of clinical CV pharmacology.

  The second approach is to develop antihypertensive agents that influence 
vasomotor tone and the structural composition of the vessel wall of both small 
and large arteries. The goal is to identify agents that act on the secretory prop-
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erties rather than on the contractile properties of vascular smooth muscle 
cells. These agents might particularly operate via mechanotransduction mech-
anisms acting on cell-cell and cell-matrix attachments of the vessel wall  [75–
77] . From these new approaches for the drug treatment of hypertension, ther-
apeutic trials should to be developed to detect a reduction in CV morbidity and 
mortality through specific changes of arterial stiffness and wave reflections, 
as begun in the REASON study  [83]  and continued by the CAFE study  [84]  
(see p. 146).

  A third approach should be considered. In hypertensive populations, there 
is extreme interindividual variability for the increase of SBP and PP and the 
decrease of DBP with age. Thus, selection of hypertensive subjects at risk, 
based on screening of the associated environmental and/or genetic factors re-
sponsible for this variability, should be taken into account for the choice of 
drug treatment.
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   Fig. 6.   Relationship of SBP, DBP, PP and mean arterial pressure with age in the un-
treated subjects of the Framingham population [35]: because the relationship of SBP and 
DBP with age is non-linear, it is not sufficient to simply shift the age-BP curves toward 
lower values. It is necessary to reduce the slope of the age-BP relationship, particularly for 
SBP. Groups examined at index examination: (1) SBP  ! 120; (2) SBP 120–139; (3) SBP 
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  Finally, in clinical practice, an important approach should be to modify 
extensively the guidelines of hypertension that currently ignore the impor-
tance of the interactions between small and large arteries as well as the con-
cepts of pulsatility, SBP and PP amplification within the CV system.
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