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 Three colleagues whose background in medicine arose from their simi-
lar interests in cardiovascular research, although they never worked at the 
same institution, conceived the concept of this textbook. Further, even more 
unique, they lived throughout their professional careers in three disparate 
continents and countries: France, Australia, and the United States. Each 
of them conducted their clinical investigation in cardiovascular medicine. 
Initially, Professors Safar and Frohlich were interested primarily in a devel-
oping area concerned with the hemodynamics of hypertension. They fi rst 
met in 1962 when Ed Frohlich was on staff of the Research Division of the 
Cleveland Clinic in Ohio. Michel Safar visited the Cleveland group at that 
time to exchange thoughts on a now-forgotten topic concerning the under-
lying mechanisms of “labile” hypertension. Michel was on the Faculty of 
Medicine at the Broussais Hospital in Paris. They both shared similar think-
ing about one aspect in the pathogenesis of hypertensive disease: an initial 
increased cardiac output, which was produced by total body venoconstric-
tion resulting in increased venous return associated with an “inappropriately 
normal” total peripheral resistance. Ed continued his work with the role of 
the heart in hypertension and the underlying mechanisms which may explain 
its increased risk for morbidity and mortality associated with left ventricular 
hypertrophy. This, of course, stimulated further interest in left ventricular 
hypertrophy and its interaction with antihypertensive therapy and its impact 
on cardiac risk. Other factors confounded that risk including the effects of 
long-term dietary sodium excess on the cardiovascular and renal inter-rela-
tionships. Thus, Michel and Ed continued to remain closely related person-
ally and academically in their clinical investigative interests. 

 During these years, Michel Safar focused his efforts on the pathophysi-
ological mechanisms responsible for the role of the large arteries in hyper-
tension and its consequences in patients with essential hypertension. He and 
his team of investigators made their major impact on the development of a 
new area of clinical research responsible for the increasing interest in sys-
tolic hypertension in the elderly and the fi eld of “stiffness” of the large arter-
ies. This, of course, brought Michel Safar into the third relationship with 
Michael O’Rourke whose fundamental research on large arteries in Australia 
involved work with a physiological pioneer, Michael Taylor, on comparative 
physiology and computer modeling of arterial networks. This led to clini-
cal studies on ventricular/vascular interactions, intra-aortic balloon counter-
pulsation, cardiac transplantation and mechanical heart assist devices. His 
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studies  promoted interests in the aging process, which develops slowly from 
early adulthood and involves stiffening and dilation of the aortic wall. These 
hemodynamic interests led to the collaborative efforts of Michael and Michel 
in the fi elds of pulsatile arterial parameters and aortic rigidity. They now con-
sider the possibility that small vessel disease in the brain, causing dementia, 
is another consequence of aortic stiffening and early wave refl ection, which 
may be prevented or delayed by measures which reduce effects of aortic stiff-
ening. The immediate result of their relationship was Michel’s establishment 
of a regular series of international workshops in Paris on this new area of 
research resulting in a remarkably increased pursuit of scholarly activity in 
both the fundamental and clinical investigative aspects in this area. 

 Contemporaneously, during these years, Ed Frohlich assumed editorial 
responsibility for the American Heart Association’s journal  Hypertension , 
and was delighted to join “forces” with Michel and Michael to publish the 
periodic proceedings of the workshop in that journal. This is the story of 
our personal collaborations and continuing research, based on long-standing 
friendship and the infl uence of Michel Safar in the three of us joining together 
our mutual interest. This now has resulted in publication of this volume 
involving similarly committed colleagues from the world-wide academic 
community. Indeed, it explains our joint conception of the title and content 
of this work of long-standing friends and academic co-workers and the large 
co-authorship of its contributors. 

    Basic Concepts of the Book 

 Our most common and classical knowledge on blood pressure and hyperten-
sion has been primarily infl uenced by three key-points. First, the hemody-
namic mechanisms of hypertension have been primarily associated with an 
increase in total peripheral resistance, pointing to a major contribution of 
the role of small arteries. Second, the respective contributions of the heart, 
vessels, and kidneys involve major interactions affecting particularly the 
renin-angiotensin- aldosterone system. Finally, drug treatment modifi es sub-
stantially cardiovascular morbidity and mortality through the dominant role 
of blood pressure reduction. 

 The development of hypertension has considerably matured over the years 
for two reasons. Firstly, hypertension was no longer considered as a single 
homogeneous disease, but rather as a mosaic of interacting mechanisms asso-
ciated with many other interrelated cardiovascular risk factors. Secondly, the 
primary objectives of study were no longer limited to a discussion of only 
control of arterial pressure. Primary objectives were focused on the means to 
diminish the underlying risk of cardiovascular stiffness and its consequences 
on morbidity and mortality. This goal was considered and pursued through 
numerous therapeutic trials designed to intervene on those pathophysiologi-
cal mechanisms and the interrelationships that are involved with the develop-
ment of injury and disease outcomes of these target organs. 

 Parts   I     and   II     of this book are related to blood pressure involving two 
 different and complementary aspects: the role of arterial wall mechanics and 

Introduction

http://dx.doi.org/10.1007/978-1-4471-5198-2_Part I
http://dx.doi.org/10.1007/978-1-4471-5198-2_Part II


xix

the underlying mechanisms of risk involving left ventricular hypertrophy and 
the role of dietary salt excess on the development of cardiac and renal failure 
through structural and functional impairment. 

 In Part   I    , the role of blood pressure in hypertension and cardiovascular dis-
eases was no longer limited to the role of brachial artery BP measurements, 
frequently explored in the past but extended to the overall remaining portions 
of circulation, mainly located at the origin of the aorta. Thus, the concept 
of central blood pressure was introduced for those organs most related to 
the presence of cardiovascular risk (i.e., the heart, the brain and kidneys). 
Pressure measurements were associated to evaluations of fl ow, impedance to 
pulsatile fl ow, arterial stiffness, and other critical parameters as pulse amplifi -
cation. An important aspect of Part   I     was the difference noted between steady 
and pulsatile arterial hemodynamics, two parameters highly and differently 
related to cardiovascular risk. As noted by Michael O’Rourke, most of these 
parameters refer to the approach suggested in the past by the principal pio-
neers of pulsatile arterial hemodynamics, McDonald, Womersley and Taylor. 
One important aspect is the concept of heart-vessel coupling and its conse-
quences on cardiac structure and function. 

 Part   II     refers to the relation between blood pressure, the heart and kidneys. 
The role of vasoactive interactions are not primarily focused in this discus-
sion but involve primarily the role of the underlying mechanisms of risk in 
left ventricular hypertrophy, heart failure, oxidative stress and nitric oxide, in 
relation with mainly dietary salt excess in the heart and kidney. Also investi-
gated are details of the value of multicenter trials of pharmacological therapy 
on cardiovascular and renal function in hypertension and heart failure. 

 As a consequence, Part   III     summarizes the principal fi ndings character-
izing hypertension and cardiovascular diseases and the disturbed arterial 
wall mechanics and sodium balance within the cardiovascular system. Such 
modifi cations are studied successively in terms of brachial and central BP 
measurements and take into account both steady and pulsatile arterial hemo-
dynamics, particularly the role of heart rate and pulse pressure amplifi cation. 
In addition, organ damages are described extensively in Part   III    , evaluating 
the particular and specifi c roles of the heart, the brain and the kidneys. 

 Parts   IV     and   V     are focused on the different aspects of the clinical involve-
ment necessary for evaluation of the cardiovascular system. First, the role of 
age, sex, metabolic and infl ammatory factors is considered in detail. Second, 
a description of risk stratifi cation is given, primarily affecting arterial stiff-
ness and pulse pressure. The major role of ethnicity is particularly taken into 
account. Finally, among the various cardiovascular medications associated to 
treatment, the antihypertensive agents are mainly (but not exclusively) taken 
into account, studying in particular their impact on arterial stiffness and wave 
refl ections. Each of these considerations are presented in terms of large ves-
sels, based on the privilege of knowledge and not necessarily the evidence of 
recommendations frequently diffi cult to demonstrate. 

 Finally, this book has developed new conceptual approaches of hyperten-
sion and cardiovascular risk, taking into account three major points. First, 
hypertension should involve in its defi nition not only vascular resistance 
but also arterial stiffness, wave refl ections and vascular rarefaction. Second, 
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hypertension does not refl ect a simple linear relationship between blood pres-
sure and target organ damage but is more complex – and not necessarily lin-
early affecting mechanical factors and different complications individually 
associated with the heart, brain and kidneys. Finally, the aim of treatment is 
no longer limited to a decrease in blood pressure but, rather, a reduction of 
cardiovascular risk and, in the long term, of residual risk. In this context, it is 
important that, whereas increased stiffness and early wave refl ections caused 
by aging magnify cardiovascular risk (studies in Part   I    ), the improvement of 
cardiac function by drug treatment (studies in Part   II    ) may actually exacer-
bate the adverse effect of increased stiffness and wave refl ections when these 
arterial parameters remain untreated, thereby further increasing cardiovascu-
lar risk. Again, it is evident that treatment must verify in the long term the 
major role of heart-vessel coupling. Modern concepts must include arterial 
properties as well as peripheral resistance and cardiac function.  

    Content of the Book 

 This book is published at the peak of a special evolution during which new 
concepts and knowledge on blood pressure and cardiovascular risk have been 
developed over recent years, which is associated with continued exciting 
aspects of disease and its treatment. First, studies have recognized that the 
duration of life has increased considerably in recent years promoting research 
into novel aspects of therapeutic interventions. Second, current investigations 
on the interactions between genetics and environment still remain diffi cult 
to delineate clearly in our patients. These diffi culties explain the necessity to 
obtain numerous contributors participating in all fi ve sections of this volume. 
Each section is composed of several chapters, each detailed by their respec-
tive authors. Importantly, their specifi c contributions and responsibility, and 
refl ecting any changes by the co-editors. Due to the complexity of the sub-
ject, repetitions within this book have not been completely excluded from the 
studied description by the authors, other than in editorial context to facilitate 
reading.   

    Michel     E.     Safar       Paris ,  France   
   Michael     F.     O’Rourke       Sydney ,  NSW ,  Australia   
   Edward     D.     Frohlich          Orleans ,  LA ,  USA   
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    Abstract  

  The arterial system has two functions – as a conduit to deliver blood at 
high pressure to the organs and tissues of the body according to need, and 
as a cushion, to reduce pulsations generated by the intermittently- pumping 
left ventricle, so that blood fl ow through peripheral high and low resis-
tance vascular beds is steady with little residual pulsation (O’Rourke, 
Chapter 1: Principles and defi nitions of arterial stiffness, wave refl ections 
and pulse pressure amplifi cation. In: Safar ME, O’Rourke MF (eds) 
Arterial stiffness in hypertension. Handbook of hypertension, vol 23. 
Elsevier, Amsterdam, 2006; Nichols et al., McDonald’s blood fl ow in 
arteries, 6th edn. Arnold Hodder, London, 2011). The arterial system in 
man is beautifully suited to serve these functions, at least through child-
hood, adolescence and young adulthood (Taylor, Gastroenterology 
52:358–363, 1967). By mid-life, effects of pulsatile strain on non-living 
elastic fi bres in the highly pulsatile aorta lead to their fracture and to pro-
gressive passive aortic dilation, with transfer of stress to more rigid colla-
gen fi bres in the media (Nichols et al., McDonald’s blood fl ow in arteries, 
6th edn. Arnold Hodder, London, 2011). Such changes have adverse 
effects on arterial function and ideal timing of vascular/ventricular interac-
tion (O’Rourke and Nichols, Hypertension 45:652–658, 2005; Laurent 
et al., Eur Heart J 27:2588–2605, 2006; O’Rourke and Hashimoto, J Am 
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Coll Cardiol 50:1–13, 2007). As later years pass, impaired arterial func-
tion plays an important role in morbidity and mortality, becoming a key 
factor in development of Isolated Systolic Hypertension of the Elderly 
(ISHE), and cardiac failure (Chirinos et al. 2012; Weber et al. 2013) and of 
cerebral micro-infarcts and hemorrhage with cognitive impairment and 
dementia (O’Rourke and Safar ME, Hypertension 46:200–204, 2005; 
Stone, Med Hypotheses 71:347–359, 2008; Gorelick, Stroke 42:2672–
2713, 2011). This introductory chapter discusses mechanisms and intro-
duces strategies for treatment and prevention.  

  Keywords  

  Arterial stiffness   •   Wave refl ection   •   Pressure amplifi cation   •   Aging   •   Pulse 
wave velocity   •   Impedance  

   Table 1.1    Indices of arterial stiffness      

 Elastic 
modulus 

 The pressure step required for 
(theoretic) 100 % stretch from resting 
diameter at fi xed vessel length, 
(ΔP·D) ÷ ΔD (mmHg) 

 Arterial 
distensibility 

 Relative diameter change for a pressure 
increment; the inverse of elastic 
modulus, ΔD ÷ (ΔP·D) (mmHg −1 ) 

 Arterial 
compliance 

 Absolute diameter; change for a given 
pressure step, ΔD ÷ ΔP (cm·mmHg −1 ) 

 Volume 
elastic 
modulus 

 Pressure step required for (theoretic) 
100 % increase in volume ΔP 
÷ (ΔV ÷ V) (mmHg) = ΔP ÷ (ΔA ÷ A) 
(mmHg) (where there is no change in 
length) 

 Volume 
compliance 

 Absolute volume change for a given 
pressure step or an arterial segment 
ΔV ÷ ΔP (cm 3 ·mmHg −1 ) or ΔA ÷ ΔP 
(cm 2 ·mmHg −1 ), if there is no change in 
length 

 Young’s 
modulus 

 Elastic modulus per unit area; the 
pressure step per square centimetre 
required for (theoretic) 100 % stretch 
from resting length (ΔP·D) ÷ (ΔD·h) 
(mmHg·cm −1 ) 

 Pulse wave 
velocity 

 Speed of travel of the pulse along an 
arterial segment, distance ÷ Δt (cm·s −1 ) 

 Characteristic 
impedance 

 Relationship between pressure change 
and fl ow velocity in the absence of 
wave refl ections (ΔP ÷ ΔV) (mmHg.
cm −1 .s) 

 Stiffness 
index 

 Ratio of logarithm (systolic/diastolic 
pressures) to (relative change in 
diameter) β = ln(P s  ÷ P d ) ÷ [(D s  − D d ) ÷ D d ] 
(nondimensional) 

        Concepts 

 Arterial stiffness and distensibility (Table  1.1 ) are 
diffi cult to measure directly in the human arterial 
system. Normally up to young adulthood, disten-
sibility is high (stiffness is low) in the proximal 
thoracic aorta and distensibility is less (stiffness 
greater) in the abdominal aorta and peripheral 
arteries [ 1 ,  2 ]. This is the pattern seen in most 
other mammals throughout life; benefi ts result-
ing have been set out by Taylor [ 3 ]. Distensibility 
measured in one arterial segment is not neces-
sarily the same as distensibility at another seg-
ment [ 2 ]. Further, pressure pulsation is not 
the same in all arteries and diameter change is 
small – (2–16 %), and hard to measure accurately 
[ 1 – 6 ]. The arterial wall is not homogeneous, and 
stresses are controlled by the medial, not intimal 
elements. Stiffness and distensibility are not only 
diffi cult to measure, but measures are bound to be 
inaccurate, and they have not always been shown 
of value in predicting cardiovascular events [ 1 ,  5 , 
 8 ]. However, indirect measures of arterial stiff-
ness have proved useful, and are widely used now 
to predict cardiovascular events [ 1 ,  5 ]. Such indi-
ces are directly (pulse wave velocity [ 1 ,  2 ]), or 
indirectly, related to arterial stiffness (aortic aug-
mentation index), and amplifi cation of the arte-
rial pressure wave between aorta and radial artery 
(to be later discussed).

M.F. O’Rourke et al.
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   Distensibility (and stiffness) are useful and 
necessary concepts, and had been used in the past 
to characterise properties of the arterial tree. The 
whole arterial tree was likened by Stephen Hales 
(the fi rst to actually measure blood pressure [ 12 ]), 
to the inverted air-fi lled dome (“Windkessel” in 
the German translation) of contemporary (circa 
1770) hand-pumped fi re engines. The problem 
with this model was its inability to explain pres-
sure wave contour under different physiologi-
cal or pathophysiological conditions. In such a 
model, pressure is everywhere the same – there 
is no wave travel, no wave refl ection, no aug-
mentation and no amplifi cation of the pulse in 
peripheral arteries. Readers will fi nd support for 
Windkessel models in other chapters of this book, 
usually by non-clinicians. Clinicians who see a 
future for analysis of pulse waveforms require 
comprehensive realistic models for use in situa-
tions such as intensive care where a wide range of 
blood pressure, heart rate, age and disease exist. 
Here, the model of transmission line is necessary 
for realistic monitoring, analysis and diagnosis. 

 The best and the only comprehensive model of 
the arterial tree is a simple tube (Fig.  1.1 ) [ 1 ,  2 ], 
open at one end to receive blood in spurts from 
the left ventricle, and closed at the other end 
which represents the sum total of high resistance 

arterioles in which the elastic arteries terminate. 
Such a model allows for wave travel along the 
tube (and back again) after wave refl ection at the 
distal end. In this model, one can see and explain 
the known properties of the arterial system – 
delay of the pulse between proximal and distal 
arteries, difference in shape and amplitude of the 
pulse in proximal aorta and distal arteries, and 
wave refl ection (Fig.  1.2 ).

    So what is wave refl ection? This is best under-
stood by considering the difference between 
pressure and fl ow waves in the ascending aorta. 
The fl ow wave from the heart shows a single 
spurt, whereafter fl ow falls to zero at the incisura, 
and stays at zero throughout diastole. In contrast, 
the pressure wave shows two localised peaks, the 
fi rst corresponding to the peak of fl ow and the 
second to the summation of refl ection from mul-
tiple sites, principally in the trunk and lower 
body. In children and young adults, the second 
peak is in diastole, after the incisura caused by 
aortic valve closure. In older adults, the aorta is 
stiffened and pulse wave velocity increased, so 
that the refl ected wave returns early from periph-
eral arterioles, and augments pressure in mid-late 
systole (Fig.  1.2 ).  

R

R

(Arterial system)

(Arterial system)

  Fig. 1.1    Tubular models of the arterial system with the 
heart ( left ) and conduit arteries ( right ). Pressure waves in 
the ascending aorta are shown at  left side . The normal 
young arterial tree is represented at  top , while the old stiff-
ened arterial tree is represented at  bottom. Arrows  repre-
sent speed of pulse wave travel to the peripheral resistance 
and back to the heart       

  Fig. 1.2     Top : The time delay (Δt) due the pressure wave 
travelling from the ascending aorta ( red ) to the femoral 
artery ( blue ). The time delay (Δt) is used in the determina-
tion of “ascending aortic” pulse wave velocity, where the 
distance between carotid and femoral arteries is divided 
by time required for the pressure wave to travel.  Bottom : 
Ascending aortic pressure wave in a young individual 
( left ) and old subject with stiffened arteries ( right )       

Δ t
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    Pulse Wave Velocity: The Best 
Currently Available Non- invasive 
Measure of Arterial Stiffness 

 Pulse wave velocity (PWV) is the speed of the 
pulse wave generated by the heart, along the arte-
rial tree. It is considerably higher (5–15 M/s) 
than the blood fl ow velocity (peak ~1 M/s) and is 
determined by properties of the arterial wall and 
of blood within. It is determined by the stiffness 
of the segments of arterial tree traversed by the 
pulse according to the Moens-Korteweg equation 
[ 1 ,  2 ]:
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where “E” is stiffness of the arterial wall as 
Young’s modulus [ 1 ], “h” is wall thickness 
(assuming homogeneity), “ρ” is kinematic vis-
cosity of blood = blood viscosity ÷ density, and 
“D” is diameter. Typical values of ascending aor-
tic PWV of a child are 3–5 M/s. This can be com-
pared to peak fl ow velocity in the ascending aorta 
(~1 M/s) and the height of the human body in a 
12 year-old child 1–1.5 M, and distance from 
heart to resultant peripheral refl ecting site of 
~0.5 M [ 1 ,  2 ]. A refl ected pressure wave would 
be expected to appear some 300 ms after the foot 
of the pressure wave and to be most prominent 
after the aortic valve shuts. In an older adult, with 
aortic PWV 10 M/s and height 1.5–2 M, the 
refl ected wave would be expected in late systole. 
Both waves in Fig.  1.2  are typically what one 
sees in young and old human respectively. 

 PWV in the aorta can be estimated from mea-
surement of distance from aortic origin to femo-
ral artery, then measuring the delay in the foot of 
the wave between ascending aorta (or carotid 
with correction of delay from aorta to carotid 
site) to femoral artery [ 13 ]. Typical values for a 
young adult are distance 0.6 M, delay 100 ms, 
and “aortic” PWV of 6 M/s. 

 Effi ciency of the arterial tree, as referred to 
above, was one of the key interests of pioneers of 
this fi eld such as Donald McDonald and Michael 
Taylor, some 50 years ago [ 2 ,  3 ]. It had been 

alluded to by Hales [ 12 ] in 1769 as the cardiovas-
cular “oeconomy”. Taylor noted that aortic PWV 
was always slightly higher than peak fl ow veloc-
ity from the left ventricle (in a child 3 M/s com-
pared to 1 M/s respectively) so there would be no 
concern about development of shock waves in the 
aorta, and that there was such correspondence 
between PWV, body length and heart rate that 
wave refl ection would normally return to the heart 
after ventricular ejection had ceased, and so would 
not increase left ventricular load of that beat. On 
the other hand, the refl ected boost to pressure dur-
ing diastole would maintain coronary perfusion 
pressure during diastole – the only period when 
the left ventricular muscle was relaxed and capa-
ble of being perfused. Taylor commented on these 
desirable features of arterial function, showed 
that they were retained in mammals of different 
size and responsible for the inverse relationship 
between body size and heart rate [ 3 ]. Milnor [ 14 ] 
and O’Rourke [ 15 ] later highlighted these issues, 
with the latter pointing out how the optimal tim-
ing of wave refl ection was lost with aging as aor-
tic PWV increased and wave refl ection arrived 
early to augment pressure or suppress fl ow [ 1 ,  2 , 
 6 ] from the heart in late systole. 

 Fifty years back [ 2 ], the marked increase of 
aortic PWV with age in humans was not appreci-
ated, nor were the ill-effects this had on the heart. 
Maximal effi ciency of the arterial tree appears to 
decrease progressively from around age 30. This 
corresponds to the average life span in earlier 
times; hence arterial degeneration after age 30 [ 2 , 
 6 ] did not pose an evolutionary threat to the 
human species.  

    Principles of Measurement, 
Analysis 

 Invasive studies of arterial pressure and fl ow 
waves were undertaken up till around 1950 
by physiologists exclusively, initially by pio-
neers such as Starling, Frank and Wiggers, 
then after devastation of Europe by two World 
Wars and their sequelae, later by luminaries of 
American Physiology such as Hamilton, Dow and 
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Remington. Concepts of this time are  prominently 
displayed in the Handbooks of the American 
Physiological Society [ 16 ]. However, physi-
cians of the late nineteenth century (i.e. 60 years 
before) had sought clinical information through 
analysing radial and carotid pulse waves as intro-
duced by Marey and Mahomed, using mechanical 
sensors and smoked drums, but these lapsed with 
introduction of the cuff sphygmomanometer, and 
the numbers they provided for brachial cuff sys-
tolic and diastolic pressures [ 17 ]. Electronic sen-
sors were introduced by Wiggers and Hamilton 
for measurement of pressure waves, then electro-
magnetic fl ow cuffs for direct application to an 
artery were introduced just prior to World War 
2. Physiologists using these devices were gen-
erally aware of the shortcomings of the devices 
they used for measuring pressure and fl ow, and 
the potential artefacts that accompanied their 
use, as well as concerns on frequency response 
of recording systems. Around this time, and even 
later, medical device industries were primitive or 
non-existent, and physiologists needed to make 
and calibrate their own [ 18 ]. As late as 1964, 
Taylor’s laboratory in Sydney made its own cuff 
electromagnetic fl owmeter probes, and callipers 
for measuring pulsatile diameter change, and cali-
brated these for steady and pulsatile response. In 
the process, physiologists became very aware of 
instrumental and analytic shortcomings [ 19 ], but 
were guided by the traditions of their profession, 
inherited from European masters including Carl 
Ludwig that “Die Methode ist Alles” [ 19 ]. 

 Shortly after conclusion of World War 2, the 
fi eld of arterial hemodynamics was taken up 
again, particularly in the USA with the fi eld of 
coronary hemodynamics investigated thoroughly 
by Donald Gregg [ 20 ] and colleagues at the Walter 
Reid Hospital in Washington using cuff electro-
magnetic fl owmeters, then by Braunwald and col-
leagues [ 21 ] at the National Institute of Health 
for study of animal and human heart function. 
Enthusiastic development of cardiac surgery and 
cardiac catheterisation widened the fi eld, introduc-
ing more and better instruments, but eventually a 
degree of laxity on fundamentals – a straying from 
the dicta of Ludwig. This was later associated with 

break-up of the American Physiological Society 
so that Neurophysiology joined Neuroscience, 
and Cardiovascular Physiology became largely a 
clinical discipline. Similar changes in allegiance 
have occurred elsewhere, but for Physiology, 
incorporation with anatomy or clinical science 
can be seen as a backward step in medical pre and 
postgraduate education. 

 Up until the late 1960s, the strong depart-
ments of academic cardiovascular physiology 
were directed by those who sought to examine 
cardiovascular physiology in the time domain, 
as it had been prior to the Second World 
War [ 16 ]. Alternative approaches, developed 
largely in emerging departments of Biomedical 
Engineering, were spurred on by physiologists/
mathematicians McDonald, Womersley and 
Taylor in Britain who espoused analysis of pres-
sure and fl ow in the frequency domain, with 
pressure wave transmission described in terms of 
transfer functions of modulus and phase plotted 
against frequency, and pressure/fl ow relation-
ships described as modulus and phase of imped-
ance [ 2 ,  22 ,  23 ]. These analytic principles are 
now regarded as complementary, but they are 
often not familiar to the modern conventionally-
trained physicians and clinical scientists who 
now dominate the fi eld of arterial hemodynam-
ics, and are strongly represented in this book. 

 Modern advances in arterial hemodynamics, 
as used in clinical departments, were fi rst devel-
oped in experimental animals where it was pos-
sible to control variables in a way that is not 
possible in clinical practice. Clinicians work in 
an environment when advance needs be made in 
the process of treating patients to the highest pos-
sible standards. Corners need be cut and approxi-
mations made. Such need is a fact of life, and not 
necessarily undesirable. Indeed McDonald’s new 
approach was based on the assumption (quanti-
fi ed by Womersley [ 23 ]), that non-linearities in 
pressure/fl ow relations were suffi ciently small to 
be neglected to a fi rst approximation. However, 
many problems have arisen in clinical practice 
with respect to the issues previously discussed in 
this chapter, and warrant consideration when 
reading what follows in later chapters.  
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    Wave Refl ection 

 Readers will fi nd considerable confusion on 
this subject in recent publications [ 24 ], and 
even in this book. The view presented in this 
chapter is conventional and mainstream – that 
promoted by Wiggers and other classic physi-
ologists at the time of the peak infl uence of the 
American Physiological Society and the (British) 
Physiological Society [ 2 ,  16 ], and by Taylor and 
colleagues on the basis of conventional physi-
ology and from analysis of pressure and fl ow 
waves in both the time and frequency domain. 
This view notes studies extending back to Galen 
and Harvey, implemented by master surgeon 
John Hunter in 1775 [ 25 ] for treatment of pop-
liteal aneurysms. These are interpreted now to 
show that wave refl ection has greatest effect on 
the low frequency components of fl ow and pres-
sure waves (i.e. those of greatest magnitude) 
and least effect on higher harmonics which are 
highly damped [ 26 ]. A different point of view is 
promoted by groups in Calgary [ 27 ] and London 
[ 28 ] who see greatest effect of wave refl ection on 
higher harmonics. The views are based on studies 
from a single human catheterisation laboratory in 
London, and are debated sometimes scathingly 
[ 29 ] as reactionary “Cross Talk” in 2013 editions 
of the Journal of Physiology (London) [ 27 ], and 
in other journal correspondence [ 29 ]. Early wave 
refl ection in the ascending aorta, as manifest 
from pressure wave augmentation, ratio of back-
ward to forward wave or as pressure wave ampli-
fi cation has been shown to predict cardiovascular 
events in the majority (14/19) of reported studies 
(Table  1.2 ). In the fi ve negative studies, amplifi -
cation was not measured with validated methods.

   Another viewpoint on wave refl ection is 
voiced in a series of articles from distinguished 
authors in the main clinical journal of the 
American Heart Association where magnitude of 
wave refl ection is gauged from magnitude of aor-
tic augmentation index, without consideration of 
effects of wave refl ection on fl ow from the heart. 
Wave refl ection can subtract from fl ow as well as 
add to pressure [ 2 ,  30 ,  31 ]. To properly interpret 
pressure waves in the arterial system one needs to 
consider not only shape of the pressure wave but 

the fl ow wave that generates the pressure wave 
[ 2 ,  9 ]. This is why the best description of LV 
hydraulic load is as vascular impedance, and this 
requires measurement of fl ow as well as pressure, 
then describing the relationship in the frequency 
domain as pioneered by Taylor and Milnor 
50 years ago [ 32 ,  33 ]. 

 Another problem in interpretation of 
 impedance and fl ow waveforms in human studies 
has been the use of Doppler fl owmetry in the left 
ventricular outfl ow tract from the envelope of the 
fl ow wave and the assumption of laminar fl ow in 
the ascending aorta. The envelope of fl ow repre-
sents highest velocities in a turbulent jet and does 
not represent average fl ow across the aorta at any 
point in time. The turbulence can be seen in 
Magnetic Resonance (MR) studies as forward 
and backward fl ow occurring at the same time 
and as previously mentioned. The MR analysis 
enables backward and forward fl ow to be sepa-
rated, with instantaneous mean fl ow estimated 
across the aortic lumen [ 34 ,  35 ]. MR ascending 
aortic fl ow shows the predicted pattern, as previ-
ously shown in experimental animals and humans 
with cuff type electromagnetic fl owmeters. MR 
ascending aortic fl ow (peak and mean) is less 
than Doppler fl ow, and decreases with age in line 
with increase in aortic cross-sectional area. Such 
differences in fl ow are not seen in Doppler stud-
ies, nor in multiple impedance values reported 
therefrom [ 36 – 38 ].  

    Amplifi cation of the Pressure Wave 

 Amplifi cation of the pressure wave (Fig.  1.3 ) in 
the upper limb is expressed as amplitude of radial 
pulse pressure divided by central aortic pulse 
pressure. It is independent of brachial cuff pres-
sure since it is a ratio of pressures, and ranges 
between 0 (in older subjects) and 2 (in younger 
subjects), and is inversely related to augmenta-
tion index, and is caused by wave refl ection as 
this infl uences the timing of the refl ected wave in 
aorta and radial artery. Wave refl ection is known 
to be high (0.80 estimated by O’Rourke and 
Taylor in a vascular bed [ 32 ,  39 ,  40 ] and up to 
100 % by Hamilton and others [ 16 ]) but cannot 
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   Table 1.2    Wave refl ections and risk predictions   

 Author  Population  n  Method  Endpoint  Independent of 
 Signifi cant 
parameter 

 London  ESRD  180  Carotid 
PWA 

 Mortality  DBP  AIx 

 Takenaka  ESRD  104  Radial 
PWA 

 CV events  n/a  AIx 

 Covic  ESRD  92  Aortic 
(GTF) 
PWA 

 Mortality  bSBP, bPP  – 

 Verbeke  RTX  512  Aortic 
(GTF) 
PWA 

 CV events  bSBP, MBP, 
PWV 

 AP, (AIx) 

 Weber  CKD 3,4  111  Aortic 
(GTF) 
PWA 

 Cardiorenal 
events 

 MBP  AIx, AP 

 Ueda  Coronary intervent  103  Aortic 
PWA 

 Restenosis  n/a  AIx 

 Weber  Coronary intervent  262  Aortic 
(GTF) 
PWA 

 CV events  bSBP, bPP  AIx 

 Weber  CAD  520 m  Aortic 
(GTF) 
PWA 

 CV events  MBP, bPP  AIx 

 Chirinos  CAD  297 m  Aortic 
PWA 

 CV events  MBP, bPP  AIx, AP 

 Weber  CAD  725  Aortic 
(GTF) 
PWA, 
WSA 

 CV events  MBP, bSBP, 
DBP 

 AIx, AP, Pb 

 Sung  Heart failure hosp  120  Carotid 
PWA, 
WSA 

 CV events  MBP  AP, Pb 

 Sung  Heart failure hosp  80  Carotid 
PWA 

 CV events  n/a  AP 

 Wang  Community  1,272  Carotid 
PWA, 
WSA 

 CV mortality  MBP, bSBP, 
bPP, PWV 

 Pb, (AP) 

 Mitchell  Community  2,232  Carotid 
PWA 

 CV events  bSBP  – 

 Chirinos  Community  5,960  Radial 
PWA, 
WSA 

 CV events/HF  bSBP, DBP  AIx, RM 

 Benetos  Very elderly  1,126  Carotid 
PWA 

 Mortality  n/a  – 

 Williams  Hypertensives  2,199  Aortic 
(GTF) 
PWA 

 CV + renal 
events 

 n/a  (AP) 

 Dart  Hypertensives  484 f  Carotid 
PWA (?) 

 CV events  n/a  – 

 Manisty  Hypertensives  259  Carotid 
PWA 

 CV events  DBP  – 
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be above unity (or below zero). The greatest 
value approximating 100 % is seen for positively 
refl ected waves from “closed end” sites where 
low resistance arteries terminate in high resis-
tance arterioles summate at the periphery (e.g. 
radial site) [ 41 ]. The lowest value approximating 
zero (Fig.  1.3 ) is seen when the refl ected wave is 
of similar height in peripheral and central arteries 
because of high aortic impedance at low frequen-
cies in persons with stiffened arteries [ 32 ].

   Amplifi cation of the pressure wave in the 
upper limb as measured invasively or as gener-
ated by the SphygmoCor (AtCor) method 
 non- invasively is similar to that measured by the 
Omron HEM9000 (Omron) non-invasive device, 
but both are different to amplifi cation described 
by van Bortel [ 42 ] and by Mitchell [ 43 ] who base 
their calibrations on brachial artery tonometry 
and who fi nd no amplifi cation between brachial 
and carotid arteries but extreme amplifi cation 
between the brachial and radial arteries. This 
anomaly (referred to as the Popeye phenomenon, 
on the basis of a cartoon character with huge 
forearms) is not seen in directly recorded pres-
sure waveforms, and is attributable to an inability 
to applanate (fl atten) the anterior surface of the 
brachial artery when not supported by bone 
behind, and covered superfi cially by the rigid 
brachial aponeurosis [ 44 ]. This issue has con-
fused and continues to confuse many clinician 
scientists, but is explained on the basis of theory 
and practice of applanation tonometry, and on 
estimation of amplifi cation from brachial mean 

and diastolic pressure. The brachial artery wave, 
measured by tonometry, is blunted at its peak, 
and shows a Form Factor ((mean pressure – dia-
stolic pressure) ÷ pulse pressure) identical to 
carotid and aortic pressure. Since amplifi cation is 
determined by the ratio of Form Factors between 
the sites, calculated carotid and central pulse 
pressures appear identical [ 44 ]. 

 While wave refl ection from the lower body 
has substantial effect on the ascending aortic 
pressure wave (as a consequence of more refl ect-
ing sites in the lower than upper body), wave 
refl ection in the upper limb has little or no effect 
on the ascending aortic pressure wave in humans 
[ 45 ]. Amplifi cation in the upper limb is however, 
of substantial clinical signifi cance since arterial 
pressure is conventionally measured by cuff 
sphygmomanometer at the brachial site (provid-
ing just peak and nadir of the wave) or when 
more accuracy or detail is desired, in the radial 
artery by a catheter or cannula. The principles 
enunciated above can best be applied to the car-
diovascular system by generating the aortic pres-
sure wave from the radial pressure pulse. This 
can be done by using the transfer function, 
applied to the radial artery pulse, measured non- 
invasively by applanation tonometry and cali-
brated to brachial cuff peak and trough pressures, 
or from the radial artery pulse recorded directly 
by invasive cannulation [ 2 ]. It is appropriate to 
use the transfer function technique because the 
transfer function for pressure wave transmission 
in the upper limb is applicable in all fully grown 
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  Fig. 1.3    Pulse pressure 
amplifi cation (brachial pulse 
pressure/aortic pulse pressure) 
plotted against aortic augmenta-
tion index (AIx) calculated as 
augmented pressure divided by 
pulse pressure. There was 
signifi cant difference in pressure 
amplifi cation between subjects 
with aortic AIx more than 0 % 
and aortic AIx greater than or 
equal to 50 % (p < 0.0005). This 
range contained over 98 % of all 
data (Reproduced with permission 
from O’Rourke and Adji [ 52 ])       
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humans, irrespective of age, gender, or degree of 
cardiovascular disease elsewhere, or of drug ther-
apy [ 2 ]. Transfer functions used in recent major 
studies [ 7 ,  46 ] are similar to those in the original 
SphygmoCor device, which was approved by the 
US FDA # K002742 and K012487. 

 While the transfer function remains constant 
in the upper limb arteries, amplifi cation of the 
compound pulse (i.e. radial pulse pressure ÷ aor-
tic pulse pressure) is related to augmentation 
index of the aortic pulse, and to cardiovascular 
disease elsewhere. Value of pressure amplifi ca-
tion in the upper limb depends on the harmonic 
components of the aortic pulse, and hence on 
ascending aortic impedance, which is the best 
possible measure of left ventricular afterload 
[ 33 ]. This can now be determined accurately and 
non-invasively by relating the ascending aortic 
pressure wave to the ascending aortic fl ow wave 
recorded by MRI [ 35 ].  

    Bodily “Oeconomy” 

 Stephen Hales, the English clergyman who fi rst 
measured arterial blood pressure [ 12 ], lived in the 
era of prominent botanists Solander and Banks 
(who accompanied James Cook on his historic 
voyage of discovery to the South Pacifi c in 1770), 
and was as interested in movement of sap in the 
bark of trees as in the movement of blood in 
arteries of animals. His book Statical Essays: 
containing Haemastatics [ 12 ] described “a Matter 
well worth enquiring into, to fi nd the Force and 
Velocity with which these Fluids are impelled; as 
a likely means to give a considerable Insight into 
Animal Oeconomy”. Hales stressed optimal 
function (oeconomy) as the change of highly pul-
satile fl ow at the aorta’s origin from the left ven-
tricle into steady non-pulsatile fl ow in the 
smallest arteriolar and capillary vessels. He 
invoked for the fi rst time the Windkessel (aortic 
elastic chamber) concept and the concept of 
peripheral resistance in small vessels of vascular 
beds as the relationship of steady, non-pulsatile 
fl ow to steady, non-pulsatile pressure. 

 Hales’ views on arterial “oeconomy” are taken 
a step forward by the concepts presented here. 
The arterial tree was seen by Hales as very 

 effi cient as a conduit, with high mean pressure 
maintained right down to the most peripheral 
arterial vessels through arterial conduits of low 
resistance, and with abrupt change into high 
resistance arterioles whose resistance could be 
lowered when high fl ow is required. Taylor [ 3 ] 
pointed to problems of “oeconomy” with a 
Windkessel. The tubular model utilised by Taylor 
has wave refl ection occurring at multiple junc-
tions of low resistance arterial conduits with high 
resistance arterioles, and having the effect of con-
fi ning pulsations to the proximal low resistance 
conduit arteries. “Oeconomy” also extends to the 
origin of the tubular model where the heart beat 
of the animal is such that it is “tuned” to the 
timely return of refl ected waves such that 
refl ected pressure surge in the aorta is least dur-
ing systole and most during the period of diastole 
when the coronary patency and perfusion is 
restored (after compression with closure during 
systole) and when the relaxed left ventricular 
myocardium can be perfused [ 2 ,  3 ]. This issue 
was addressed by McDonald, Taylor, Milnor and 
O’Rourke, and seen to explain the inverse rela-
tionship between heart rate and body length [ 2 ,  3 , 
 14 ,  15 ]. It was taken further to explain how fur-
ther tuning can be attained during long distance 
running, by entraining step rate to heart rate, and 
utilising vertical body movement that necessarily 
accompanies horizontal movement to assist left 
ventricular ejection and coronary fl ow [ 2 ,  47 ]. 
Folkow [ 2 ,  48 ,  49 ] has commented on how such 
bodily movement, entrained with heart rate, can 
optimally increase fl ow to rhythmically contract-
ing large hip and leg muscles during long dis-
tance running and with the heart perfused during 
upward movement, and the leg muscles when the 
body falls before the next upward step.  

    Impaired “Oeconomy” with Aging 
in Man 

 Bjorn Folkow, recently deceased, was the most 
recent of a long line of brilliant Scandinavian 
physiologists, with his name attached to the high-
est annual prize of the European Society of 
Hypertension. Folkow wrote extensively on arte-
rial and cardiovascular aging in humans [ 50 ]. 
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He described how the oeconomy of arterial func-
tion is distorted by aging, with progressive aortic 
stiffening causing increased aortic impedance 
and increased pulsatile pressure in the arterial 
tree. His interest followed the work of Taylor, 
Glagov, and others [ 6 ] as this applied to the non- 
living components of the arteries – with fracture 
and disorganisation of elastic fi bres and remodel-
ling with collagen. 

 Stephen Hales’ other interest was with botany, 
and the normal fl ow of sap with nutrients from 
the ground to the leaves, fl owers, and eventually 
to the seeds that ensure viability of the species. 
We see a continuity of interest in an aging human 
and in an aging or “stressed” tree, in that the aged 
human has cells which can live on, and can pro-
create normally (even from a male in his 90s) but 
whose cells are subject to the carriage of blood 
in adequate amounts, like the tree’s leaves and 
blooms are subject to carriage of sap. Cells are 
threatened in the one case by progressive inability 
of the left ventricle to pump against a progres-
sively increasing impedance [ 6 ,  8 ], and through 
damage of cerebral arteries of supply by increas-
ing pulsatile tensile and shear stresses ([ 2 ,  6 ,  10 , 
 12 ], Chap.   24    ), and in the other case by fatigue 
and eventual fracture of bark, branches and trunk, 
with inadequate delivery of sap from the roots to 
the leaves above. In both cases, degeneration with 
age is attributable to fatigue and fracture of non-
living material (elastin and wood respectively) 
laid down by cells, and lasting long enough to be 
damaged by repetitive stretch or bending. This 
phenomena of aging is not seen in animals who 
die of other causes before attaining three billion 
heartbeats; it is seen in some birds who do [ 2 ,  51 ].     
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     The hemodynamic characteristics of most forms 
of hypertension consist of an elevated blood 
 pressure, an increased arterial stiffness, and an 
elevated peripheral vascular resistance. The 
description of mechanical forces within the car-
diovascular system requires distinction between 
those that are mainly of a pulsatile nature (pulse 
pressure, PP) and those that are steady and 
 continuous (mean arterial pressure, MAP). PP is 

predominantly infl uenced by the elastic proper-
ties of the large conduit arteries, whereas MAP is 
determined by the resistance to fl ow in smaller 
arteries and arterioles [ 1 ]. The large conduit 
arteries are composed of an endothelial cell layer, 
vascular smooth muscle cells, and a relatively 
large amount of extracellular elastic tissue. This 
structure renders them a temporal buffer for 
blood during the ejection phase of the heart 
(Windkessel function) and effectively tends to 
reduce its afterload [ 1 ] The small arteries and 
arterioles are a continuous distal segment of the 
vascular system consisting of an endothelial cell 
layer, a relatively large vascular smooth muscle 
cell layer, and smaller amounts of extracellular 
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elastic tissue. In this segment pulsations gradu-
ally disappear and pressure drops. The exact 
location of the pressure drop may differ per tis-
sue. In the kidney, for example, a relatively high 
pressure – and associated pulsatility – is main-
tained to the level of afferent arterioles. In con-
trast, in the mesentery the pressure drop is located 
more proximally [ 2 ]. For a single vessel, resis-
tance can be calculated as mean pressure divided 
by fl ow. However, in the microcirculation vessels 
are part of a larger network. In such a network 
resistance is determined by the vascular architec-
ture, the number of vessels, and their intercon-
nections, such as parallel- coupled vessels or 
arcades. 

 Mechanical forces at the different levels of the 
vascular system are determined by various short- 
term and long-term control mechanisms [ 3 ]. 
Acute mechanisms include the myogenic 
response, endothelium-dependent paracrine fac-
tors, and nervous mechanisms. These mecha-
nisms are predominantly active in the more distal 
segments of the vascular tree. Long-term control 
of mechanical forces depends on endocrine sys-
tems such as the renin-angiotensin-aldosterone 
system (RAAS), the renal control of body fl uid 
volumes, and structural regulatory mechanisms. 
In the classical Guytonian theory of long-term 
control of blood pressure, renal body fl uid control 
was the predominant mechanism [ 3 ]. Cumulating 
evidence over the last decades shows that struc-
tural mechanisms play an equally important role. 

    Structure of the Vascular System: 
Developmental Aspects 

 In the classical control theory of the cardiovascu-
lar system, vascular structure was generally 
regarded as a static phenomenon [ 3 ]. We now 
know that this is not the case: vascular structure is 
dynamic, although with a relatively slow time 
constant. The ability to alter its structure (vascular 
plasticity) is largest during embryological and 
perinatal growth. In the embryo the large arteries 
develop from the aortic arches. After entering the 
embryonic mammalian heart, the blood is pumped 
into a series of aortic arches that encircle the phar-

ynx to bring the blood dorsally [ 4 ]. In mammals 
only one of these arches survives to reach the 
aorta. Other arches become the root of the subcla-
vian, the carotid, or the pulmonary arteries, while 
other arches degenerate. The aorta and pulmonary 
artery have a common opening to the heart for 
much of their development. Eventually, partitions 
form within the truncus arteriosus to create two 
different vessels. Only when the fi rst breath of the 
newborn mammal indicates that the lungs are 
ready to handle the oxygenation of the blood does 
the heart become modifi ed to pump blood sepa-
rately to the pulmonary artery [ 4 ]. Upon cessation 
of the placenta blood fl ow, perfusion of many 
arteries is  approximately halved. This diminution 
probably refl ects the decreased demands for per-
fusion because arterial pO 2  doubles after lung 
ventilation starts [ 1 ]. The most signifi cant change 
seen in a major systemic vessel is a more than 
90 % decrease in blood fl ow in the subrenal 
abdominal aorta [ 5 ]. In sheep, this dramatically 
decreased blood fl ow is accompanied by a marked 
reduction in the abdominal aortic diameter and a 
near arrest due to wall-tissue accumulation that 
lasts 3 weeks [ 5 ]. Around birth a rapid accumula-
tion of elastin in the aorta is necessary to modu-
late the Windkessel function. Martyn and 
Greenwald [ 6 ] proposed that reduced elastin 
deposition in low-birth- weight babies might lead 
to increased stiffness in the major arteries and 
thus might predict subsequent elevated PP and 
hypertension. The amount of elastin in large arter-
ies is largely determined during early life with 
little turnover later in life [ 6 ]. 

 The development of microvasculature is the 
result of a highly complex and plastic process of 
vasculogenesis and angiogenesis. Vasculogenesis 
is the de novo formation of blood vessels from 
the mesoderm. In most tissues capillaries do not 
arise as smaller and smaller extensions of the 
major vessels growing from the heart, but are 
formed independently within the tissues them-
selves [ 4 ]. These organ-specifi c capillary net-
works eventually become linked to the extensions 
of the major blood vessels. Vasculogenesis is not 
the only way to make blood vessels. In organs 
like the brain and kidney, existing blood ves-
sels sprout and send endothelial cells into the 
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 developing organ. This type of blood vessel 
growth is referred to as angiogenesis. 

 Research in the past two decades has led to an 
explosive increase in knowledge concerning the 
molecular and cellular processes underlying vas-
culogenesis and angiogenesis. The reader is 
referred to several recent review articles for an 
update on this research [ 7 ,  8 ]. Interestingly the 
basic mechanical laws underlying the embryo-
logical growth of blood vessels were postulated 
more than 100 years ago by Thoma [ 9 ]. Thoma 
proposed that the rate of blood fl ow is an impor-
tant determinant of both the diameter of individ-
ual vessels and the growth of vessels in a 
developing vascular network. Murray [ 10 ] subse-
quently proposed that vascular networks adapt 
their geometry on the basis of the principle of 
minimalization of work required to maintain ade-
quate blood fl ow.  

    Structure of the Vascular System: 
Control of Blood Pressure 

 The plasticity of the vascular system is highest 
during the embryological and perinatal period, as 
was discussed above. However, also in adults the 
vascular tree can adapt its structure to physiologi-
cal requirements. Two important sources of stim-
uli can trigger long-term adaptations in vascular 
structure: (a) metabolic and (b) mechanical trig-
gers. Metabolic stimuli act predominantly at the 
microvascular level. Microvascular structure can 
be adapted to an altered metabolic demand both 
acutely and chronically. The acute response dur-
ing hyperemia is a dilation of small arteries and 
arterioles as well as capillary recruitment. Tissues 
thus have an acute fl ow reserve. This fl ow reserve 
is signifi cantly reduced in patients with hyperten-
sion, heart failure, or diabetes mellitus [ 11 ]. The 
long-term mechanism to increase the fl ow reserve 
is the growth of new microvessels. The primary 
trigger for this long-term structural adaptation is 
the tissue oxygen level. In hypertensive patients 
this long-term angiogenic response seems sup-
pressed due to a structural rarefaction of the 
microvasculature [ 11 ,  12 ]. 

 The mechanical triggers involved in structural 
control of the vascular system are predominantly 
shear stress and circumferential wall stress. On 
the basis of Murray’s principle of minimalization 
of work, Zamir [ 13 ] proposed that shear stress is 
the primary driving force for control of blood 
vessel architecture. For single vessels, adaptation 
to shear stress implies that an acute reduction in 
fl ow is countered by a lumen reduction, whereas 
an increase in fl ow is countered by a lumen 
increase. Shear stress is fairly constant through-
out the circulation, with values in the arteriolar 
tree ranging from 1.0 to 2.6 N/m 2 . Experimental 
studies have shown that long-term increases in 
tissue fl ow, during exercise or treatment with 
vasodilators, many cause a radial outgrowth of 
arteries, implying a structural lumen increase 
[ 12 ,  14 ]. Both the fl ow-induced acute vasodilator 
response and the long-term structural growth 
response are mediated by endothelium-derived 
vasoactive factors. Theoretical (computer model-
ing) studies suggest that adaptation to shear stress 
alone is not enough to explain the maintenance of 
a stable vascular network [ 12 ,  15 ]. Pressure and 
pressure-related circumferential wall stress are 
additional important mechanical factors in the 
control of microvascular network geometry [ 16 ]. 
Wall stress has been known for a long time as an 
important parameter in the control of wall thick-
ness and the diameter of individual vessels [ 12 ]. 
It is the primary trigger for the remodeling of 
arteries in hypertension [ 17 ]. Apart from these 
effects on the structure of single vessels, pressure 
may also have effects on microvascular network 
architecture. In experimental secondary forms of 
hypertension, an increase in arteriolar pressure is 
accompanied by a decrease in the number of per-
fused arterioles and capillaries [ 12 ]. 

 In conclusion, plasticity of the architecture of 
the vascular tree is a slow, but powerful mecha-
nism of control of blood pressure and its underly-
ing hemodynamic factors, such as blood fl ow, 
shear stress, and wall stress. In chronic patholo-
gies of the cardiovascular system, as they occur 
in hypertension, heart  failure, and diabetes, a fail-
ure in this plasticity may lie at the root of the 
altered hemodynamics.  
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    Cross Talk Between 
the Macro- and Microcirculation 

 During embryological and perinatal develop-
ment, a dynamic match between the macro- and 
microcirculation provides an optimal function of 
the cardiovascular system. However, even in the 
full-grown adult organism, a constant match is 
needed to maintain this function. 

 Neurohormonal cardiovascular control mech-
anisms operate constantly to guarantee this 
match. In addition, blood pressure transfers 
energy, mechanical signals, and metabolic fac-
tors independently of these neurohormonal con-
trol mechanisms [ 1 ,  18 ,  19 ]. The pressure waves 
travel at fast speed through the arterial system 
and consist of two components. The fi rst is the 
high-pressure wave generated by the left ventri-
cle that ejects into the proximal aorta. The second 
arises from the distal microvascular segment 
through the creation of wave refl ections. This 
interaction is responsible for a constant cross talk 
between the macro- and microcirculation. The 
reader is referred to other chapters in this volume 
as well as to McDonald’s Blood fl ow in Arteries 
Handbook [ 19 ] for a detailed discussion on the 
mechanical basis of pulse wave velocity and 
wave refl ections. 

 Several recent studies have suggested that 
there is a direct relation between large artery 
stiffness and peripheral microvascular function. 
In an analysis of the data from the Framingham 
Heart Study, Mitchell et al. [ 20 ] showed that 
abnormal aortic stiffness and increased pulse 
pressure are associated with blunted microvascu-
lar reactivity to ischemic stress that is in excess of 
changes attributable to conventional cardiovascu-
lar risk factors alone, including mean arterial 
pressure. Along the same lines Cheung et al. [ 21 ] 
found that increased aortic stiffness is associated 
with retinal arteriolar narrowing, independent of 
measured blood pressure levels and vascular risk 
factors. Similar results were reported for carotid 
artery stiffness [ 22 ]. Several authors have shown 
that indices of large artery stiffness are related to 
wall to lumen ratio of retinal [ 23 ] or subcutane-
ous small arteries [ 24 ].  

    Structural Abnormalities 
of the Vascular System 
and Mechanisms of Hypertension 

 Hypertension is an important cardiovascular risk 
factor primarily through the long-term damage it 
exerts on target organs like the kidney, brain, and 
heart. In this target organ damage structural 
changes in the arterial and microvascular tree play 
a dominant role [ 25 ]. Age and blood pressure are 
the two major determinants of increased large 
artery stiffness in hypertension [ 26 ]. The struc-
tural basis of large artery stiffness lies in the 
fi brotic components of the extracellular matrix, 
mainly elastin, collagen, and fi bronectin [ 26 ]. As 
blood vessels become stiffer because of age- 
related processes, the pulse wave is transmitted 
more rapidly and returns to the heart during left 
ventricular contraction, thus causing a greater 
augmentation of the central aortic systolic pres-
sure [ 27 ]. It is now well established that carotid- 
femoral PWV yields prognostic values beyond 
and above traditional risk factors [ 28 ]. 
Furthermore, increased aortic augmentation index 
is associated with coronary artery disease [ 29 ]. 

 The structural changes in small arteries in 
hypertension have been reviewed in detail 
recently by Rizzoni et al. [ 27 ] and Mulvany [ 17 ]. 
In brief, in patients with essential hypertension, 
small arteries show a greater media thickness and 
a reduced internal and external diameter with 
increased media to lumen ratio, without any sig-
nifi cant change of the total amount of wall tissue 
[ 17 ,  27 ]. These changes are usually referred to as 
eutrophic inward remodeling without net cell 
growth. In contrast, in some patients with sec-
ondary forms of hypertension or animal models 
of hypertension, hypertrophic forms of remodel-
ing are observed with a more evident contribution 
of vascular smooth muscle cell hypertrophy [ 17 , 
 27 ,  30 ]. An enhanced activity of the renin- 
angiotensin system may play an important role in 
hypertrophic forms of arterial remodeling [ 31 ]. 
Small artery structural changes are a predictor for 
later cardiovascular events [ 17 ,  27 ]. For a given 
lumen diameter, a greater cross-sectional area 
gives increased risk for cardiovascular events. 
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Mulvany [ 17 ] recently suggested that the 
increased risk may be the consequence of a 
reduced vascular reserve, in particular in the cor-
onary circulation. 

 The molecular and cellular basis of the inward 
remodeling of small arteries in hypertension has 
been investigated in recent years [ 17 ]. A rear-
rangement of the extracellular matrix seems piv-
otal. This requires a break and reformation of the 
protein cross-links which involves the action of 
integrins [ 32 ]. In addition, tissue transglutamin-
ases could be involved in the remodeling process 
[ 33 ,  34 ]. 

 The third major vascular structural change in 
hypertension is microvascular rarefaction, in par-
ticular of the smallest arterioles and capillaries. 
We have reviewed the evidence for microvascular 
rarefaction and its underlying mechanisms else-
where [ 1 ,  11 ,  35 ]. Microvascular rarefaction not 
only is a consequence of long-term hypertension 
but may even precede it as was shown in border-
line hypertensives as well as in offspring from 
hypertensive parents [ 36 ]. In 10–14-year-old 
children, elevated blood pressure is associated 
with rarefaction of retinal microvasculature [ 37 ]. 
The molecular and cellular basis of microvascu-
lar rarefaction remains enigmatic. Schmid- 
Schönbein and coworkers [ 38 – 40 ] have implied 
endothelial cell apoptosis due to oxidative stress 
mechanisms. Wang et al. [ 41 ] recently suggested 
a role for enhanced matrix metalloproteinases-
 2 in endothelial cell apoptosis and vascular rar-
efaction in spontaneously hypertensive rats. An 
alternative hypothesis is derived from the long- 
term effects of antiangiogenic drugs on micro-
vascular rarefaction. There is now ample evidence 
that hypertension is a serious side effect of anti-
angiogenic drugs used in cancer therapy [ 42 ]. 
These drugs are inhibitors of vascular growth fac-
tors such as VEGF and act via inhibition of tyro-
sine kinase cellular pathways. This may imply 
tyrosine kinase as a key molecule in microvascu-
lar rarefaction. A recent study by Le Noble and 
coworkers [ 43 ] suggests a role for a specifi c 
microRNA, miR-30a, in the rarefaction process. 
In this elegant study the essential role of miR-30 
family members was shown in endothelial tip cell 
formation and arterioles branching in a zebra fi sh 

model. Future studies in mammalian models may 
reveal the relevance of these microRNAs in the 
rarefaction process and hypertension. Already 
there is evidence that selected microRNAs are 
involved in the balance between angiogenic and 
apoptotic factors in SHR [ 44 ] as well as in 
hypertension- related target organ damage [ 45 ].  

    Conclusion 

 Historically, the macro- and microcirculation 
have been regarded as independent segments 
of the circulation, even having their own sci-
entifi c societies and journals. The evidence 
reviewed above suggests a bidirectional link 
between the macro- and microcirculation via 
the communication of pressure and fl ow 
between these segments of the vascular tree. A 
range of mechanical, metabolic, neurohor-
monal, and structural mechanisms control this 
communication. The structural mechanisms 
are the long-term controllers of the hemody-
namic stability of the vascular system due to 
their plasticity. On the other hand, long- term 
derangements in the hemodynamic stability, 
such as occurring in hypertension, heart fail-
ure, or diabetes, are the consequence of 
chronic changes in vascular structure, at the 
level of both macro- and microcirculation.     
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Abstract

Arterial stiffness differs between different sites in the arterial tree. It can, 
therefore, be of interest to know the stiffness at a particular arterial site. 
Local arterial stiffness assesses stiffness at a cross section of an artery. 
At present echo-tracking methods are the gold standard to measure local 
wall properties of superficial arteries. This technique measures with very 
high precision the diameter and diameter change of a cross section of an 
artery. For deep arteries like the aorta, CT and MRI techniques have been 
developed. Although less than echo tracking, the accuracy of these latter 
techniques increased over recent years. Assuming the cross section being 
circular, the change in cross-sectional area can be calculated from diameter 
and diameter change. From the change in cross-sectional area and change 
in pressure, the local vessel wall properties distensibility coefficient (DC) 
and cross-sectional compliance (CC) can be calculated. Distensibility is a 
measure of wall elasticity and the inverse of stiffness. Compliance reflects 
the buffering capacity of the artery. Local stiffness assessment is the only 
method that can assess both wall properties. In addition, if the pressure 
curve is available, the full pressure–diameter relation can be shown and 
wall properties at a particular pressure or pressure range (isobaric condi-
tions) can be calculated. Alternative methods have also been developed 
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 Introduction

It has been demonstrated in large cohorts that 
higher systolic blood pressure is associated with 
higher cardiovascular risk. For each level of sys-
tolic blood pressure, the risk is higher when pulse 
pressure, i.e., the difference between systolic and 
diastolic blood pressure, is larger [1–3]. Pulse 
pressure is directly related to arterial stiffness.

Pulse pressure and arterial stiffness determine, 
together with the geometrical characteristics of 
the vessel, the mechanical stress within the arte-
rial wall [4]. Arterial stiffness is involved in 3 out 
of the 4 major stress factors acting on the arterial 
wall: peak stress (systolic blood pressure), 
change in stress (pulse pressure), and velocity of 
the change in stress and stress frequency (heart 
rate) [5]. Apart from pressure, the blood flow 
exerts a low magnitude yet physiologically 
important mechanical shear stress on the arterial 
wall. Mechanical stress and the distribution of 
stress within diseased vessels are hypothesized as 
major factors determining the susceptibility of 
plaque to rupture [6–9], which is the underlying 
cause of a large majority of cardiovascular events 
and probably also rapidly growing plaques.

The assessment of local arterial stiffness and 
pulse pressure is the subject of the present chapter.

 Local Arterial Stiffness

Different arterial stiffness indices exist and are 
described in Chap. 1. Three types of arterial stiff-
ness can be considered (Table 3.1): systemic, 

regional, and local arterial stiffness [10]. This 
chapter focuses on local arterial stiffness, while 
systemic and regional arterial stiffness are dis-
cussed in other chapters.

 Definitions of Local Wall Properties

Local arterial wall properties are defined as wall 
properties per unit of length, or cross-sectional 
area wall properties, and are derived from 
locally measured pressure and diameter or pres-
sure and area loops. Whereas compliance 
reflects the buffering capacity of the artery, dis-
tensibility reflects the elastic properties of the 
arterial wall.

In clinical practice, instead of calculating 
compliance at a specific pressure, compliance is 
calculated over a pressure range, thereby neglect-
ing the nonlinearity of the pressure–area relation. 
This approximation of compliance is commonly 
called the cross-sectional compliance or compli-
ance coefficient, CC(m2/Pa):

 
CC = = × +( )D D p D D DA P D D D P/ /2 42  

and are briefly discussed. The major source of error in calculating local 
arterial stiffness comes from the assessment of the arterial pressure at the 
same arterial site. Different methods to calculate this local pressure are 
discussed.

Keywords

Local arterial stiffness • Distensibility • Compliance • Pulse pressure •
Local blood pressure • Methods

Table 3.1 Wall properties measured in different types of 
arterial stiffness

Wall property → Distensibility Compliance

Type ↓ Operating Isobaric Operating Isobaric

Systemic X
Regional X
Local X X X X

Operating at operating pressure, isobaric under isobaric 
condition, this is at a defined pressure (range)

L.M. Van Bortel et al.
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ΔA is the absolute change in cross-sectional 
area due to ΔP the local change in pressure. The 
compliance coefficient can also be calculated 
from diameter (D) and change in diameter (ΔD) 
presuming that the cross-sectional area of the 
artery is circular. In general, the compliance 
coefficient is calculated at the operating pres-
sure; this is over the full systolic–diastolic pres-
sure interval with ΔP equal to the pulse pressure 
PP, D the diastolic diameter, and ΔD the dia-
stolic-to-systolic change in diameter. However, 
when the pressure and diameter curves are avail-
able, CC can also be measured over a smaller 
pressure interval. This may be of particular use 
when CC has to be compared at isobaric 
conditions.

Similarly, one can also calculate distensibility 
using relative changes in dimensions for a pres-
sure change, which then yields the distensibility 
coefficient, DC (1/Pa), defined as

 DC = ( ) = × +( ) ×( )D D D D DA A P D D D P D/ / /2 2 2  

 Methods to Measure Arterial 
Diameter and Diameter Change

For superficial arteries such as the carotid, femo-
ral, or brachial artery, ultrasound technology is 
the method of choice to measure the cyclic varia-
tion of diameter throughout the cardiac cycle 
(the diameter distension waveforms). An acous-
tic ultrasound wave, transmitted by an echo 
transducer (typically at frequencies of 7–12 MHz 
for noninvasive vascular ultrasound applica-
tions), propagates in the tissue (at a speed of 
1,540 m/s) and reflects on interfaces with a dis-
continuity in acoustic impedance. This reflected 
ultrasound signal is captured by a receiver and, 
after processing, translated into an image, for 
instance, a 2D image of the vessel. In these so-
called B-mode images, the magnitude of the 
echo is displayed as an intensity value; the 
brighter the image, the stronger the echo. When 
visualizing the common carotid artery, a strong 
echo is generated by the vessel adventitia; the 

intima–media complex is visible as the narrow 
gray band lining the inner wall of the vessel 
(Fig. 3.1).

When scanning the vessel with a single ultra-
sound beam, and displaying the intensity of the 
echo along the beam as a function of time (i.e., 
creating an M-mode image, where “M” stands 
for “motion”), the displacement of the vessel 
becomes clear. A crude way of obtaining the 
vessel displacement is to analyze these M-mode 
images, whereby the accuracy is restricted to 
the spatial resolution of the M-mode image. To 
increase accuracy, alternative methods have been 
elaborated, making use of the received radio fre-
quency (RF) data (see RF line in Fig. 3.1). Hoeks 
and coworkers were among the first to develop 
RF data-based algorithms [11] (making use of 
cross-correlation techniques) that allowed to 
automatically detect the echo arising from the 
anterior and posterior vessel wall within the RF 
signal and to “track” the displacement of these 
echos in time. Distension waveforms, where 
vessel diameter is plotted as a function of time, 
are directly obtained by adding the displacement 
curves of the anterior and posterior wall. The 
accuracy of arterial distension obtained from 
echo tracking is about 20 times higher than the 
accuracy from M-mode imaging with most of 
the classical ultrasound devices [11, 12], with an 
error less than 5 μm and approaching 1 μm with 
modern ultrasound devices making use of echo 
tracking based on amplitude and phase infor-
mation. These algorithms have been embedded 
in commercially available ultrasound equip-
ment (Wall Track System/ART.LAB (before Pie 
Medical, Maastricht, the Netherlands), Esaote, 
Maastricht, the Netherlands, and QAS, MyLab, 
Esaote, Genova, Italy), and the equipment has 
gained the status of a reference system for mea-
surement of vessel wall displacement. These 
Esaote systems measure the changes in arte-
rial diameter simultaneously in 32 equidistant 
and parallel lines within a rectangular region of 
interest.

Another commercially available system (Aloka 
WTS E-track; Prosound Alpha 10, Tokyo, Japan) 
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evaluates the diameter changes along a single line. 
With the Aloka WTS the operator places the cali-
pers at the anterior and posterior walls to enable 
the wall tracking (cfr Vivid 7 WTS).

Palombo et al. compared the values of carotid 
distension and stiffness obtained in the same pop-
ulation, both during the same session and during 
two separate sessions, by the Esaote and by the 
Aloka WTS, in order to determine whether these 
two systems may be interchangeable.

Although the correlations between the measures 
of common carotid artery diameter, distension, and 
beta-stiffness index provided by the two WTS were 

high, carotid distension was systematically lower 
and beta-stiffness index higher with the Esaote sys-
tem as compared with the Aloka system.

They concluded that the values of carotid dis-
tension and stiffness obtained by these two differ-
ent WTS are not interchangeable and cannot be 
merged into a common database. However, cali-
brated distension curves may provide an accept-
able estimate of local carotid pressure [13].

With the increasing interest in vascular mechan-
ics, other echo-tracking systems have become 
available. These systems are based on time inte-
gration of the velocity of the vessel wall (obtained 
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Fig. 3.1 Arterial wall tracking using the Vivid 7 modal-
ity. Along with the B-mode image, radio frequency (RF; 
top left) data are measured along eight scan lines, evenly 
spread over a region of interest (RF ROI; top middle). 
RF data along a selected scan line are displayed as an 

M-mode (RF M-mode; top right). On this image,  material 
points are manually selected (lumen–intima and intima–
adventitia transitions) and tracked in time, resulting 
in cyclic variation of inner and outer diameter (bottom 
panels)
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with tissue Doppler; e.g., Philips Arterial Wall 
Motion Analyzer) [14, 15] or make use of alterna-
tive RF processing algorithms [16]. An example of 
a system using alternative RF processing is based 
on the Vivid 7 platform (GE Medical Ultrasound, 
Horten, Norway). Whereas the Wall Track System 
automatically detects the vessel wall, with the 
Vivid 7 wall track application, the investiga-
tor selects the material points within the vessel 
wall to track. This application allows tracking 
the lumen–intima interface (“inner wall track-
ing”), as well as of the media–adventitia inter-
face (“outer wall tracking”) as shown in Fig. 3.1. 
The absolute (ΔD) and relative diameter disten-
sion (ΔD/D) are higher on the inner than on the 
outer wall (Fig. 3.2). In the population studied 
by Segers et al., ΔD and ΔD/D were on aver-
age 10 and 25 % higher on the inner than on the 
outer wall, respectively [17]. This heterogeneous 
deformation is not likely to arise from any struc-
tural heterogeneity (e.g., the presence of plaque), 
but can be explained by simple geometrical con-
siderations. Arterial distension is accompanied 
by thinning of the arterial wall because of con-
servation of wall volume, leading to a smaller 
increase in diameter of the outer compared to the 
inner wall.

To increase reproducibility of data, the auto-
mated wall detection algorithm of the Wall Track 
System picks the largest echo in the radio fre-

quency signal, generally arising from the adven-
titia of the near and far wall. As a consequence, 
the automated wall detection algorithm of the 
Wall Track System showed larger diameters and 
smaller distensions than the investigator-guided 
Vivid 7 wall track application [17]. The place of 
wall detection is substantially influencing the 
results. As a consequence of this observation, it 
appears logical to consider the lumen–intima 
interface as the most appropriate for wall detec-
tion. On the other hand, all studies on cardiovas-
cular risk and local arterial stiffness have been 
done on the media–adventitia interface. These 
observations lead to some considerations which 
require further research: (1) It is not clear whether 
assessments of arterial stiffness based on lumen–
intima interface will have a higher predictive 
value for cardiovascular risk than the current 
assessments based on the media–adventitia inter-
face. (2) Theoretically it might be. However, the 
lumen–intima interface definition is less accurate 
and reproducible than the media–adventitia inter-
face. (3) In longitudinal studies where vessel wall 
remodeling may occur, it is not a priori clear 
which material point should be used to derive the 
functional parameters reflecting the mechanics of 
the vessel. It is further expected that for more 
muscular arteries (brachial, radial, femoral 
artery) and in vessels subject to wall remodeling, 
the differences in ΔD and ΔD/D over the vascu-
lar wall will be more pronounced. (4) Particularly 
in longitudinal trials, reproducible automated 
investigator-independent wall detection may 
decrease interpretation bias.

It is clear that in comparing data from differ-
ent studies or different devices, it is important 
to know which material point within the vessel 
wall has been used to calculate diameter and 
distension parameters. Therefore the tracking 
point should be clearly mentioned in the methods 
section.

Finally, other imaging techniques like CT 
(computer tomography) and MRI (magnetic res-
onance imaging) are available, with rapidly 
increasing possibilities for vascular research [18, 
19]. These techniques are of particular interest 
for deep arteries, like the aorta, which cannot 
yet be measured with appropriate resolution by 
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Fig. 3.2 Relative diameter change (ΔD/D) in a mixed 
population when tracking the inner (lumen–intima transi-
tion) or outer (media–adventitia transition) wall with the 
Vivid 7 system and the automated wall tracking modality 
of the Wall Track System (WTS) [17]
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 noninvasive ultrasound. These devices yield, in 
the first place, morphological information, with 
MRI allowing full 3-D imaging and reconstruc-
tions in all directions are possible. In addition, 
MRI allows measuring flow throughout the arte-
rial tree. For MRI, 1.5-Tesla machines can mea-
sure vessel dimensions with a spatial resolution 
of 1x1x6 mm and a temporal resolution of 8 mil-
liseconds. With 3-Tesla machines becoming 
more and more standard, these numbers can only 
improve. With recent scanning techniques tem-
poral resolution can be increased to 1–6 s at little 
cost to spatial resolution (1–3 mm3). These 
images can be used to represent aortic anatomy 
as a virtually rendered luminal volume. Source 
images are used to measure aortic diameters, 
preferably in a plane perpendicular to the aortic 
centerline, and at reproducible locations along 
the aorta (e.g., aortic valve ring; aortic sinus; 
sinotubular junction; ascending aorta; proximal, 
mid, and distal aortic arch; descending aorta; and 
aorta at the level of the diaphragm).

Perpendicular Fast Field Echo (FFE) cine 
images of the aorta can be used to measure diam-
eters as well, but then only in prospectively deter-
mined imaging planes. As these cine images are 
gathered in a segmented fashion, they represent 
changes of the aortic wall during the entire car-
diac cycle. FFE images are bright blood images, 
showing excellent contrast between blood and 
vessel wall. This makes them suitable for perpen-
dicular area measurement in both systole and 
diastole, from which local distensibility can be 
calculated. Typically temporal resolution of these 
images is 20–40 ms, and inplane spatial resolu-
tion is 1.2 mm2.

 Recommendations for User 
Procedures

The accuracy of in vivo measurements is depen-
dent on many different factors, including intrin-
sic accuracy of the measuring equipment, but 
also the careful adherence to measuring protocols 
and patient handling [20]. In this part, some rec-
ommendations based on a consensus conference 
on arterial stiffness measurement in Paris in 2000 

are formulated. These play at three different lev-
els [10, 21]: standardization of the participant 
condition (Table 3.2), standardization of method-
ological conditions (Table 3.3), and device- 
specific recommendations. In this chapter, the 
latter recommendations are limited to local arte-
rial stiffness measurements (Table 3.4).

 Emerging Techniques to Measure 
Local Stiffness

There is a direct inverse relation between the 
local distensibility of an elastic tube and the value 
of local pulse wave velocity (see Chap. 1). As 
such, another way of assessing local stiffness is 
measurement of local PWV. At present, different 
strategies are being explored. One strategy 
involves the assessment of the local PWV in 
tubes and arteries from a combination of two of 

Table 3.2 Standardization of the subject condition

Subjects will be at rest for at least 10 min in a quiet room 
at room temperature (consensus)
Prolong resting period or cancel measurements in 
conditions where subjects’ basal conditions are 
substantially altered, like when outside temperature is 
high or immediately after strenuous exercise (consensus)
Subjects have to refrain from smoking, eating, and 
drinking beverages containing caffeine for at least 3 h 
before assessments (consensus)
Unless measurements are performed early in the 
morning, advise a light meal 3–4 h before assessments 
(large agreement)
Subjects should refrain from drinking alcohol 10 h prior 
to measurements (consensus)
Subjects may neither speak nor sleep during assessments 
(consensus)
Authors should mention in which position measurements 
have been done (supine, sitting....) (consensus). The 
supine position is preferred (large agreement)
For repeated measures, subject measurements should be 
performed at the same time of the day and in the same 
position (consensus)
Be aware of possible “white coat” arterial stiffness, and 
if suspected, perform repeated measurements within 1 
visit or in additional visits to detect it (consensus)
Be aware of possible disturbance of data due to cardiac 
arrhythmia (consensus)

Level of agreement on the recommendation is mentioned 
within brackets
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the following measurements: pressure (P), flow 
(Q), velocity (U), diameter (D), or cross-sectional 
area (A) waveforms. This led to methods known 
as the PU-loop [22], QA [23] or ln(D)U methods 
[24]. All methods can be applied using noninva-
sive measuring techniques (applanation tonome-
try and/or ultrasound), including MRI as 
demonstrated by Vulliémoz et al. [25]. In the QA 
method, local PWV is estimated as ΔQ/ΔA, with 
ΔQ and ΔA the change in flow and area during 
early systole, when the relationship between Q 
and A is linear, as it is not disturbed by wave 
reflection. The other methods rely on the same 
principle. These methods have been validated 
in vitro and using computational methods, but to 
the best of our knowledge, there is no unequivo-
cal answer as to which of these methods is most 
accurate. These methods are not interchangeable 
and lead to different values, hampering their use 
in clinical practice [26].

With the further development in medical 
(ultrasound) imaging, techniques have become 
fast enough to directly measure the propagation 

of the pressure pulse over the short distance cov-
ered by the measuring probe. Hermeling et al. 
were among the first to demonstrate the feasibil-
ity of this technique, but they also referred to the 
difficulty in tracking the propagation of the foot 
of the wave, suggesting the dicrotic notch to be 
the better fiducial point to track [27]. This method 
of locally measuring the pulse wave propagation 
is sometimes referred to as “pulse wave imag-
ing” [28]. These novel methods are now only 

Table 3.3 Standardization of the methodological 
conditions

Where possible use validated user-independent 
automated procedures (large agreement)
One observer is preferable, in particular for repeated 
measures: in each subject measurements should be 
performed by the same observer (consensus)
Perform quality control of data obtained: repeatability 
within 1 measurement and between two or more 
consecutive measurements (consensus)
When appropriate, correcta for differences in blood 
pressure regardless the device used (consensus)
In comparative studies correct for the most important 
confounding factors: mean arterial pressure, age, and 
gender, and if necessary also for other confounding 
factors like body mass index, heart rate, and drug therapy 
(large agreement)
When correcting for confounding factors, always test for 
(non)linearity of associations, confounding factors, and 
correct accordingly. When correcting, always give 
absolute uncorrected values (consensus)
In pharmacological intervention studies, time relation to 
drug intake should be mentioned (consensus)

Level of agreement on the recommendation is mentioned 
within brackets
aCorrection can be done by statistical methods like covari-
ant analysis. Local wall properties can also be calculated/
compared at isobaric conditions

Table 3.4 Recommendations on user procedures for 
measuring local arterial stiffness

The investigator has to be well traineda (consensus)
Do not use simplified formulasb (consensus)
Do not push or squeeze the artery (consensus)
The use of the Langewouters model versus the 
measurement of isobaric compliance in a small common 
pressure window has to be discussedc (large agreement)
Pulse pressure should be measured at the site of 
distension measurements (consensus)
Pulse pressure in the common carotid artery is a valid 
surrogate for pulse pressure in the ascending aorta. This 
does not apply to the waveform (large agreement)
In the hands of a large number of investigators, pulse 
pressure data directly obtained from applanation 
tonometry are not reliable, and if so, they should be 
avoided (large agreement)
Assessment of local pulse pressure using calibrated 
pressure waves obtained from applanation tonometry 
appears a valid method. For calibration make use of a 
validated sphygmomanometer (consensus)
If no reliable pressure waves can be obtained using 
applanation tonometry, the use of distension waves from 
echo-tracking devices can be a good alternative. Also 
adding 40 % of the brachial pulse pressure to brachial 
diastolic pressure is much better than the one-third rule 
to estimate mean arterial pressure. Whether the use of 
mean blood pressure and diastolic pressure from 
oscillometric devices is reliable has to be further 
investigated (large agreement)
Repeated measurements should be done at the same local 
site: it is advisable that this site is well-defined and 
reported at the first measurement. For the common 
carotid and common femoral artery, the distance to the 
bifurcation can be used as reference

Level of agreement on the recommendation is mentioned 
within brackets
aThe investigator should obtain reproducible data compa-
rable with published data [20]
bComplete formulas are shown in this chapter, paragraph 
“Definitions of Local Wall Properties”
cExtrapolation of data outside the measured pressure/
diameter range should be avoided
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emerging. While these methods seem feasible 
and lead to realistic values of local stiffness, the 
relation between directly measured local PWV 
and the distensibility indices still needs to be 
assessed. Despite the fact that there is a direct 
theoretical relation, this relation applies to wave 
propagation in uniform tubes in absence of wave 
reflections, conditions which are not met neither 
in normal nor in diseased arteries.

 Assessment of Local Pulse Pressure

A large number of studies have shown that pulse 
pressure at the brachial artery is an important car-
diovascular risk factor [2, 3, 29]. There is grow-
ing interest in studying local pulse pressure at 
other arterial sites than the brachial artery for the 
following reasons: (1) there is increasing evi-
dence in support of the local mechanical stress 
hypothesis (see section “Introduction”) that pulse 
pressure at other arterial sites (i.e., the ascending 
aorta) may show stronger associations with car-
diovascular events [30, 31]; (2) it has been found 
that local pulse pressure is a major determinant of 
large artery remodeling [32]; (3) accurate assess-
ment of local pulse pressure may be needed for 
the correct calculation of local arterial wall 
properties.

In contrast to mean arterial pressure (MAP), 
pulse pressure is not constant throughout the 
large artery tree [33]. It increases centrifugally 
[21, 34]. However, this pulse pressure amplifica-
tion might be attenuated and even lost by early 
reflected pulse waves due to stiffening of arter-
ies and/or by more proximal reflection sites [21, 
34]. As a consequence, use of the pulse pressure 
obtained at one arterial site as surrogate of the 
pulse pressure at another arterial site might be 
erroneous [35].

The most accurate assessment of pressure is 
obtained invasively using high fidelity pressure 
transducers, measuring pressure directly at the tip 
of the catheter. However, this invasive technique 
is not appropriate for (relative) large populations 
often needed in clinical studies. In this chapter 
only noninvasive methods of pressure measure-
ment will be discussed.

Applanation tonometry has been proposed to 
assess local pulse pressure. It allows noninvasive 
recording of the arterial pressure waveform and 
magnitude in both central and peripheral arteries 
[36, 37]. This technique provides pressure wave-
forms, being almost identical to those obtained 
intra-arterially [38]. Although it is theoretically 
possible to directly measure pulse pressure with 
tonometry [39, 40], several authors are convinced 
that the magnitude of the pulse pressure obtained 
by this internally calibrated applanation tonome-
try is unreliable [12, 41].

Kelly and Fitchett have proposed an alterna-
tive calibration of the tonometer pressure waves 
[42], a method that has been validated and found 
accurate [12]. The calibration procedure is based 
on the observation that the difference between 
mean and diastolic blood pressure is nearly con-
stant throughout the large artery tree [34, 43]. 
Pauca et al. [33] showed that (in the absence of 
stenotic lesions in the arterial pathway) the dif-
ference between mean arterial pressure (MAP) 
and diastolic blood pressure (DBP) was only 
0.2 mmHg larger in the radial artery than in the 
ascending aorta. The radial MAP and DBP are 
reliable, since in 90 % percent and 92 % percent 
of the patients, respectively, the pressure differ-
ences were within ±3 mmHg of those in the aorta. 
DBP can easily be obtained at the brachial artery 
from a validated cuff blood pressure device. For 
the assessment of mean brachial blood pressure, 
different approaches can be followed. First, one 
may rely on an oscillometric blood pressure 
reader to estimate mean blood pressure. Second, 
the rule of thumb can be used, estimating MAP 
from SBP and DBP, e.g., using DBP + PP/3, PP 
being the brachial systolic–diastolic pressure 
difference. However, the accuracy of both meth-
ods is rather limited. The calculation of MAP 
from numeric integral of a calibrated accurate 
pressure wave appears the most reliable method. 
Bos et al. [44] questioned the general validity 
of the formula MAP = DBP + PP/3. Using pre-
viously recorded resting intrabrachial pressures 
and Riva-Rocci Korotkoff blood pressure mea-
surements they found that intra-arterially mea-
sured real mean pressure was at 39.5 ± 2.5 % 
of pulse  pressure above diastolic pressure in 
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all  individuals. Results were not related to age, 
blood pressure, pulse pressure, or heart rate lev-
els. Mean pressure calculated with the traditional 
one-third rule therefore underestimated “real” 
mean pressure by 5.0 ± 2.3 mmHg (P < 0.01) 
when calculated from intra-arterial pressure 
readings and by 4.9 ± 5.3 mmHg (P < 0.01) when 
calculated from Riva-Rocci Korotkoff readings. 
The conclusion was that mean pressure at the 
upper arm is underestimated when calculated 
using the traditional formula of adding one-third 
of the pulse pressure to the diastolic pressure 
and that this underestimation can be avoided by 
adding 40 % of pulse pressure to the diastolic 
pressure. Langesen et al. confirmed the superi-
ority of the 40 % of pulse pressure rule above 
the one-third rule. They also concluded that this 
40 % of pulse pressure rule was acceptable when 
studying patient groups but much less reliable on 
an individual patient level. [45].

As an example of this calibration procedure, 
the assessment of the carotid pressure is shown 
(Fig. 3.3): at the reference artery (i.e., brachial 
artery) peak and nadir of the pressure wave are 
assigned systolic and diastolic pressures deter-
mined by a conventional method (i.e., sphyg-
momanometry). The mean pressure is calculated 
from numeric integral of a calibrated accurate 
pressure wave. With assignment of the same 
mean and diastolic pressures to the target artery 
(i.e., carotid artery), the pressure wave at the tar-
get artery is calibrated throughout the cardiac 
cycle. This method has been validated and found 
accurate [12]. It got grade A according to British 
Hypertension Society criteria for the evaluation 
of blood pressure measuring devices [46].

Applanation tonometry cannot be applied to 
all subjects and at all arterial sites [34]. It requires 
a stiff or bony structure to flatten the artery wall 
and a lean skin to avoid cushioning of the  pressure 
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pulse [39, 40]. In obese subjects applanation 
tonometry often is inaccurate at a majority of 
arterial sites. In contrast to the pressure waves 
obtained by applanation tonometry, arterial dis-
tension waves from echo-tracking devices [11] 
can be obtained accurately at more arterial sites 
and also in a majority of obese subjects. 
Assessment of blood pressure based on calibrated 
arterial distension waves has been attempted in 
the past [47, 48] but failed because of lack of 
accurate arterial distension registration. Echo- 
tracking devices have shown high accuracy and 
can measure arterial distension with an error less 
than 5 μm [11]. Application of the  above- described 
calibration method on distension waves from 
echo-tracking devices showed an acceptable 
alternative for sites where use of applanation 
tonometry is unreliable [12]. This procedure got 
grade B according to British Hypertension 
Society criteria for the evaluation of blood pres-
sure measuring devices [46]. The procedure 
appears valid for pulse pressures up to 70 mmHg. 
Due to the nonlinear relation between pressure 
and diameter, it is likely that at high pressures 
distension waves may not sufficiently reflect 
pressure waves. Kips et al. [49] examined the use 
of brachial and carotid diameter distension wave-
forms as an alternative for tonometric pressure to 
assess carotid blood pressure. It can be concluded 
from this study that results are comparable as 
long as one sticks to one technique on both the 
brachial and the carotid artery, either tonometry 
or distension, when assessing carotid blood pres-
sure noninvasively. Combining tonometry on one 
site and diameter distension on the other leads to 
larger inter-method differences.

Application of the Fitchett and Kelly proce-
dure assumes that MAP is constant. This is only 
true in the large artery tree when no hemodynam-
ically relevant stenosis is present. Blood pressure 
devices making use of smaller arteries such as 
finger arteries, where increase in resistance due 
to viscous friction causes mean blood pressure to 
drop significantly along the artery, are probably 
not suitable for this procedure.

An alternative method to assess central pulse 
pressure makes use of peripheral tonometry 
recordings and a (generalized) transfer function 

to synthesize central pressure from the periph-
eral recording [50–52]. This transfer function 
appears limited to the upper limb and assesses 
ascending aorta pulse pressure from radial or 
carotid artery tonometer [34]. The merit of such 
transfer functions, as is, for instance, built in the 
SphygmoCor device, is the ease of use, since 
recordings are obtained at the radial artery, the 
vascular site which is most appropriate for appla-
nation tonometry. Validation studies by Pauca 
and O’Rourke [52, 53] demonstrated that pulse 
pressure is estimated with an accuracy meeting 
the Association for the Advancement of Medical 
Instrumentation (AAMI) [54] and British 
Hypertension Society grade A criteria [46]. The 
validity of the radial-to- aorta transfer function 
has, nonetheless, also been debated [55] and 
found to underestimate central pulse pressure. It 
is, however, likely that a substantial part of this 
underestimation is not due to the transfer func-
tion itself, but to inaccuracies related to cuff 
sphygmomanometry [56] and to the use of the 
brachial artery pressure as surrogate for the 
radial artery pressure, neglecting a possible bra-
chial-to-radial pulse pressure amplification [35].

The calibration of pressure waveforms from 
tonometry (or surrogate waveforms from diame-
ter distension measurements) using two discrete 
blood pressure values (e.g., mean and diastolic 
blood pressure) directly relates to the shape of the 
waveform, which can be quantified by the form 
factor. The form factor (FF) is defined as the ratio 
of the difference between the mean and minimum 
value of the wave and its amplitude (maximal–
minimal value):

 FF
mean minimum

amplitude
= −

 

The lower the FF, the more peaked the wave-
form. Form factors are thus lowest in peripheral 
arteries and in younger subjects, while they are 
highest in central sites and in elderly. Assuming 
that the difference between mean and diastolic 
blood pressure remains constant, the ratio of 
form factors at central over peripheral sites is the 
amplification. Noninvasive applanation tonome-
try studies of the brachial and radial artery pres-
sure waves show a substantial amplification 
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between the brachial and radial sites. [57] Adji 
and O’Rourke consider this amplification to be 
artificial, explained by an inability to applanate 
the brachial artery properly resulting in a system-
atic error in generating brachial waveforms. They 
termed the apparent amplification the “Popeye” 
phenomenon [58]. It was reported in Kips et al. 
[49] that brachial waveforms measured with 
tonometry are more peaked than the correspond-
ing diameter distension waveforms, but this was 
expected given the nonlinear relation between 
pressure and diameter. Anyhow, the relation 
between the form factor of the tonometer and dis-
tension waveforms was not different for the 
carotid and brachial artery in that study, support-
ing the feasibility of applanation tonometry as a 
reliable technique to obtain noninvasive pressure 
waveforms at the brachial artery.

Estimation of central pressure and particularly 
the use of radial versus brachial tonometry 
remain a hot debate where neither party might be 
right or wrong.
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 Introduction

The interactions between the left ventricle (LV) 
and the systemic arteries are key determinants of 
cardiovascular function, dysfunction, and various 
cardiovascular disease states. This chapter deals 
with approaches used for the assessment of 
ventricular- arterial interactions and coupling, 

with a focus on underlying hemodynamic princi-
ples and the interpretation of commonly used 
physiologic indices. We also review recent stud-
ies assessing the association between ventricular- 
arterial coupling, myocardial function, and heart 
failure risk in large populations.

 Ventricular-Arterial Coupling: 
Matching Elastances?

Ventricular-arterial coupling is still most often 
associated with the study of ventricular (Ees) and 
arterial elastance (Ea) and of their ratio, intro-
duced in the early 1980s [1]. Ees, end-systolic 
elastance, is the slope of the end-systolic 
pressure- volume relation [2], which is usually 
considered the gold standard measure of ven-
tricular contractility and chamber function. It is 
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typically measured invasively using a pressure-
volume (conductance) catheter, where the pre-
load of the heart is progressively reduced via 
inflation of a balloon in the inferior vena cava. 
When considering the pressure-volume (PV) 
plane and assuming known end-systolic pres-
sure-volume relation and end-diastolic volume 
(EDV) (and intact cardiac valves), the PV loop – 
and thus the operating conditions of the cardio-
vascular system – is fully determined with 
knowledge of the upper left- hand corner of the 
PV loop (end-systolic pressure, ESP, and end-
systolic volume, ESV). The line connecting this 
point with the EDV point on the y-axis – thus 
having a slope [ESP/stroke volume] – can be 
approximated as R/T, with R the systemic vascu-
lar resistance and T the cardiac period. The 
slope, having mmHg/ml as units, has been 
termed the arterial elastance, Ea [1, 3]. 
Knowledge of Ea and Ees provides an elegant and 
intuitive (graphical or analytical) way to study 
the interaction between the heart and the arterial 
system in the PV plane (Fig. 4.1). The impact of 
changes in preload, afterload (R), cardiac fre-
quency, and contractility on cardiac function 
(stroke volume and pressure development) is 
easily calculated and visualized. In addition, the 
PV plane provides a straightforward way to link 
ventricular function to mechanical performance 
[4]. The area enclosed by the PV loop (Fig. 4.1) 
is the stroke work (SW), while the area enclosed 
by the end-diastolic and end-systolic PV relation 
and descending limb of the PV loop is the 

“potential energy (PE),” although the terminol-
ogy “potential” is to be interpreted in a negative 
sense, as it represents the energy associated with 
pressurizing the non-ejected volume in the ven-
tricular cavity, and therefore not used for perfu-
sion. Animal studies demonstrated that the sum 
of the SW and PE (termed the pressure-volume 
area; PVA) is proportional to the myocardial 
oxygen consumption when the latter is manipu-
lated by various interventions in single animals 
[5]. This global PV-based framework now pro-
vides a way to study the relation between the 
energetic output of the ventricle (SW) and the 
total energy provided to the heart (i.e., the effi-
ciency of conversion of ATP into mechanical 
work) and this in terms of a “coupling parame-
ter” Ea/Ees. This parameter is extensively used in 
studies considering mechanico-energetic aspects 
of heart-arterial coupling [4, 6, 7]. Ea/Ees varies 
over the range of 0.5 (optimal efficiency) to 1 
(maximal stroke work generation) [4], while in 
heart failure with reduced ejection fraction, with 
dilated hearts, Ea/Ees becomes larger than one [7, 
8]. This approach is highly attractive because of 
its simplicity, but there are some issues that 
deserve closer attention:
 (i) The concept is based on experimental 

 measurements in open-chest anesthetized ani-
mals, which might not be fully representative 
of normal human physiology. It has been dem-
onstrated that the end-systolic pressure-volume 
relation is nonlinear rather than linear and sen-
sitive to loading conditions [9].

250a b

200

150

LV
 p

re
ss

ur
e 

(m
m

H
g)

100

50

0

250

200

150

LV
 p

re
ss

ur
e 

(m
m

H
g)

100

50

0
0 20 40 60

LV volume (ml)
80

EDV

Ees

Ea

ESV, ESP

ESPVR ESPVREa = Ees

Ea = 0.5Ees

100 120 0 20 40 60
LV volume (ml)

80 100 120
V

PE SW

Fig. 4.1 Panel (a) Left ventricular pressure-volume (PV) 
loop with indication of the slope (Ees) and intercept (V0) of 
the end-systolic pressure-volume relation (ESPVR) and 
the arterial elastance (Ea). The area enclosed by the PV 
loop represents the stroke work (SW), the gray area the 

“potential” energy (PE). The sum of SW and PE is the 
pressure- volume area (PVA). Panel (b) Schematic of the 
PV loop associated with Ea/Ees of 1 (maximal SW genera-
tion) and Ea/Ees of 0.5 (maximal efficiency)

J.A. Chirinos and P. Segers



39

 (ii) The method is difficult to apply in practice. 
It is, at present, impossible to measure com-
plete left ventricular pressure-volume loops 
in a noninvasive way. Part of the pressure- 
volume loop may, however, be obtained 
from aortic pressure and flow. Ultrasound 
technology may be used to estimate left ven-
tricular end-systolic and/or end-diastolic 
dimensions or ejection fraction, though the 
accuracy is rather limited. In healthy sub-
jects, there is little pressure drop over the 
aortic valve: aortic and left ventricular pres-
sure can be assumed equal during ejection. 
Knowing left ventricular end-diastolic vol-
ume (EDV) and integrating aortic flow, part 
of the left ventricular pressure-volume loop 
can thus be obtained in a noninvasive way. 
Magnetic resonance imaging may provide a 
solution for noninvasive measurement of 
instantaneous ventricular volume. It is, how-
ever, difficult to obtain sufficiently large 
alterations of pre- or afterload without inva-
sive interventions (such as the inflation of a 
balloon in the inferior vena cava to reduce 
cardiac filling and preload).

 (iii) While the terminology of Ea as arterial elas-
tance suggests that the parameter is related 
to arterial stiffness, it is not. In addition, Ea 
is highly determined by heart rate and is 
therefore not a true arterial parameter [10].

 (iv) A major drawback of the analysis in the PV 
domain is the fact that time is excluded from 
the analysis. As we will demonstrate further 
in this chapter, timing of cardiac and vascu-
lar events (contraction and relaxation) is 
important, especially in the context of 
ventricular- arterial coupling where timing of 
reflections will be shown to play a major role 
on their effective impact on myocardial load.

 Assessing Arterial Load 
with Pressure-Flow Analyses

Whereas assessment of ventricular-arterial cou-
pling in the pressure-volume plane is intuitive 
and intuitively dissects underlying determinants 
of stroke volume and LV ejection fraction, 

ventricular- arterial interactions encompass a 
wide range of phenomena that are not captured 
by this approach. Assessment of ventricular- 
arterial interactions in terms of pulsatile pressure- 
flow relations provides important incremental 
information about the physiologic status of the 
ventricular-arterial system.

At the beginning of each cardiac cycle, the 
heart generates a forward-traveling energy pulse 
that results in increased pressure and forward 
flow in the proximal aorta during early systole 
[11, 12]. The energy wave generated by the LV 
(incident wave) is transmitted by conduit vessels 
and partially reflected at sites of impedance mis-
match, such as points of branching or change in 
wall diameter or material properties along the 
arterial tree (taking place in a continuous manner 
due to geometric and mechanical tapering). 
Multiple small reflections are conducted back to 
the heart and merge into a “net” reflected wave, 
composed of the contributions of the scattered 
backward reflections. Wave dynamics are too 
complex to fully resolve in vivo and are usually 
simplified, considering only one forward (gener-
ated by the heart) and one backward wave (due to 
reflections in the periphery). Thus, wave reflec-
tions are often analyzed as a single discrete wave, 
originating from an “effective” reflection site, but 
this wave is actually the result of scattered reflec-
tions, originating from distributed reflection sites 
(see further). In addition to hemodynamic phe-
nomena related to wave transmission and reflec-
tions, the arterial system exerts a buffering 
function, which depends on its compliance, 
allowing it to accommodate additional blood vol-
ume during systole without excessive increases 
in pressure and to release that excess volume 
throughout diastole without excessive drops in 
pressure [13].

Arterial load can be precisely and comprehen-
sively characterized via analyses of pressure-flow 
relations (Fig. 4.2). The analysis of arterial input 
impedance obtained in this manner is considered 
the gold standard method for the assessment of 
arterial load [14]. Pressure-flow analyses allow 
the quantification of “steady” or “resistive” load 
and various components of pulsatile load [14–
17]. The steady component of afterload depends 
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largely on the peripheral resistance, which in turn 
depends on arteriolar caliber, the total number of 
arterioles that are present “in parallel” and blood 
viscosity [14, 17]. It can therefore be affected by 
arteriolar tone, arteriolar remodeling, microvas-
cular rarefaction, and changes in blood viscosity. 
Pulsatile LV afterload is, in contrast, predomi-
nantly influenced by the properties of larger ves-
sels. Although pulsatile LV afterload is fairly 
complex and cannot be expressed as a single 
numeric measure, key indices of pulsatile LV 
afterload can be quantified and summarized using 

relatively simple principles and mechanical mod-
els of the systemic circulation, using time- 
resolved proximal aortic pressure and flow.

Time-varying aortic pressure and flow can be 
assessed invasively or noninvasively (Fig. 4.2, 
panel a). Noninvasive assessments of central pres-
sure can be achieved using high-fidelity applana-
tion arterial tonometry at the carotid or subclavian 
[18] artery [14]. Aortic flow can also be measured 
noninvasively, using pulsed wave Doppler echo-
cardiography [19–21] or phase- contrast magnetic 
resonance imaging [22]. The most convenient 
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their ratio determines the characteristic impedance Zc. 
When reflected waves kick in, the wave shapes start to 
deviate, with reflecting generally increasing pressure and 
decreasing flow. The diastolic pressure decay is deter-
mined by the systemic vascular resistance (SVR) and total 
arterial compliance (TAC), while SVR also determines the 

absolute pressure level. Panel (b) The result of decomposi-
tion of the pressure wave into its forward and backward 
component. The ratio of their amplitudes is the reflection 
magnitude (RM). Panel (c) The computation of RM 
requires Zc, which can be estimated from the slope of the 
linear part of the pressure-flow loop, corresponding to the 
pressure and flow data prior to the arrival of reflected 
waves. Panel (d) Schematic “anatomical” indication of the 
components of afterload

J.A. Chirinos and P. Segers



41

method to assess aortic inflow is pulsed wave 
Doppler interrogation of the LV outflow tract, 
given that systolic LV volume outflow equals 
proximal aortic volume inflow [21].

LV afterload can be assessed in the frequency 
domain from the aortic input impedance spectrum 
(calculated from the harmonic components of 
central aortic pressure and flow waves) or esti-
mated in the time domain [14, 23–26]. Input 
impedance is the “summed” mechanical load 
imposed by all vessels downstream a particular 
point (and which can be fully assessed by measur-
ing time-varying flow and pressure at that particu-
lar point) [14, 15, 21, 24]. Therefore, “aortic input 
impedance” represents the summed mechanical 
load impeding LV ejection. It should be noted that 
aortic input impedance is not exclusively deter-
mined by aortic properties, but depends on the 
properties of the entire arterial system.

Key parameters of pulsatile LV load include 
the characteristic impedance of the proximal 
aorta (Zc), the magnitude and timing of wave 
reflections, and the total compliance of the arte-
rial tree (“total arterial compliance”). The char-
acteristic impedance of an artery can be 
intuitively measured as the slope of the pulsatile 
pressure-flow relation (where pressure and flow 
are measured in the same point within the artery) 
in the absence of reflected waves. Aortic Zc can 
thus be computed in the time domain using the 
slope of the pressure change over flow change in 
early systole, before the arrival of wave  reflections 
to the proximal aorta (Fig. 4.2, panel c). Zc is a 
“local” arterial property (note the difference with 
input impedance); consequently, Zc measured 
using proximal aortic pressure and flow repre-
sents proximal aortic Zc. Physically, Zc reflects 
the balance between inertial and capacitive 
effects in the aorta upon cardiac ejection. In a 
rigid and/or narrowed aorta, blood cannot be 
stored locally, and blood needs to be accelerated 
instantaneously throughout the complete aorta, 
leading to high characteristic impedance. In a 
wide and/or distensible aorta, blood is stored 
locally due to the windkessel effect, and accelera-
tion of blood takes place over much shorter 
lengths and is dampened in time, reducing iner-
tial effects and characteristic impedance.

Wave reflections are usually assessed via wave 
separation analysis, based on the principle that 
reflected waves, by virtue of adding to pressure and 
subtracting from forward flow, distort the linear 
relationship between pulsatile pressure and flow 
that is seen in early systole (as a result of the for-
ward wave generated by ventricular contraction), 
when such relationship is governed purely by 
ascending aortic Zc (Fig. 4.2, panel b). The ratio of 
the amplitude of the backward (reflected) and for-
ward wave yields the reflection magnitude (RM).

Making abstraction of wave travel and reflec-
tion, one can also consider the arterial tree as a 
condensed windkessel-like system, of which the 
“total arterial compliance” (TAC) can be com-
puted using windkessel models of the arterial tree. 
Frank proposed the original windkessel model as 
a resistance and compliance (C) pair (2-element 
windkessel), representing small vessel resistance 
and large artery compliance. The 3-element wind-
kessel model additionally accounts for aortic 
characteristic impedance (Zc) in order to better 
capture the behavior of the arterial tree for the 
higher frequency range and to isolate the “slow” 
effects of compliance in diastole from the “rapid” 
effects associated with wave dynamics during car-
diac ejection [26]. This model, originally pro-
posed by Westerhof et al., can be considered the 
standard windkessel model for the systemic circu-
lation, although refinements have been proposed 
by Westerhof [27], as well as several other inves-
tigators (see Ref. [13] for review).

 Determinants of Pulsatile 
Arterial Load

The geometric and mechanical properties of the 
various arterial segments have complex effects on 
ventricular afterload; through their effects on the 
early aortic systolic pressure rise, the total com-
pliance of the arterial system and the velocity at 
which the pulse waves travel forward in the arter-
ies and reflected waves originate and travel back-
ward toward the heart [25, 28]. In early systole, a 
high proximal aortic characteristic impedance 
(Zc) due to a stiff wall, a small aortic diameter, or 
both increases the amount of pulsatile pressure for 
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any given pulsatile flow [11–14]. The time of 
arrival of the reflected wave to the proximal aorta 
depends on the location of reflection sites and on 
the pulse wave velocity (PWV) of conduit vessels, 
particularly the aorta, which transmits both the 
forward and backward traveling waves [12, 14]. 
Aortic PWV is directly related to the stiffness of 
the aortic wall (square root of elastic modulus) 
and inversely proportional to the square root of 
aortic diameter [12, 14, 29]. Stiffer aortas thus 
conduct the forward and backward traveling 
waves at greater velocity and therefore promote 
an earlier arrival of the reflected wave for any 
given distance to reflection sites. The distance to 
the reflection sites is strongly dependent on body 
height. In the presence of normal LV systolic 
function, typical effects of the reflected wave on 
the aortic pressure waveform include a mid-to-
late systolic shoulder which determines an 
increase in peak (systolic) aortic pressure (and 
pulse pressure) and the area under the pressure 
curve during systole [14]. When LV systolic func-
tion is depressed, however, the reflected wave 
may induce a reduction on late systolic flow with 
less prominent effects of pressure augmentation.

The total arterial compliance depends on the 
summed compliance of the various arterial seg-
ments. The compliance of individual vessels is 
(linearly) proportional to vessel volume (or radius 
[3]) and, for any given “relative” vessel geometry 
(wall volume/lumen volume ratio), (linearly and) 
inversely proportional to wall stiffness (Young’s 
elastic modulus). The interaction between the 
stiffness and geometry of large and muscular 
arteries also impacts the magnitude and location 
of reflection sites. Reflected waves that arrive dur-
ing LV ejection increase the mid-to-late systolic 
workload of the LV. Figure 4.2, panel d, illustrates 
the different components of LV afterload.

 A Time-Domain Approach 
to Ventricular-Arterial Coupling: 
Time-Varying Myocardial Stress

Pressure-flow analyses thoroughly characterize 
the interactions between the LV (treated as a 
hydraulic pump) and the arterial system and 
 provide important indices of arterial load and 

 cardiac function. Various indices of LV afterload 
are useful because they are meant to be purely 
reflective of arterial properties [14]. However, 
arterial load should always be interpreted by con-
sidering interactions between arteries and the LV 
as a pump [14, 30] and also between myocardial 
elements and instantaneous LV geometry and the 
time-varying load imposed by the systemic circu-
lation. The generation of pressurized blood flow 
by the LV can be conceptually represented by a 
2-step energy transfer process: first from the con-
tractile elements of the myocardium into the LV 
chamber and second from the LV chamber to the 
systemic circulation. However, this process is 
bidirectional, such that the systemic circulation 
can also impact the myocardial contractile ele-
ments. Wall stress represents the time-varying 
mechanical load experienced by the contractile 
elements in the myocardium (myocardial after-
load) and is related to the amount of force and 
work the muscle does during a contraction.

Whereas wall stress has been recognized as a 
key index of myocardial load, until recently, it was 
assessed only in end-systole, in analogy to the LV 
elastance, which reaches a peak in end- systole. 
However, derivations of Laplace’s law indicate 
that the progressive geometric changes that accom-
pany the ejection of blood from the LV into the 
arteries will be associated with important changes 
in wall stress, favoring a reduction of wall stress in 
late systole. This motivated the development of 
methods to assess time-resolved myocardial wall 
stress [31, 32]. There are several methods to esti-
mate wall stress using LV geometric and LV pres-
sure measurements. A particularly useful formula, 
applicable to axisymmetric ventricles for compu-
tation of average LV myocardial fiber stress, was 
developed by Arts et al. [31] and may be used for 
calculating time- resolved ejection-phase fiber 
stress using a central pressure waveform (given 
that in the absence of aortic stenosis, central arte-
rial pressure is very similar to ventricular pressure) 
and time-resolved LV geometric information 
(derived from 2D echocardiography, 3D echocar-
diography, or magnetic resonance imaging) [25, 
31–34]. This method, illustrated in Fig. 4.3, does 
not neglect radially directed forces or forces gen-
erated within the wall that oppose fiber shortening, 
which vary significantly with cavity and wall 
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thickness and can interfere with direct comparisons 
of myocardial fiber stress at different times during 
ejection. The formula is based on LV cavity vol-
ume (Vlv), LV wall volume (Vwall), and pressure:
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It is important to recognize the advantages of 
assessing time-resolved ejection-phase LV wall 
stress as opposed to end-systolic wall stress. 
Throughout systole, myocardial fiber activation 
results in the development of tension (stress) and 
shortening of myocardial segments, which results 
in progressive ejection of blood from the LV cav-
ity and wall thickening. During early ejection, 
active development of fiber crossbridges occurs 
in the electrically activated myocardium, and 

peak myocardial wall stress occurs [32], at a time 
when systolic pressure coexists with quasi- 
diastolic geometry (relatively thin wall and rela-
tively large cavity) (Fig. 4.3, panel c). Myocardial 
fiber shortening and ejection of blood determine 
a progressive change in LV geometry, which 
causes a drop in myocardial stress (despite rising 
pressure) during mid-to-late systole. This can be 
quantified as a clear “shift” in the pressure-stress 
relation (Fig. 4.3, panel d) and appears to be 
favorable for the myocardium to handle the addi-
tional load imposed by systolic wave reflections, 
which are “universal” in adults. This shift, how-
ever, may be insufficient and/or compromised in 
the setting of wave reflections of early onset or 
large magnitude [34–36] and in the presence of a 
depressed LV ejection fraction [32, 35]. A time- 
resolved wall stress curve also allows for charac-
terization of the myocardial loading sequence, 
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Fig. 4.3 Panel (a) Assuming identical aortic and left ven-
tricular pressures during systole, LV pressure can be 
obtained from a noninvasively measured pressure wave-
form. Panel (b) Combined with time-varying geometric 
information, which can be measured with ultrasound or 
MRI, time-varying myocardial stress can be calculated 

using the formula provided by Arts et al. [31]. Panel (c) 
Time-varying myocardial stress, peaking in early systole. 
The second pressure peak in late systole does not lead to a 
high end-systolic stress. Panel (d) LV fiber stress plotted 
as a function of LV pressure, clearly demonstrating the 
“shift” in stress throughout ejection
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which can be expressed as a ratio of the stress- 
time integral in late vs. early systole. We note that 
stress as calculated here encompasses both the 
active stress generated by active mechanisms in 
the muscle fibers as well as passively induced 
stresses in both the cellular and extracellular 
matrix components of the ventricle.

 Determinants of Time-Varying 
Myocardial Stress: Impact of Wave 
Reflections

In addition to the well-known role of chronic 
ventricular geometric changes as determinants of 
wall stress, as expected from physiologic princi-
ples, various arterial properties affect time- 
varying myocardial wall stress for any given 
end-diastolic LV geometry [34]. Systemic vascu-
lar resistance is a very important determinant of 
wall stress throughout systole. Zc selectively 
affects early systolic and peak systolic wall 
stress, whereas wave reflections and total arterial 
compliance impact myocardial stress in mid and 
late systole and significantly influence the area 
under the stress curve generated for any given 
flow output [34]. Interestingly, women seem to 
demonstrate greater peak and end-systolic wall 
stress as well as a higher ejection-phase stress- 
time integral, even after adjustment for arterial 
properties, which might relate to the differential 
susceptibility of women to heart failure [34].

 Importance of Late Systolic Load: 
Animal, Epidemiologic, and Clinical 
Studies of Wave Reflections, 
Myocardial Function, and Heart 
Failure Risk

 Late Systolic Loading from Wave 
Reflections Leads to LV Hypertrophy

For any given level of systolic (peak) blood pres-
sure, prominent late systolic loading has been 
unequivocally demonstrated to exert deleterious 
effects on LV structure and function in animal 
models and has been associated with LV hypertro-
phy in humans [14, 37, 38]. Kobayashi et al. [37] 

used a Wistar rat model and performed constric-
tion of either the ascending aorta or suprarenal 
abdominal aorta. Analysis of aortic input imped-
ance demonstrated that constriction of the ascend-
ing aorta increased LV load in early systole, 
whereas constriction of the descending aorta 
caused prominent late systolic loading from a 
reflected wave that originated at the distal aortic 
constriction site, arriving at the heart in late systole 
[37]. LV pressure profiles induced by proximal 
aortic constriction demonstrated an early systolic 
peak, whereas descending aortic constriction 
induced late systolic peaks. Despite an identical 
peak LV pressure in rats that underwent ascending 
vs. descending aortic constriction, rats that under-
went descending aortic banding (and were thus 
exposed to greater late systolic load) demonstrated 
much greater LV hypertrophy than those undergo-
ing ascending aortic banding (which were exposed 
to increased early systolic load). Rats that under-
went descending aortic banding also  demonstrated 
a greater amount of myocardial  fibrosis [37].

These animal causal findings are strongly sup-
ported by observational human data. Hashimoto 
et al. [39] assessed changes in wave reflection 
magnitude occurring during antihypertensive 
therapy and observed that the reduction in wave 
reflections predicted regression of LV mass inde-
pendently of blood pressure reduction. The asso-
ciation between reflected wave magnitude 
reduction and LV mass (i.e., hypertrophy) reduc-
tion was also independent of age, sex, and use of 
renin-angiotensin system inhibitors (β = 0.41, 
P = 0.001). The correlation was particularly strong 
in patients with LV hypertrophy at baseline 
(R = 0.61; P < 0.001). Of note, despite the fact that 
standard antihypertensive therapies reduce wave 
reflections in some patients, the change is highly 
unpredictable, with reflection magnitude actually 
increasing in some subjects in Hashimoto’s study, 
despite blood pressure reduction.

 Late Systolic Load Promotes Diastolic 
Dysfunction

Gillebert et al. [38] used a canine model to study 
the effect of the timing of systolic load on LV 
relaxation by inflating balloons in the ascending 
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aorta during either early vs. late systole. Their 
study demonstrated that for a given increase in 
peak (systolic) LV pressure, late systolic inflation 
(triangles in Fig. 4.4a) prolonged tau (i.e., 
impaired LV relaxation assessed with the gold 
standard measure) much more than early systolic 
inflation (circles in Fig. 4.4a), demonstrating a 
cause-effect relationship between late systolic 
load and diastolic dysfunction [38].

In support of these causal findings, wave 
reflections have been independently linked to dia-
stolic dysfunction in human clinical cohorts [40, 
41]. Borlaug et al. demonstrated that late systolic 
load (assessed with the late systolic pressure- time 
integral) was associated with lower early diastolic 
mitral annular tissue velocities (a marker of dia-
stolic function) among 48 hypertensive and nor-
motensive subjects [42]. Ikonomidis showed that 
augmentation index was independently associated 
with diastolic dysfunction among 143 hyperten-
sive patients [43]. Weber et al. [41] studied 336 
patients undergoing coronary angiography and 
showed that augmentation index and augmented 
pressure (which are influenced by wave reflec-
tions) were associated with lower peak mitral 
annular systolic velocity, early diastolic velocity, 
and higher LV filling pressures.

Recently, we used time-resolved stress curves 
to separate early and late systolic wall stress (i.e., 
early vs. late myocardial systolic load), which can 
be quantified as the area under the time- resolved 
stress curve (stress-time integral, STI) in the first 
and second halves of ejection, respectively, among 

[33, 34] middle-aged adults enrolled in the popu-
lation-based Asklepios study in Belgium [32, 34, 
44–46]. We assessed the relationship between the 
myocardial loading sequence (early vs. late wall 
stress) and diastolic function [33]. After adjust-
ment for multiple confounders, late systolic load 
was independently associated with lower mitral 
annular relaxation velocities, in sharp contrast to 
early systolic load which was associated with 
higher mitral annular relaxation velocities, in a 
multivariate model, implicating the loading 
sequence as an independent correlate of myocar-
dial relaxation in humans. This model explained 
46 % of the variability in mitral annular diastolic 
(relaxation) velocity.

 The Magnitude of Wave Reflections 
Strongly Predicts New-Onset Heart 
Failure in the General Population

Based on the data presented above, we hypothe-
sized that wave reflections independently predict 
the risk of new-onset heart failure (HF) in the 
general population. To test this hypothesis, we 
derived aortic pressure waveforms using a trans-
fer function applied to the radial waveform 
recorded at baseline with arterial tonometry from 
5,934 participants in the Multiethnic Study of 
Atherosclerosis (MESA), who were free of clini-
cally apparent cardiovascular disease. The cen-
tral pressure waveform was used to assess 
reflection magnitude [35, 47]. During 7.61 years 
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of follow-up (and after adjustment for systolic 
and diastolic blood pressure, age, gender, body 
mass index, diabetes, ethnicity, antihypertensive 
medication use, total and HDL cholesterol, cur-
rent smoking, heart rate, and glomerular filtration 
rate), reflection magnitude strongly predicted HF 
(hazard ratio per 10 % – increase = 2.69; 95 % 
CI = 1.79–4.04; P < 0.0001) and was a stronger 
predictor than blood pressure and all other modi-
fiable risk factors listed above.

When we stratified the population based on 
the presence or absence of hypertension and the 
presence or absence of high reflection magnitude 
(Fig. 4.4b), we found that, compared to non- 
hypertensive subjects with low reflection magni-
tude (lowest risk category), hazard ratios for 
hypertensive subjects with low reflection magni-
tude, non-hypertensive subjects with high reflec-
tion magnitude, and hypertensive subjects with 
high reflection magnitude were 1.81 (95 % 
CI = 0.85–3.86), 2.16 (95 % CI = 1.04–4.43), and 
3.98 (95 % CI = 1.96–8.05), respectively. We also 
assessed the incremental information provided 
when various predictors were added to a model 
containing all other predictors of heart failure, in 
terms of discrimination (integrated discrimina-
tion improvement) and reclassification (net 
reclassification improvement). Reflection magni-
tude was associated with the largest Wald statis-
tic of all predictors (including age), the greatest 
reduction in Akaike’s information and Bayesian 
information criteria (indicating improvement in 
model fit) and the greatest increases in integrated 
discrimination improvement (with a 48 % 
increase in discrimination slope achieved when 
reflection magnitude was added to a base model 
containing all other predictors of HF and multi-
ple confounders). With the exception of age, a 
non-modifiable risk factor, reflection magnitude 
was associated with the greatest net reclassifica-
tion improvement for prediction of HF. Therefore, 
reflection magnitude was a strong predictor of 
incident HF after adjustment for other known 
predictors. These findings from a large 
community- based sample with careful follow-up 
and event adjudication implicate arterial wave 
reflections as a novel strong risk factor for HF, 
thus strongly supporting animal and human 

mechanistic findings from previous studies and 
demonstrating the relevance of wave reflections 
in humans. Based on the strength and biologic 
plausibility of this association, a high reflection 
magnitude has been proposed to represent a novel 
form of stage B HF [35].

 The Reflected Wave in Established HF

Early invasive studies demonstrated enhanced 
wave reflections in patients with systolic HF 
compared to normal control subjects, with an 
impaired reduction of wave reflections during 
exercise [48, 49]. More recently, wave reflections 
assessed noninvasively have been reported to be 
increased in patients with established systolic HF 
and heart failure with preserved ejection fraction 
(HFpEF). Curtis et al. reported increased wave 
reflections (assessed via wave intensity analysis) 
among 67 patients with systolic HF [50]. 
Recently, Weber et al. demonstrated that a high 
reflected wave is a good index to identify patients 
with HFpEF among individuals presenting with 
dyspnea [51]. Importantly, Sung et al. reported 
that, among 120 patients hospitalized due to 
decompensated HF (~56 % with systolic heart 
failure and 44 % with HFpEF), reflected wave 
amplitude, but not carotid-femoral pulse wave 
velocity, was an independent predictor of rehos-
pitalization for HF, all-cause death, nonfatal 
myocardial infarction and stroke, after adjust-
ment for age, estimated glomerular filtration rate, 
hemoglobin, and NT-proBNP levels [52].

 Where Do Wave Reflections 
Originate?

Wave reflections arise at any point of impedance 
mismatch, impedance being here the local char-
acteristic impedance at a given point in the arte-
rial tree. As previously mentioned, it is virtually 
impossible to unequivocally pinpoint the 
source(s) of wave reflections. Inspired by the 
nature of the input impedance and the concept of 
the “effective length” of the arterial tree [53], 
researchers attempted to identify “the” dominant 
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reflection site(s) of the arterial tree. The aortoil-
iac bifurcation [54–57], diaphragm level (and 
branches toward renal arteries and gastrointesti-
nal organs) [55, 58], and head and upper extremi-
ties [57] have been proposed as candidate discrete 
reflection sites. Nevertheless, the observed reflec-
tion patterns do not fully match these of a dis-
crete number of reflection sites [54], suggesting 
the presence of diffuse reflections, originating all 
over the arterial tree [59, 60]. These diffuse 
reflections are due to the branching pattern of the 
aorta, the effect of geometric and mechanical 
tapering (leading to a continuous change in local 
characteristic impedance [61]) but most certainly 
also due to the resistance vessels, where imped-
ance rapidly increases over very short distances 
(also leading to an abrupt drop in mean arterial 
pressure). The presence of reflections close to the 
heart also seems to obscure reflections arising 
from further down in the arterial tree, creating 
sort of a “horizon effect” [62].

It is clear that wave reflections are complex, 
and this complexity should be considered and 
taken into account when interpreting hemody-
namic data. The paradigm of the arterial tree as a 
single uniform tube with a discrete reflection 
occurring at a fixed length is certainly too simple 
an approach, giving rise to controversies [63–65]. 
What is also clear is that the sources of wave 
reflections are not to be sought only distally in 
the arterial tree, but also closer to the heart. It is 
well known that wave reflection can be modu-
lated pharmacologically, where the administra-
tion of nitroglycerin (NTG) clearly leads to a 
reduction in wave reflections [66]. NTG is 
thought to act on peripheral muscular vessels 
[67]. However, it is possible that NTG also affects 
vessels closer to the heart. Abdominal organs are 
relatively close to the heart, and their perfusion is 
regulated by vasoactive mechanisms. As such, 
the impact of NTG on wave reflections may be 
related to vasodilation of splanchnic vessels, as 
also suggested by Karamanoglu et al. [58]. It is 
not clear whether there is also an effect on the 
arterial tone of larger vessels such as the abdomi-
nal aorta. We refer to Chap. 40 of this book for an 
in-depth discussion on the effect of organic 
nitrates.

 Conclusions and Future Directions

Advances in the noninvasive assessment of 
pressure- flow relations and noninvasive cardiac 
imaging now allow for a comprehensive noninva-
sive assessment of ventricular-arterial interactions/
coupling and should be more widely applied in 
clinical research. In particular, whereas analyses of 
ventricular-arterial coupling in the pressure- volume 
plane provide a simple, intuitive, and useful frame-
work, it provides limited information, and other 
comprehensive noninvasive hemodynamic assess-
ments should be more widely applied in human 
studies. Given the importance of LV afterload and 
its impact on the heart, afterload should be care-
fully considered or ruled out as a potential mediator 
or confounder in a wide variety of observed rela-
tionships or therapeutic and adverse effects of 
interventions related to LV remodeling, LV func-
tion, or vasoactive interventions.

Modeling approaches for pressure, flow, and 
geometric data are likely to continue to evolve, 
allowing for a more accurate assessment of 
hemodynamic patterns and their effects on car-
diac load and function. This should lead to a bet-
ter and generally accepted quantification and 
understanding of wave reflections, their origin, 
and their role in the pathophysiology of cardio-
vascular diseases. Carefully designed random-
ized clinical trials in the next decade may allow 
these insights to be used in the management of 
patients at risk for, or those with established, car-
diovascular disease.
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Arterial stiffness is a generic word covering the 
way an elastic artery can accommodate changes 
in blood pressure. This is a key function in physi-
ology and pathology because elastic artery can 
relay the cardiac contraction during diastole 
(Fig. 5.1). There are two main techniques to mea-
sure arterial stiffness: direct or indirect from cir-
culation models. Because the physical definition 
of stiffness (Hooke’s law) is the relation between 
a force applied to a material and the deformation 
of this material, direct measurement of stiffness 
is only possible through the measurement of both 
parameters: force and deformation (Fig. 5.2). 
Arteries are cylindrical structures exposed to 
pressure. The force applied to the vessel is called 
stress, which is three dimensional in nature (lon-
gitudinal, radial, and circumferential). For the 

P. Boutouyrie, MD, PhD (*) • S. Laurent, MD, PhD
Department of Pharmacology and Institut  
National de la Santé et de la Recherche  
Médicale U970(Eq7)-PARCC, Hôpital  
Européen Georges Pompidou, Assistance  
Publique-Hôpitaux de Paris, Université  
Paris-Descartes, 20 rue Leblanc,  
Paris 75015, France
e-mail: pierre.boutouyrie@egp.aphp.fr;  
stephane.laurent@egp.aphp.fr 

L. Macron, MD, PhD • E. Mousseaux, MD, PhD
Radiologie, HEGP, APHP, Inserm U970 Eq7,
Université Paris Descartes, Paris, France

Radiology, Hopital Europeen Georges Pompidou,  
20 rue Leblanc, Paris 75015, France
e-mail: laurent.macron@egp.aphp.fr;  
elie.moussseaux@egp.aphp.fr

5Determination of Systemic 
and Regional Arterial Structure 
and Function

Pierre Boutouyrie, Laurent Macron, Elie Mousseaux, 
and Stéphane Laurent

Abstract

Large artery stiffness can be measured through direct and indirect tech-
niques. Measurement of pulse wave propagation is among the most direct 
techniques, either through pulse wave velocity or through artificial pres-
sure wave propagation. Measurement of strain and stress through 
echotracking techniques gives also direct, hypothesis-free measurement of 
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sake of simplicity, circumferential wall stress is 
usually considered alone and it can only be 
approximated by the Lamé equation, although
arteries are stretched longitudinally by 15–20 %
under static conditions [1], and attempts to mea-
sure longitudinal stretch variations show signifi-
cant variations clinically relevant [2]:

 
sq = ×P R

h  
Because the Lamé equation says that stress is

proportional to radius (R) and pressure (P) and 
inversely proportional to thickness (h), we can 
understand that it is impossible to interpret stiff-
ness independently of arterial structure. The 
stress/strain relationship defines the stiffness of 
the wall material (Einc) (Fig. 5.2). Because the 
arterial structure is complex, involving smooth 
muscle cells, elastin, collagen, and many other 
macromolecules, the mechanical behavior of the 
arterial wall represents the summation of the 
individual components behavior, with added 

complexity due to the distribution of the compo-
nents and their tridimensional relations [3–5]. 
Therefore, it is more the 3-D organization of 
components which can explain the mechanical 
properties of large arteries [6]. The pressure–
diameter or stress–strain relationship is curvilin-
ear; the artery is stiffer at high strain. This is 
generally associated with the composite nature of 
the arterial wall and the progressive recruitment 
of collagen fibers [5]. Whereas technical progress 
have been outstanding for measuring strain, 
through ultrasounds or MRI, measurement of
stress is still hampered by imprecise noninvasive 
measurement of blood pressure and the necessity 
to measure precisely wall thickness. It is also 
limited by theoretical considerations on which 
structure in the wall is really carrying the mechan-
ical stress [4]. It remains that the stress–strain 
relation is considered as the gold standard for 
assessing arterial stiffness.

Newton’s second law of motion implies that 
the celerity of mechanical waves propagation 
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is proportional to its elastic modulus (i.e., stiff-
ness). Moens and Korteweg [7, 8] have derived 
and simplified this relation into the famous 
equation

 PWV
E h

r
inc=

•
.

2 r
 

This equation has been further simplified by 
Bramwell and Hill [9]:

 
PWV

dPV

dV
= •

•r  

It is noteworthy that PWV is directly related to 
characteristic impedance in a pure Windkessel 
model (Fig. 5.3). The relation between the speed 
of wave propagation and elastic modulus is also 
used by very modern techniques such as ultrafast 
imaging [10].

 Direct Measurement of Arterial 
Stiffness

Pulse wave velocity (PWV) is the most widely 
used technique that Bramwell and Hill intro-
duced to physiology in 1922 [9]. Briefly, a pres-
sure wave’s propagation speed in a solid is 
proportional to its stiffness. If expressed through 
the elastic modulus (Einc), PWV can be expressed 
as PWV = K × E0.5, where K reflects tissue den-
sity. Thus, when measuring the pressure wave at 
different sites along an arterial segment or along 
the arterial tree (dL), the distal wave is recorded 
later (dt) than the proximal one and PWV = dL/dt. 
Waveform landmarks, conserved from one site to 
another, have to be used; the foot of the wave is 
widely used because it is more clearly identified 
on all sites. Because early wave reflections can 
confuse the precise identification of the foot of 
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the wave, especially if PWV is measured on very 
short stretches of vessels, it has been proposed to 
use other landmarks on the pressure wave [11]. 
The one validated at the site of the carotid is the 
dichrotic notch, which is not affected by wave 
reflections [11]. The resulting PWV is neverthe-
less measured in telesystole and provides higher 
values than if measured during diastole.

Although PWV can be measured on any artery 
or between any arterial sites, only 
 carotid-to- femoral [12–15] (or aortic [16], see 
[17] for meta- analysis) PWV has been shown to 
have predictive value for morbidity and mortality 
whereas other arterial pathways have not been 
associated [18]. Carotid-to-femoral PWV repre-
sents stiffness of the aorta and iliofemoral axes. 
The several commercial devices available differ 
according to the type of signal (pressure, disten-
sion, flow) or whether they simultaneously record 
both sites or use the ECG for synchronization.
When a high- fidelity pressure transducer is used, 
they may allow pressure-wave analysis and wave-
reflection assessment. PWV reference values 

determined in a very large population are now 
available, and measurement standardization 
based on those values was recently proposed 
[19].

Distance measurement and identification of 
the foot of the wave are important issues. To have 
realistic PWV values, the use of intersecting tan-
gents to measure transit time (dt) of the foot of 
the wave and carotid-to-femoral distance (dL) is 
preferred [20]; PWV is then calculated as 
PWV=0.8×dL/dt [21]. The reason for this cor-
rection has to be explained. Because pulse wave 
reaching the origin of the carotid bifurcates, the 
time it reaches the carotid site, it has already pro-
gressed in the thoracic aorta. Therefore, measure-
ment of distance between the carotid and the 
femoral site overestimates the distance. The dif-
ferent options to correct for this have been exten-
sively studied [21, 22]. The most logical is the 
subtraction method, which unfortunately leads to 
increased error due to duplicate distance mea-
surements but also to underestimation of the 
pathway length [22, 23]. The optimal method is 
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to use the direct distance correct by a factor 0.8,
which is now recommended [19, 21]. Since most,
but not all epidemiological studies used the direct 
distance, some authors question the influence of 
distance measurements on outcome [24]; how-
ever, their analysis is biased by the fact that they 
used the same fixed threshold of 12 m/s for each 
of the recalculated pathways which do not have 
the same metrics.

Because measurement of carotid-to-femoral 
pulse wave velocity necessitates some training, 
because the patient has to be reclining, and 
because exposure of the groin is not acceptable in 
all culture, manufacturers have developed alter-
native techniques which allow to approximate 
CF-PWV on different arterial paths, using either
multiple or simple cuffs. Several of the implica-
tions of this have been discussed in a recent edi-
torial [25]. Although many devices are now on 
the market (table from Hypertension 2013), there
is up to now no validation of such measurements 
on hard outcome.

The common view for techniques such as the 
brachial ankle PWV is that much of the aorta is 
simply ignored by this parameter because the 
wave is propagating simultaneously in the arm 
and the aorta and that this might limit its useful-
ness and reliability. Despite that, agreement 
between ankle–brachial PWV is better than 
expected [26], and ankle–brachial PWV is asso-
ciated with major CV risk factors and outcome,
quite similarly to carotid-to-femoral pulse wave 
velocity [27]. This indicates that the link between 
aortic stiffness and brachial–ankle PWV is closer 
than generally considered. An alternative view of 
the arterial path is that muscular arteries only 
contribute for a small part to the compliance of 
large vessels and that it is rather insensitive to 
aging and hypertension [28, 29], the major con-
tribution to brachial–ankle pulse wave velocity 
being provided by the aorta.

Another alternative interesting technique is the 
Q-KD which measures the time interval between 
the ECG Q wave and the first Korotkov sound
during ambulatory blood-pressure monitoring 
[30]. This technique provides an estimate of stiff-
ness partly dependent on heart rate because of 
variable electromechanical coupling time, but it 

has the major advantages of including mostly the 
ascending aorta, being ambulatory and minimally 
invasive. Most importantly, it has been shown to 
be predictive of events, even on top of LV mass
[31]. The method developed by Gosse et al. mea-
sures the time delay between the onset of the QRS
on the ECG and the detection of the last Korotkoff
sound by the microphone placed upon the bra-
chial artery. Thus, the pressure pulse wave travels 
first along the ascending aorta and the aortic arch, 
i.e., a short pathway of elastic arteries, and then 
along the subclavian and brachial arteries, i.e., a 
much longer pathway of muscular arteries. Since
the stiffness of muscular arteries is little influ-
enced by age and hypertension, Gosse etal. attrib-
uted the difference in QKD duration to ascending 
aorta and aortic arch. However, a closer look at 
the figure shows that the length of the ascending 
and aortic arch pathway represents a very small 
part of the total pathway and casts doubt about 
this statement [25]. Furthermore, in MRI studies,
the transit time of flow wave along the aortic arch 
(average 120 mm length) is often found around
35 ms in young healthy subjects [32], a value 
which is far from the mean 206ms QKD duration
found in the present study. Thus, part of that QFD 
duration has to be further explained by both the 
pre- ejection period and the transit time within 
muscular arteries.

 Local Measurement of Arterial 
Stiffness

It is also possible to directly measure arterial 
dimension changes during the cardiac cycle 
and link them to local pulse pressure changes 
[33–37] (Figs. 5.2, 5.4, and 5.5). This approach 
is straightforward and provides the pressure–
diameter relationship which is the most closely 
related to the definition of stiffness, the stress–
strain relationship if thickness is also measured, 
and, thus, yields stiffness indexes at any given 
blood- pressure level (Fig. 5.2). These techniques 
are based on high-precision vascular echotrack-
ing or magnetic resonance imaging [38–40] cou-
pled with applanation tonometry (Fig. 5.4). The 
advantage of echotracking technique is its ability 
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to track ultrasound radiofrequency signals with a 
very high time and space resolution. Typically, a 
10 MHz probe provides a temporal resolution of
600–1,000 Hz with a spatial resolution of 17 μm 
for fixed structures and <1 μm for motion [37]. 
This very high precision is also very useful to 
quantify arterial structure in terms of diameter, 

intima media thickness, and related measures. 
The use of multiframe echotracking makes it 
 possible to assess the heterogeneity of the wall 
on a segment [37, 41]. We recently applied this 
approach to the characterization of atheroscle-
rotic plaques, showing that the artery might be 
more or less distensible at the site of the plaque 

Intima-media thickness

Pressure
Volume

dP

Pressure

Time

Diameter
Precision: <1 µm

Arterial stiffness

dV

Precision: <17 µm

200

400

600

800

1000

1200

1400

20 40 60 80 100 120

Fig. 5.4 Principle of echotracking

Diastole

Dd Ds

Wall cross-sectional area Distensibility

Pressure

∆P

∆A

Lu
m

en
 a

re
a

= ∆V/V.∆P
= ∆A/A.PP

= (Ds2-Dd2)
Dd2.PP

Diastolic lumen area

Stroke change in lumen area (∆A)

Systole
a b

c

∆A

Fig. 5.5 Simplified represen-
tation of echotracking of 
superficial arteries

P. Boutouyrie et al.



57

than beside and that this characteristic was asso-
ciated with the kind of remodeling (eccentric or 
concentric) at the site of the plaque [42]. Recent
improvement in ultrasound probe quality and in 
signal processing allows to use dedicated devices 
based on image analysis since they show a very 
good agreement with echotracking techniques 
[43]. Measurement of local arterial stiffness 
is still limited by the accessibility of the artery 
to ultrasound (which practically excludes the 
thoracic aorta) but most importantly limited by 
the measurement of local pulse pressure. The 
advantage of MRI is the accessibility of deep
arteries, the possibility to investigate the true 
arterial geometry and blood flow distribution. 
Its limits are the low temporal and spatial reso-
lution. Both ultrasound and MRI share the same
limits for local pressure assessment. Tonometric 
techniques have been validated against invasive 
measurements; however, this validation concerns 
more populations than measurements for individ-
ual patients [44]. Calibration of pressure waves
is still highly debated, and inaccuracies may 
lead to errors in interpretation of data [45–47]. 
It is also likely that the applanation tonometry 
by itself induces push–pull artifacts due to the 
motion of the arterial wall and thus might dis-
tort the shape of the curve. This explains why 
it is very difficult to assess arterial wall viscos-
ity in vivo. Experimental data show that in con-
trolled conditions in vivo in animals [48, 49] and 
in human [50], viscosity is barely measurable and 
arteries behave as quasi-pure elastic structures. 
Opposite to that, human data were all obtained 
with noninvasive pressure and all exhibited large 
viscoelastic loops [51]. The most likely explana-
tion is the presence of distortions on the pressure 
recording with tonometry. Analyses have focused 
on modeling the pressure–diameter relationship 
which enables to determine arterial stiffness and 
all parameter for any given blood pressure or wall 
stress [52–57]. This is of course the most rigorous 
method but it is not free of caveats. For instance, 
the reference condition at 0 stress is necessary for
any physical model [3, 5] and is considered of 
crucial importance for characterizing the arterial 
wall mechanical behavior [58]. The determina-
tion of unloaded dimension is quite impossible 

in vivo, because even if studied at 0 pressure,
the artery is still submitted to quantitatively 
important residual stresses (longitudinal and cir-
cumferential). Parameters have then to be “incre-
mental,” which means that they are determined 
within a narrow range of blood pressure (usually 
diastolic and systolic). It is not warranted that 
this mechanical behavior can be extrapolated to 
blood pressure (wall stress) beyond these bound-
aries, and it usually does not. Experiments have
shown that systolic–diastolic variations of diam-
eter and pressure do not follow the whole range, 
static pressure–diameter relation [59]. Thus usual 
models are purely phenomenological and do not 
help to predict behavior outside the experimental 
conditions. It is possible to partially circumvent 
these theoretical problems by applying advanced 
techniques to solve the energy equation of the 
wall by the reverse problem solving using diam-
eter and pressure data [3]. This has been success-
fully used in animal and human [4, 60] research. 
This approach is still highly demanding in terms 
of calculation power and cannot be applied in 
routine. The other caveat is that measuring simul-
taneously pressure and diameter for the carotid 
artery in human can be done only on right and 
left or in immediate succession [54]. The last one 
is that expression of results is very cumbersome 
and complex, which does not help.

In order to circumvent the limits of applana-
tion tonometry, an interesting approach is to res-
cale the distension waveform obtained by 
echotracking since this is a noncontact, high- 
fidelity technique [61]. By using and extending 
this method, it is possible to assess arterial stiff-
ness at different time points either in diastole or 
during systole [62]. The advantage over model-
ing the whole pressure/diameter curve is that we 
deal with discrete number of values instead of a 
continuum. It has also been shown that systolic 
stiffness might be more associated with target 
organ damage than diastolic stiffness [62]. 
Another application of echotracking is local mea-
surement of local pulse wave velocity. For this 
we take advantage of the measurement of 14 dis-
tension waveforms on 2 cm along the vessel. 
Using adequate landmarks (the dicrotic notch),
PWV can be measured and contrasted with the 
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locally measured distensibility from local pres-
sure and distension [11]. To what extent this tech-
nique performs better or is complementary to 
more classical one remains to be determined.

The ultrafast imaging technique is an innova-
tive ultrasound imaging technique. It takes advan-
tage of the very high pulse rate frequency for 
acquiring plane emission waves [63]. Frequencies 
up to 20 kHz can be used. At that frequency, it is
possible to measure accurately the speed of prop-
agation of spontaneous waves such as the pressure 
wave. Moreover, it is possible to locally apply 
short ultrasound impulsion at a very precise place 
in a tissue and to measure the propagation speed 
of this pressure wave (Fig. 5.6). By using the 
Moens–Korteweg equation, propagation speed 
can be converted into elastic modulus. This 
method has been applied to the detection of cancer 

in solid organs and more recently to the heart and 
the arteries [10]. Because of the complex pattern 
of pressure wave propagation within laminar 
structure, there are still some theoretical issues to 
solve for extracting pressure independent values 
of elastic modulus. The quality of images obtained 
from plane wave emission is low, and coupling 
with echotracking might be necessary for obtain-
ing full potential for this method.

 Indirect Estimation of Arterial 
Stiffness

These techniques rely on simplified circulation 
models and are being used when a single site for 
measuring the pressure waveform is required. 
The most widely used is the Windkessel model [64]. 

100
75
50
25
0
–25
–50
–75

1

0.8

0.6

0.4

0.2

0

–0.2

–0.4

–0.6

–0.8

–1

0

20

40

60

D
is

ta
nc

e

80

100

120

0

20

40

60

D
is

ta
nc

e

80

100

120

0.5 1 1 2 3 4 5

Time (ms) Couade et al
Ultrasound med biol 2010

Circumferential
wave (first loop)

100
75
55
25
0

–50
–25

–75

100
75
55
25
0

–50
–25

–75

6 7 81.5 2 2.5 3

Time (ms)

3.5 4 4.5 5 5.5

X

a b

a b c

Fig. 5.6 Principles of ultrafast ultrasound scans. Scans
are performed on artificial tissues. Middle panels: shear 
wave propagating from the center of the image. Bottom 
panels wave propagation. The slope of each waveform 

gives the wave speed, i.e., the stiffness of the wall material 
in a homogenous material (a) or in an heterogeneous one 
(b) (Reproduced with permission of Couade et al. [10], 
Elsevier)

P. Boutouyrie et al.



59

In a “pure” Windkessel, the diastolic blood- 
pressure decay is exponential, and the constant of 
this exponential modeling is proportional to stiff-
ness. This model can be made more complex by 
using two exponential functions: one for large 
arteries (C1) and the other for small arteries (C2)
[65, 66]. To date, only one published study epide-
miologically validated this technique in terms of 
hard clinical endpoints [66], only for small-artery 
compliance. Sophisticated Windkessel models
have been applied to derive PWV from single- 
point cuff measurements. Although the method 
takes more than a simple Windkessel [67], the 
prediction of PWV from a simple brachial cuff 
waveform seems to provide accurate estimates 
[68]. Some methods are based on the time flight
of the reflected wave. The arteriograph takes 
advantage of the sharpening of the late systolic 
peak observed after overinflation of the brachial 
cuff, which makes it sharper and easier to detect 
[69–71]. After some assumptions on the pulse 
wave travel path and distance estimation [72], it 
is possible to deduce a value for PWV. This 
method appears to correlate reasonably well with 
reference techniques [73]. These methods have 
still to demonstrate their predictive value for hard 
clinical outcome.

Another indirect technique, aortic characteris-
tic impedance, requires flow and pressure mea-
surement at the aortic root [64, 74, 75]. 
Characteristic impedance is the minimal imped-
ance for higher frequencies of pressure and flow 
harmonics. It is proportional to PWV, again if a 
pure Windkessel model is retained. This tech-
nique is rarely used alone, as it is hampered by 
the difficulty of obtaining reliable noninvasive 
data for aortic flow and pressure.

 Ambulatory Arterial Stiffness Index

On the list are also rigidity estimates derived 
from blood-pressure measurement, e.g., ambula-
tory blood-pressure-monitoring-derived ambula-
tory arterial stiffness index (1/slope of the systolic 
blood pressure and diastolic blood pressure rela-
tionship) or crude brachial pulse pressure [76]. 
Although these values partially reflect arterial 

stiffness, they also depend on many other param-
eters [77], so it is very reductive to interpret them 
as arterial stiffness. The simple metric of this 
parameter makes it also difficult to interpret, 
because it might be confounded by short term 
variability of blood pressure [78, 79].

 Conclusion

There are many techniques to measure arterial 
stiffness available now. The most validated in 
terms of association with cardiovascular risk 
factors, early organ damage, and hard clinical 
endpoints is carotid-to-femoral pulse wave 
velocity, measured from tonometry or Doppler. 
Because they came later than the carotid-to-
femoral PWV, for which a tremendous amount 
of data is available in terms of association with 
target organ damage and hard clinical end-
points, the alternative techniques will have 
undergo similar validations and further will 
have to be scaled against reference techniques, 
so that thresholds and reference values might 
be shared. Techniques measuring directly arte-
rial stiffness through the pressure–diameter 
relationship, although being the most direct, do 
not have extensive validation in terms of epide-
miology; they are limited by measurement of 
local blood pressure. Learned societies will
have to provide clear indications as to which 
level of agreement is necessary to substitute 
one technique by another one and finally which 
alternative technique can be accepted.
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  6      Animal Models for Studies 
of Arterial Stiffness 
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    Abstract 

 Arterial stiffness is a perfect example of translational research spanning 
the understanding of the molecular determinants of the arterial wall con-
stituents and their organization to the physiology of normal and early vas-
cular ageing. 

 The most widely used parameter to investigate arterial stiffness in 
rodents is pulse wave velocity (PWV). The relation between strain and 
stress is also established to characterize the intrinsic behaviour of the arte-
rial wall independent of geometric factors. 

 The fi rst attempts to explain arterial stiffness by the properties of the 
structural components of the arterial wall addressed the role of the princi-
pal constituents, elastin and collagen fi bres and smooth muscle cells. To 
complete this approach, the roles of the adhesion  molecules, infl amma-
tion, blood pressure variability, NO, integrins and metalloproteinases in 
arterial stiffness were also investigated by attempting to try and interfere 
directly with these different factors. 

 Hypertensive rodents were the fi rst experimental models used and 
employed to test remodelling and vascular function in an environment 
mimicking human physiology. Then, investigations were completed with 
other cardiovascular animal models (mainly kidney disease, obesity, blood 
pressure variability or ageing) to discover more specifi c therapeutic targets 
related to other mechanisms that trigger arterial stiffness. Nowadays, the 
advances in mouse genetics have provided numerous genotypes and phe-
notypes to study changes in arterial mechanics with disease progression 
and treatment. The aim of modifying a single gene to understand the 
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     Arterial stiffness is a cardiovascular risk factor 
that is independent of arterial pressure [ 1 ]. The 
possibilities of conducting human research about 
mechanisms and clinical impact of arterial stiff-
ness are limited. First, arterial stiffness develops 
often along with confounding factors or patholo-
gies that increase per se cardiovascular risk such 
as ageing, hypertension, diabetes, obesity, 
chronic kidney disease, blood pressure variability 
and atherosclerosis. Second, increased arterial 
stiffness often needs many years to develop 
before it can be diagnosed clinically. Third, it is 
diffi cult to perform invasive experimental proce-
dures in patients. These drawbacks may be over-
come by using animal models where a large 
variety of vascular processes and therapeutic tar-
gets can be studied. 

 Rodent models have been found very useful for 
studying arterial mechanics in development and 
disease. Rats and mice have relatively short lifes-
pan (mature adults by 3 months and aged adults 
by 2 years), and so studies can be carried out over 
a limited time course. Animal models were fi rst 
based on general cardiovascular models initially 
developed for studying end-organ damage and 
that have been characterized by a decrease in 
large artery distensibility.    They were initially rep-
resented by hypertensive and ageing rodent mod-
els and employed to test remodelling and vascular 
function in an environment mimicking human 
physiology [ 2 ,  3 ]. Nevertheless, to better eluci-
date the complex mechanisms leading to arterial 
stiffness, gene-targeting approaches in mice are 
now performed. Indeed, the advances in mouse 
genetics have provided numerous  genotypes and 

phenotypes to study changes in arterial mechan-
ics with disease progression and disease treatment 
[ 4 ]. Mice can also be manipulated experimentally 
to study the effects of changes in hemodynamic 
parameters of the arterial remodelling process 
[ 5 ]. One drawback of the mouse model, espe-
cially when examining young ages, is the size of 
the arteries. Nevertheless, the aim of modifying 
a single gene to understand the  mechanism of 
this polygenic disease has led to complete animal 
models by in vitro cellular approaches [ 6 ]. Testing 
cell topographic features, and cell and cytoskel-
etal mechanical properties, is beyond the scope of 
the present review which will focus on the rodent 
animal models that have been used to evaluate 
arterial stiffness principally in large arteries. 

    Classical Models of Arterial Stiffness 

    Basic Concepts 

 Arterial stiffness is an intuitive notion that can be 
quantifi ed by the measurement of parameters that 
are different in humans and in animals. 
Experimentally, the most widely used parameter 
in rodents is pulse wave velocity (PWV) which is 
an estimation of the speed of the propagation of 
the elastic waves between two points of the 
 arterial tree [ 7 ,  8 ]. Diameter/pressure curves are 
the other major way to evaluate arterial stiffness 
in small animals [ 9 – 13 ]. This method measures 
systolo-diastolic changes in carotid or abdominal 
aorta diameter in response to systolo-diastolic 
blood pressure excursions. Another animal model 

mechanism of this polygenic disease has led to complete animal models 
using in vitro cellular approaches. 

 The response to these questions will ultimately come from more com-
plete knowledge of the mechanisms involved, using pharmacological and 
other tools in existing and/or newly emerging animal models.  

  Keywords 

 Rodent model   •   Arterial stiffness   •   Pulse wave velocity   •   Hypertension   • 
  Elastin   •   Collagen   •   Fibronectin   •   Integrin  
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used is the domestic fowl where arterial stiffness 
increases with ageing [ 14 ]. 

 The values obtained by these measurements 
permit calculation of the distensibility. This 
parameter characterizes the global mechanical 
behaviour of the arterial wall and is especially 
dependent on its geometry. To characterize the 
intrinsic behaviour of the arterial wall indepen-
dently of geometric factors, it is necessary to 
establish the relation between strain and stress 
[ 15 ]. This may be done by considering the rela-
tion between incremental elastic modulus and 
circumferential wall stress [ 15 ]. 

 Arterial stiffness is a perfect example of trans-
lational research spanning from the understand-
ing of its molecular determinants of the 
constituents of the arterial wall and their organi-
zation to the physiology of normal and early vas-
cular ageing. We do not yet know the specifi c 
genes involved in arterial stiffness as it is a very 
multifactorial phenotype. But of course this 
needs new experimental models that are more 
specifi c and represent common sicknesses or spe-
cifi c gene anomalies. This research started with 
looking at elastin/collagen content (a key ele-
ment in arterial wall stiffness) with respect to 
vascular smooth muscle cell (VSMC) tone to 
being able to measure shear stress and tensile 
pulsatile circumferential stress as key determi-
nants in arterial wall remodelling. After observ-
ing abnormal microcirculation and large/small 
artery crosstalk as key determinants of target 
organ damage, now is the time for research into 
the molecular mechanisms and genes involved.  

    Rodent Models of Hypertension 
and Stiffness 

 It is well established that hypertension is associ-
ated with an increase of arterial stiffness. These 
models helped mainly to describe the structure- 
function relation of large arteries and to assess 
the interest of pharmacological interventions on 
arterial stiffness. 

 Spontaneously hypertensive rats (SHR) have 
been extensively used in experimental studies, as 

a genetic model of hypertension because of their 
clinical relevance to human hypertension. SHR is 
characterized by a decreased distensibility at its 
operational pressure compared to its normoten-
sive control [ 15 ]. Nevertheless evaluation of the 
arterial wall stiffness, assessed by the elastic 
modulus measurement, shows that for a given 
level of stress, SHR and Wistar rats have similar 
mechanical properties. Also, the decrease of dis-
tensibility observed in SHR is related rather to 
the hypertension than to the increased stiffness of 
the arterial wall.  

    Other Cardiovascular Models 
and Stiffness 

 As in humans, it is now clear that arterial stiffness 
is included in a cluster of cardiovascular disor-
ders such as kidney disease, obesity and the met-
abolic syndrome or ageing. Therefore, this 
research fi eld requires other animal models for 
the analysis of mechanisms that trigger arterial 
stiffness and for the discovery of more specifi c 
therapeutic targets. 

 The second generation of models now aims to 
describe the complex relations between arterial 
mechanics and the other established cardiovascu-
lar risk factors. Indeed, these models have been 
used mostly to illustrate the impact and the time 
of occurrence of increased arterial stiffness with 
respect to other pathologies. These models are 
designed to determine if the rigidity of a blood 
vessel is a cause or a consequence of other risk 
factors such as diabetes, metabolic syndrome, 
ageing or blood pressure variability. Avian mod-
els, such as the pigeon and the turkey, have been 
used also to study the development of atheroscle-
rosis, as they develop this problem spontaneously 
despite being grain eaters [ 16 ,  17 ]. 

    Kidney Disease 
 Arterial stiffness has emerged as an important 
marker of cardiovascular risk in patients with 
chronic kidney diseases where it contributes to 
increased cardiovascular morbidity and mortal-
ity. The Lewis polycystic kidney (LPK) rat is a 
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model developed from a spontaneous mutation 
that progresses to end-stage renal disease by 
18–24 weeks of age [ 18 ]. In this model, hyper-
tension and increased isobaric arterial stiffness 
associated with increased arterial calcifi cation 
and media thickness appear as soon as after 12 
weeks of age, thus preceding the appearance of 
kidney disease.  

    Obesity, Diabetes and Ageing 
 The obese Zucker rat displays many aspects of 
metabolic dysfunction, such as insulin resistance, 
hypertension and increased plasma lipid levels. It 
represents an ideal model for investigating the 
mechanisms that contribute to large artery dys-
function which occur with advanced age in obese 
individuals. The increase in arterial stiffness and 
the alteration of aortic structure are accentuated 
by the metabolic disorders present in the obese 
Zucker rat [ 19 ]. In the Zucker fa/fa rat model of 
type 2 diabetes, mechanical, structural and 
molecular evidence of increased aortic stiffness 
before the onset of hyperglycaemia has also been 
reported [ 20 ]. Furthermore, aged obese Zucker 
rats develop also problems with distensibility 
with age through a left shift in the carotid elastic 
modulus-wall stress curves probably due to the 
changes in aortic composition with an increase in 

collagen, a decrease in elastin (thus a decrease in 
the elastin/collagen ratio) and an increase in dry 
weight due to an increase in protein content [ 19 ] 
(Fig.  6.1 ).

   In another obese model that develops heart 
failure, the SHHF rat, reduced carotid distensibil-
ity and impaired renal function were observed, 
and with age these obese rats developed eccentric 
left ventricular hypertrophy from progressive 
dilation of the left ventricular dimensions (Anne 
Pizard, personal communication). 

 Old SHR develop naturally all the pathophysi-
ological and clinical alterations also noted in 
patients with essential hypertension. Interestingly, 
chronic administration of the NO synthase inhib-
itor    L-Name at low doses to adult SHR decreases 
endogenous NO production and promotes aortic 
stiffening to a similar level as that observed natu-
rally during ageing in hypertensive rats. Aortic 
stiffening in the SHR L-Name is in part BP inde-
pendent and due to vascular remodelling and to 
endothelial dysfunction [ 21 ]. Normotensive 
inbred Wistar or aged Brown Norway (BN) rats 
(arterial elastin defi cient) of 25–30 months old 
were also used as aged rats [ 22 ]. The walls of the 
large-diameter elastic arteries became progres-
sively stiffer with age [ 23 ]. The increased arterial 
stiffness and dilatation with age were attributable 
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  Fig. 6.1    Mechanical properties in carotid arteries in 25- 
and 80-week-old lean Zucker rat ( LZR ) and obese Zucker 
rat ( OZR ). Incremental elastic modulus ( Einc )-wall stress 
( WS ) curve ( a ) from 25- to 80-week-old lean and obese 
rats. ( b ) Carotid artery mean wall stress within the 800- to 
1,600-kPa range of Einc (MWS 800–1,600) in the same 

rats (analysis of variance, age,  p  < 10–6; strain,  p  < .05; 
interaction,  p  = .3). Values are mean ± standard error of 
the mean. “*” indicates  p  < .05, 80- vs. 25-week-old in the 
same strain; “†” indicates  p  < .05, obese vs. lean at the 
same age ( n  = 14–21 in each group) (Reprinted with per-
mission from Sloboda et al. [ 19 ])       
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to a progressive increase in collagen and vascular 
hypertrophy, resulting in a relative decrease in 
elastin content [ 24 ]. Calcifi cation and advanced 
glycation end-product (AGE) accumulation in 
arteries accelerated age-induced arterial stiffen-
ing. Glycation of collagens induces covalent 
bridges between fi brils and elastic fi bres which 
undergo also age-related modifi cations, leading 
to more stiffness. Receptor-mediated effects of 
AGEs in VSMCs result in increased proliferation 
and accumulation of fi bronectin [ 25 ]. BN rats 
have a lower aortic elastin to collagen ratio than 
control rats which at a young age produced an 
increase in stiffness. However, this stiffness 
decreased with age probably due to the increase 
in internal elastic lamina ruptures [ 24 ]. 

 Furthermore, treating cultured smooth muscle 
cells from BN rats with potassium channel block-
ers, minoxidil, diazide    and pinacidil, increased 
mRNAs that encoded enzymes and proteins 
involved in elastic fi bre formation. Treatment of 
intact BN rat with minoxidil increased elastic 
fi bre content but induced the undesirable side 
effect of cardiac hypertrophy [ 26 ].  

    Blood Pressure Variability (BVP) 
 The association of arterial stiffness with BPV is 
strengthened by a number of studies showing that 
increased variability predicts cardiovascular out-
come, especially stroke. Pulse pressure and older 
age, which are both directly associated with arte-
rial stiffness, have also been shown to be inde-
pendently associated with higher visit to visit 
variability in SBP. In experimental models such 
as the SHR, we have previously shown a strong 
association between increased BPV and increased 
arterial stiffness [ 27 ]. Sinoaortic denervated 
(SAD) and chemically sympathectomized (SNX) 
rats, used as experimental models of short-term 
systolic blood pressure variability, are character-
ized by an increase of arterial stiffness and a 
decrease of carotid distensibility without hyper-
tension compared to their respective controls 
[ 11 ,  28 ,  29 ]. Another recent study has further 
demonstrated a relation between BP variability 
and elastic stiffness-determining components, 
i.e. a positive correlation with collagen/elastin 
ratio in SHR [ 30 ].    

    Genetically Modifi ed Models 
of Arterial Stiffness 

 Genetically modifi ed animal models provide a 
unique opportunity to alter the content and orga-
nization of key components of the vascular wall. 
Transgenic mice now allow us to better under-
stand structural modifi cations related to arterial 
mechanical alterations to establish new therapeu-
tic targets. These models, more often coupled to 
in vitro experimental studies, open an important 
new fi eld of research around intracellular signal-
ling and its consequences on the intrinsic rigidity 
of vascular smooth muscle. 

    Infl uence of Scleroprotein Contents 
on Arterial Stiffness 

 The fi rst attempts to explain arterial stiffness by 
the properties of structural components of the 
arterial wall addressed the role of the principal 
constituents, elastic and collagen fi bres and 
smooth muscle cells [ 31 ,  32 ]. The simplest 
mechanical scheme consists of considering the 
elastic fi bre network, the most distensible com-
ponent of the arterial wall, in parallel with the 
collagen fi bre network which, in contrast, lacks 
distensibility but provides rigidity [ 8 ,  33 ]. 

 The quantity of elastic and collagen fi bres is 
appreciated by measuring their relative density 
and their ratio within the media either by mor-
phometric analysis using elective staining or by 
biochemical methods. 

 Studies of elastin-insuffi cient mice show that 
there is more fl exibility in the building plan than 
thought previously. Mice with one functional 
elastin allele (Eln+/−), and thus half as much 
elastin, live a normal life span and thrive well 
into adulthood. They have a mean arterial pres-
sure 30–40 mmHg higher than wild-type ani-
mals. They have also an increased number of 
lamellar units in their arteries and a vessel wall 
with an increased incremental elastic modulus at 
high pressure [ 34 ]. At their higher physiological 
pressure, arteries in Eln+/− mice are working 
close to their maximum strain, suggesting that 
these animals may be more prone to develop 
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hypertensive cardiovascular pathologies when 
stressed. At maximal strain, there is a lower 
potential for distension if the blood pressure 
increases. In contrast, mice with a null mutation 
in the elastin gene (Eln−/−) die within a few days 
of birth due to SMC over-proliferation that 
occludes the vessel lumen. At birth, Eln−/− mice 
have stiff vessels that show little diameter change 
between systole and diastole [ 35 ]. 

 Fibulin-5 is essential for elastic fi bre formation 
and is expressed in developing arteries as well as 
in balloon-injured and in atherosclerotic arteries. 
Mice lacking both alleles of fi bulin-5 experience 
increased arterial stiffness with adequate tropo-
elastin present in large arteries but not organized 
into functional elastic lamina in these vessels 
[ 36 ]. It appears clear that, although modifi cations 
of the elastic fi bre network may contribute to 
mechanical properties of the arterial wall, these 
fi bres are integrated in a much more complex net-
work, with multiple interactions existing between 
all of the various components of the arterial wall 
[ 37 ]. Thus the connections between these differ-
ent components should be considered. 

 The modifi cations of stiffness observed in 
these different models with quantitative or quali-
tative alterations of elastic fi bres appear to be 
predictable only in the case of HVD, a model of 
elastocalcinosis induced by chronicle adminis-
tration of vitamin D (IM injection) and nicotine 
(per os) and    Lox- models (a model of inhibition 
of lysyl oxidase by administration of beta- 
aminopropionitrile). In contrast, for IEL rupture, 
the mechanical consequences are not what would 
be expected, but it is possible that the decreased 
elastin content and the presence of IEL ruptures 
have opposite effects on arterial stiffness and 
cancel each other out. Indeed, the former should 
tend to increase stiffness, whereas the latter 
should decrease it. One explanation for the 
behaviour in the Fib model, a mouse model of 
Marfan syndrome by mutation of the fi brillin-1 
gene, is the following: fragmentation of the elas-
tic fi bre network without change in arterial pres-
sure would lead to distension of the arterial wall 
and the premature recruitment of collagen fi bres. 
Α similar sequence of events may occur in Lox- 
rats, but as these rats have also decreased 

 collagen cross-linking, the collagen is less rigid 
and so the effect would be masked. In models 
where collagen cross-linking is increased, a sim-
ilar phenomenon is observed: here the collagen 
fi bre network is solicited abnormally in condi-
tions of normal distension, leading to an increase 
in rigidity.  

    Vascular Smooth Muscle Cells 
and Arterial Stiffening 

 Smooth muscle cells are attached to the elastic 
fi bres and as such are integrated into musculo-
elastic units [ 38 – 40 ]. The degree of activation of 
these cells (muscle tone) can modify the mechan-
ical behaviour of the arterial wall, i.e. by increas-
ing rigidity with increased tone. The elastic 
properties of the arterial wall may also arise from 
changes in the structural properties of the vascu-
lar smooth muscle (SM) cells. Qiu et al. observed 
that vascular SM cell stiffness measured both by 
atomic force microscopy and in a reconstituted 
tissue model was signifi cantly increased in the 
aorta from old vs. young monkeys, in association 
with increased expression of SM α-actin (SMA) 
and β1 integrin [ 22 ]. Serum response factor 
(SRF) is a major transcription factor regulating 
SM genes involved in the maintenance of the 
contractile state of vascular SM cells. A specifi c 
knockout mouse of serum response factor 
(SRF SMKO ) has been developed to investigate 
whether SRF and its target genes regulate intrin-
sic SM tone and thereby arterial stiffness. The 
carotid distensibility-pressure curve and elastic 
modulus-wall stress curves showed a greater 
arterial elasticity in SRF SMKO  mice without modi-
fi cation in the collagen/elastin ratio. These data 
suggest strongly that the regulatory role of SRF 
on the differentiation of smooth muscle cells is 
crucial in the function and structure of elastic 
arteries and their remodelling during ageing 
[ 41 ,  42 ] (Fig.  6.2 ).

   Similarly, mice without desmin (DES−/−), 
the main component of the intermediate fi la-
ments in cardiac, skeletal and smooth muscles, 
showed a lower distensibility and an increase in 
arterial wall viscosity and a lowered vascular 
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wall mechanical strength compared to wild-type 
mice [ 43 ]. 

 Global arterial stiffness is the sum of passive 
stiffness, corresponding to the contribution of the 
inert structural components, and active stiffness 
provided by the smooth muscle tone [ 9 ,  44 ]. 
Nevertheless, it has been shown that under basal 
conditions, the global mechanical behaviour is 
very close to that of the purely passive elements, 
indicating that the SMCs are close to their maxi-
mal state of relaxation [ 45 ]. However, under high 
distending pressures there is no longer any 
dependence of the mechanical behaviour on mus-
cle tone, suggesting the preponderance of passive 
structural elements, probably collagen fi bres.  

    Pseudoxanthoma Elasticum 

 In this particular inherited multisystem metabolic 
disorder, there is progressive fragmentation of 
elastic fi bres in the skin, the Bruch membrane of 
the retina and in the media of the arterial wall. 
The principal gene affected is the ABCC6, and 
the knockout mouse model of this disease has a 
slight increase in arterial stiffness and a signifi -
cant increase in myogenic tone compared to 
the wild-type mouse (Kauffenstein, personal 
communication).  

    Role of Adhesion Structures 

 The connections between the components of the 
media are organized in the form of dense plaques 
(DP) which represent the principal structures of 
attachment between the SMCs and the extracel-
lular matrix [ 46 ]. By electron microscopy, two 
types of DP can be distinguished: (1) those in 
contact with elastic fi bres and elastic lamellae 
(DP-EL) and (2) those in contact with the basal 
lamina and immediately beyond, with microfi -
brils and collagen fi brils (DP-M). 

 From a mechanical point of view, an increase 
in the number of attachment sites should limit the 
deformability of the arterial wall. This hypothesis, 
i.e. that an increase in one or other type of DP is 
associated with an increase in stiffness, appears to 
hold true in vivo only in normotensive strains. 
The relation is not as clear in models of hyperten-
sion [ 15 ]. However, it is probable that not all 
attachments should be taken into account, but 
only those which are mechanically solicited. This 
number may vary due to both the distension of the 
arterial wall by the pulsatile arterial pressure and 
to the increased tension of structures caused by 
the contraction of the SMCs. This phenomenon of 
recruitment of cell attachments during deforma-
tion of the arterial wall requires further investiga-
tion, both at a structural and mechanical level. 
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in CTL SMKO  (control,  n  = 19), SRF SMKO  ( n  = 22) (Reprinted 
with permission from Galmiche et al. [ 41 ])       
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 The quantifi cation of DPs can only provide a 
partial explanation of the mechanisms of rigidity. 
It should be completed by the analysis of the 
plaque constituents. Among the integrins present 
in these dense plaques, a large number are capa-
ble of forming complexes with fi bronectin, a gly-
coprotein which plays an important role in the 
organization and assembly of the extracellular 
matrix [ 47 ,  48 ]. 

 Table  6.1  shows that taking into account vari-
ations in fi bronectin and/or in collagen allows 
prediction of the evolution of arterial rigidity in 
all models except one (SNX). However, the 
demonstration of the relation between fi bronec-
tin content and rigidity does not provide any 
explanation of the mechanisms intervening at 
the level of the dense plaques. The integrin com-
position is important in this respect. In models 
where the specifi c receptor for fi bronectin, α5β1 
integrin, has been studied, this component was 
shown to follow the same evolution as fi bronec-
tin [ 13 ]. As for the other integrins present in the 
arterial wall (α1β1, α3β1, α8β1, αvβ1 αvβ3), 
which bind to various proteins of the ECM (col-
lagens, fi bronectin, laminins, vitronectin, 
thrombospondin, tenascin, osteopontin, etc.), 
their role in arterial mechanical properties has 
been little studied [ 15 ,  38 ,  50 ]. It has neverthe-
less been proposed that the increase in αvβ3 
observed in the mesenteric artery in the SHR 
may in part determine rigidity via cell prolifera-
tion and ECM remodelling [ 60 ,  61 ].

   On the other hand, mice lacking the integrin 
α1 exhibit reduced mechanical strength at base-
line and do not show SMC hypertrophy in 
response to angiotensin II [ 62 ]. The role of the 
integrins in arterial stiffness is also supported by 
in vitro manipulations of smooth muscle cells 
showing that cyclic mechanical stress plays a role 
in the expression of integrins [ 63 ]. 

 Dense plaques form also part of a larger net-
work via their connections with the cytoskeletal 
proteins. Little is known about this aspect. Some 
studies have been carried out on one of these pro-
teins, desmin, which is an essential constituent of 
the intermediate fi laments associated with dense 
plaques. Use of the desmin KO mouse model has 
shown that the absence of desmin leads to an 

important reorganization of the ECM with thick-
ening and densifi cation of the spaces between 
elastic lamellae, cells and basal lamina leading to 
an increase in arterial stiffness [ 43 ]. 

 One fi nal class of constituents which have been 
implicated in arterial stiffness are the proteogly-
cans [ 64 ,  65 ]. These molecules represent quantita-
tively an important part of the ECM. It has been 
shown that a decrease in glycosaminoglycans is 
associated with increased wall stiffness, and the 
hypothesis that proteoglycans take part in cell-
matrix attachments has been proposed.  

    Other Markers 

 Mice where one of the β-galactoside-binding lec-
tins, Galectin-3, had been knocked out were 
resistant to aldosterone-induced vascular smooth 
muscle cell infl ammation and the increase in col-
lagen type 1 that would have led to increased 
fi brosis [ 66 ]. 

 Knock out of one of the interleukin-6 family 
members, cardiotrophin 1, decreases age- 
dependent arterial stiffness (right shift of the 
stress-incremental elastic modulus curve) and 
increases longevity in mice [ 67 ] (Fig.  6.3 ).

   Table 6.1    Arterial stiffness and fi bronectin content   

 Model 
(references)  HTA 

 Arterial 
stiffness 

 Arterial 
FN density 

 Arterial 
collagen 
density 

 SHR [ 15 ,  49 ]  +  =  ↑  ↓ 
 SHR-SP [ 50 ]  +  ↓  ↑  ↓ 
 SAD [ 28 ]  –  ↑  ↑  ↑ 
 SNX [ 28 ]  –  ↑  =  = 
 2K1C [ 51 ]  +  ↑ 
 L-NAME [ 52 , 
 53 ] 

 +  ↑  ↑  ? 

 SHR L-NAME 
[ 21 ] 

 +  ↑  ↑  ↑ 

 SHR-HSD [ 54 , 
 55 ] 

 +  ↑  ↑  = 

 Aldo-salt [ 56 ]  –  ↑  ↑  = 
 DOCA-salt 
[ 57 – 59 ] 

 +  ↑  ↑  ? 

  See the text for other models abbreviations 
  HTA  hypertension,  FN  fi bronectin,  2K1C  2 kidneys-1clip, 
 HSD  high-salt diet  

P. Lacolley et al.



71

   Aldosterone has been implicated also in stiff-
ness, and two recent papers show the two sides of 
the effect of aldosterone. In the fi rst, conditional 
overexpression in mice of aldosterone receptors 
in endothelial cells showed moderate hyperten-
sion independent of renal tubular sodium trans-
port or activation of the smooth muscle receptor 
[ 68 ]. In contrast, in the second, conditional inac-
tivation of the aldosterone receptor leads to a 
decrease in blood pressure with larger vessel 
diameter than wild type that did not give increased 
arterial stiffness in response to an aldosterone/
sodium challenge [ 69 ].   

    Conclusion and Perspectives 

 At present, the therapeutic applications of the 
studies presented here remain limited. Α certain 
number of currently used antihypertensive drugs 
have been shown to have benefi cial effects on 
arterial stiffness. However, with the exception of 
their action on muscular peripheral arteries and 
arterioles, these agents seem to have little direct 
infl uence on central arterial mechanical properties. 
However, they may act on central arteries through 
the mechanism of wave refl ections (see chapters   1     
and   2    ). Several examples are discussed in this book. 
Molecules acting on the  renin- angiotensin system 
appear to have a greater effect  (independently of 

the lowering of blood pressure) than the other 
classes of drug. This is coherent with the fact 
that these compounds can modulate fi bronectin 
expression. 

 As mentioned above, it is probable that the 
adhesion molecules play a major role in arterial 
stiffness. It is thus tempting to try and interfere 
directly with these attachments at the level of 
either collagen or elastin fi bres, with the aim of 
reducing rigidity. Nevertheless, trials for the 
modulation of these adhesion molecules should 
be carried out with caution. Indeed, these attach-
ments play also an essential role in determining 
the mechanical resistance of the arterial wall. It 
would be counterproductive to decrease parietal 
mechanical resistance in an attempt to reduce 
wall stiffness. The diffi culty lies at present in the 
fact that we do not know which molecules within 
the adhesion structures to target. The integrins, 
their ligands and their activation pathways repre-
sent potential candidates, but the question of their 
specifi city remains open. The response to these 
questions will ultimately come from more com-
plete knowledge of the mechanisms involved, 
using pharmacological and other tools in existing 
or newly emerging animal models. 

 Although there is an explosion of interest in 
arterial stiffness with the use of the various ani-
mal models mentioned above for the moment, we 
do not have the exact genes involved in stiffness 
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  Fig. 6.3    In vivo carotid mechanical properties and vascu-
lar morphology and composition in wild-type ( WT ) and 
cardiotrophin 1 ( CT-1 )-null mice. ( a ) The diameter-arterial 
pressure curve of the CT-1-null mice group ( n  = 12) was 

shifted upward vs. WT ( n  = 12). ( b ) For a given level of 
arterial pressure, there was a signifi cant upward shift of the 
distensibility- pressure curve in CT-1-null mice (Reprinted 
with permission from Lopez-Andres et al. [ 67 ])       
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nor the molecular mechanisms implicated. 
Several candidate genes are given in another 
chapter of this book from human studies using 
modern techniques and very large cohorts. They 
have confi rmed the implication of the renin-
angiotensin- aldosterone system and brought to 
the surface other possible avenues of research, 
but these future genetic studies must be con-
fi rmed by new postgenomic experimental animal 
models using clear physiological hypotheses 
concerned with the role of these genes in arterial 
stiffness.     
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    Abstract  

  Mammals, and other vertebrates, adapted to aerobic life on land by devel-
oping a closed circulatory system, with separate low (for pulmonary func-
tion) and high (for renal and other functions) pressure components. The 
latter required a change from a low- pressure peristaltic to a high-pressure 
pulsatile, cardiac function. In this high-pressure system arteries near the 
heart damp the pulse pressure wave. Damping, which depends upon the 
visco-elastic properties of the arterial wall elastic fi bres, ensures effi cient 
coupling between the heart and the vascular system, reducing shear stress 
and thus promoting regular downstream fl ow. 

 The above system works effi ciently in younger mammals. But, as in 
order to guarantee survival of the species, evolutionary pressure ensures 
systems’ effi ciency up to reproductive age – but not beyond, thus as mam-
mals grow older, degenerative processes occur in key functional elements 
such as the scleroprotein elastin, an essential component of elastic fi bres. 
This deterioration is the basis of many important pathological conditions 
in man such as stiffening of the arterial wall. 

 In this article we will examine how ageing can modify elastin and the 
role of calcifi cation in this process, starting with a description of the organ-
isation and function of elastin.  
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  7      Elastin, Calcium and Age-Related 
Stiffening of the Arterial Wall 

           Jeffrey     Atkinson     

        Introduction 

 Mammals, and other vertebrates, adapted to aero-
bic life on land by developing a closed circula-
tory system, with separate low (for pulmonary 
function) and high (for renal and other func-
tions) pressure components. The latter required 
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a change from a low-pressure peristaltic to a 
high- pressure pulsatile, cardiac function. In 
this high- pressure system arteries near the heart 
damp the pulse pressure wave. Damping, which 
depends upon the visco-elastic properties of the 
arterial wall elastic fi bres, ensures effi cient cou-
pling between the heart and the vascular system, 
reducing shear stress and thus promoting regular 
downstream fl ow [ 1 ]. 

 The above system works effi ciently in younger 
mammals. But, as in order to guarantee survival 
of the species, evolutionary pressure ensures sys-
tems’ effi ciency up to reproductive age – but not 
beyond, thus as mammals grow older, degenera-
tive processes occur in key functional elements 
such as the scleroprotein elastin, an essential 
component of elastic fi bres. This deterioration is 
the basis of many important pathological condi-
tions in man such as stiffening of the arterial 
wall. 

 In this article we will examine how ageing can 
modify elastin and the role of calcifi cation in this 
process, starting with a description of the organ-
isation and function of elastin.  

    Organisation of Elastin 
and Elastic Fibres 

 Elastin is organised into an extracellular network 
of branched fi bres. This fi lamentous aggrega-
tion is formed from the soluble precursor tropo- 
elastin (rich in lysine) together with glycoprotein 
micro- fi brils such as fi brillin [ 2 ]. Lysyl oxidase 
converts lysine into a semi-aldehyde through 
condensation of aldehyde groups with other 
peptidyl aldehyde and amino groups giving rise 
to inter- and intra-molecular covalent cross-
linkages essential for the formation of func-
tional insoluble fi bres [ 3 ]. Studies on the degree 
of lysyl oxidase- induced cross-linking, using 
chemical enzyme inhibition of lysyl oxidase or 
genetic modifi cation, show that a certain degree 
of cross-linking is required in order to ensure 
correct mechanical functionality of elastin. The 
cross-linking amino acids of elastin formed by 
lysyl oxidase are desmosine, iso-desmosine and 
lysine-norleucine [ 4 ]. 

 The parallel arrangement of a biological mate-
rial with a relatively low elastic modulus, elastin 
(10 6  fold less than that of apatite [ 5 ]), together 
with a stiffer material, collagen, produces a cur-
vilinear relationship between intraluminal pres-
sure and diameter. The fi rst part of the diameter/
pressure curve is linear; at higher trans-mural 
pressure levels (>110–125 mmHg) the relation-
ship becomes curvilinear as collagen fi bres are 
recruited [ 6 ]. 

 The properties of elastic fi bres are not equiva-
lent to those of elastin. Elastin is deposited on a 
scaffold of micro-fi brils (fi brillin and others) to 
form elastic fi bres that are arranged in elastic 
lamellae separated by smooth muscle cells [ 7 ]. 
Lamellae are embedded in a viscous muco- 
polysaccharide ground substance which endows 
the wall with its visco-elastic behaviour. 

 Elastin mechanics depend on several factors. 
Upon stretching, the contact between hydropho-
bic amino acids and surrounding water increases 
such that the return to the original form is accom-
panied by an increase in entropy. The stretching 
and recoil is thus dependent on the hydration of 
elastin – dried elastin is brittle and will not 
stretch. The source of elastin’s elasticity – as 
with other soft tissues – is a decrease in entropy 
with increasing strain [ 8 ]. Factors, such as 
changes in cross-linking or calcifi cation that 
modify the decrease in entrophy with increasing 
strain, will change the mechanical behaviour of 
elastin. 

 Arterial wall elasticity is dependent on two 
factors, the fi rst being the ratio of wall thickness 
to outer radius (h/Ro [ 9 ]). With ageing, arterial 
dilatation unaccompanied by the compensatory 
increase in wall thickness [ 10 ] transfers strain 
from elastin onto collagen and increases wall 
stiffness in the absence of any increase in trans- 
mural mean pressure. This, however, does not 
necessarily lead to a fall in arterial compliance as 
long as a fall in incremental volume occurs. 

 The second factor – that is independent of h/
Ro and of pressure – relates to the proportions of 
elastin and collagen. The wall of the aortic arch is 
70 % water, 1–2 % fat and 30–50 % scleropro-
tein; elastin represents 60 % of elastin + collagen. 
This percentage falls to 20–30 % in more distal 

J. Atkinson



77

arteries, and as the percentage of collagen 
increases so does wall stiffness. 

 These differences in the ratio of elastin to col-
lagen adapt the arterial wall to local hemody-
namic conditions, the distensible proximal aorta 
having a “ Windkessel ” function and the stiffer, 
more distal parts a “conduction” function.  

    Age-Related Quantitative Changes 
in Elastin and Stiffening 
of the Arterial Wall 

 Precise measurement of the wall content of insol-
uble extracellular matrix proteins is diffi cult. 
Thus, indisputable evidence of a net change in 
a wall component (elastin or any other), respon-
sible for a change in wall mechanics, is diffi cult 
to obtain [ 11 ]. Arterial wall scleroprotein content 
can be determined by several methods such as 
histomorphometry following pressurized perfu-
sion fi xation and (more or less) selective stain-
ing [ 12 ], chemical digestion with isolation, and 
chemical determination of desmosine and iso- 
desmosine following separation by capillary 
zone electrophoresis [ 13 ]. As these amino acids 
are essentially for the physiology of elastin, 
this method provides a measure of “functional” 
elastin.  

    Age-Related Changes in Elastin 
Cross-Linking and Stiffening 
of the Arterial Wall 

 As elastin is long-lived with a half-life of several 
years, age-related changes are generally qualita-
tive [ 14 ] rather than quantitative. Qualitative 
changes involve changes in cross-linking. 

 Although an optimal degree of peri-natal 
cross-linking is essential for the physiological 
function of scleroproteins, age-related cross- 
linking (glycation, nitration) and calcifi cation 
have a negative effect of scleroprotein mechan-
ics. Bjorkstein and Champion, after noting 
that the tanning of a protein gel attenuated the 
amplitude of its rhythmical stretching, drew an 
analogy with arterial ageing and put forward 

the cross- linking hypothesis of ageing: that the 
formation of supernumerary cross-links leads 
to physio- pathological changes in scleroprotein 
function [ 15 ]. 

 Many studies have reported an increase in elas-
tin fi bre fl uorescence with age and related this to 
glycation and nitration. Bruel et al. [ 16 ] reported 
that the age-related increase in aortic stiffness 
in rats was associated with an accumulation of 
fl uorescent material in elastin and suggested that 
this was due to the formation of advanced gly-
cation end-products (AGEs, advanced Maillard 
products of the terminal phase of non-enzymatic 
browning). Caution should be used in the inter-
pretation of the results of fl uorescence studies. 
Many factors including dityrosine, products of 
lipid peroxidation and reactive carbonyl com-
pounds and quinones modify elastin fl uores-
cence. Elastin fl uorescence can also be caused by 
the extraction procedure used. Albeit others have 
confi rmed that elastin can incorporate glucose 
and ribose and form AGEs [ 17 ]. Furthermore 
“AGE breakers” such as aminoguanidine prevent 
arterial stiffening in ageing normotensive rats 
[ 18 ], although whether this and similar agents 
actually break pre-existing AGE cross-links is 
less certain [ 19 ]. 

 Cross-linking can also be affected by nitrite. 
The nitrite ion reacts with tyrosine in elastin and 
this non-enzymatic nitration produces marked 
structural disruption [ 20 ]. The effect of this on 
vascular wall stiffness is not known in detail. 
However, nitrite effects on the arterial wall are 
complex. Short-term treatment (3 weeks) of old 
mice (26–28 months) with sodium nitrite amelio-
rated oxidative stress, decreased the AGE content 
of the aortic wall and lowered aortic pulse wave 
velocity [ 21 ].  

    Age-Related Calcifi cation of Elastic 
Fibres 

 Calcifi cation of arteries is a common phenome-
non in the elderly. Aortic wall calcium content 
increases with age [ 22 ]. Age-linked medial calci-
fi cation (elasto-calcinosis) collocates with elastic 
fi bres [ 23 ]. 
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 Cross-linking may be involved in the calcifi ca-
tion of elastin (elasto-calcinosis). Arterial calcifi -
cation is common in diabetes involving processes 
such as glycation [ 24 ]. In the streptozotocin- 
induced diabetes rat model, glycation of elastin 
accelerates calcifi cation [ 25 ]. This mechanism 
may be important in man as the AGE pentosi-
dine collocates with both elastic fi bres and cal-
cium deposits in the aortic media of patients with 
end-stage renal disease [ 26 ] again suggesting that 
modifi cation of elastin by the Maillard reaction is 
involved in calcifi cation. 

 Hypertension, which is more prevalent in 
the elderly, increases intraluminal pressure so 
promoting elasto-calcinosis [ 27 ] suggesting 
that global degeneration of the arterial wall – of 
which elasto-calcinosis may be one facet – is due 
to the fatiguing effects of cyclic stress on medial 
elastic fi bres followed by fracture [ 28 ]. As pulse 
pressure increases in hypertension (especially 
so in isolated systolic hypertension), cyclic wall 
stress is increased and so elasto-calcinosis and 
fracture of elastic fi bres would be expected to 
occur earlier than in normotensive individu-
als. Other observations strengthen such a link 
between wall calcifi cation and increased wall 
stiffness. Asymptomatic hypertensive patients 
with high aortic pulse wave velocity values show 
abdominal aortic calcifi cations [ 29 ]. It has been 
suggested that hypertension and vascular calci-
fi cation form a vicious cycle with: (1) hyperten-
sion activating cellular and matrix remodelling, 
(2) leading to calcium deposition and elastic 
fi bre fragmentation, (3) producing an increase in 
arterial wall stiffness, (4) promoting hyperten-
sion [ 30 ]. 

 Elasto-calcinosis is part of a diffuse medial 
arteriosclerotic process that is distinct from a 
localised intimal atherosclerotic process. Diffuse 
medial elasto-calcinosis is probably a more sig-
nifi cant determinant of increased arterial stiffness 
in ageing then atheroma as shown by the fact that 
aortic pulse wave velocity evolves in a similar 
fashion with age in populations with differing 
prevalence of atheroma [ 31 ]. 

 Elasto-calcinosis is complex and involves 
both polar and apolar processes. The polar 

nature is suggested by the fact that most mol-
ecules regulating biological mineral formation 
are anionic and that this property facilitates the 
interaction between minerals and matrix ele-
ments [ 32 ]. As the calcium content of elastin 
increases so does that of the acidic groups (glu-
tamic and aspartic acids [ 33 ]) and this increase 
in the base-binding capacity could explain 
the increase in calcium binding. Albeit, such 
a change in the primary structure of elastin is 
diffi cult to conceive as biochemical ageing of 
long-lived scleroproteins involves secondary 
post-synthetic modifi cation. The paradoxical 
change in the primary structure of elastin may 
be explained by the accumulation with age of 
pseudo-elastin with a higher proportion of polar 
amino acids [ 34 ,  35 ]. 

 Calcifi cation may occur in an apolar environ-
ment [ 36 ] involving hydrophobic molecules such 
as cholesterol following lipid infi ltration [ 37 ]. 
Cholesterol feeding in animals produces fatty 
streaks which accumulate calcium [ 38 ]. 

 Elasto-calcinosis may be an active process as 
matrix vesicles similar to those seen in 
 calcifi cation of cartilage, bone and dentin, pro-
duced by arterial smooth muscle cells have been 
observed in wall calcifi cation [ 39 ]. Elasto-
calcinosis may depend on factors involved in 
bone formation [ 40 ] and other calcium-binding 
proteins [ 41 ] such as S-100 [ 42 ]. Circulating cal-
cifying cells have been suggested as regulating 
the bone- vascular axis [ 43 ]. 

 Marked vascular calcifi cation occurs in 
chronic kidney disease and in this case vascu-
lar calcifi cation can be considered as a sys-
temic disease in which both bone and kidney 
contribute to calcium deposition with fi broblast 
growth factor 23 (that controls renal phosphate 
excretion) playing an active role [ 44 ]. The link 
between vascular calcifi cation with elastin fi bre 
degradation and increased aortic wall stiffness 
has been shown in animal models of chronic kid-
ney disease such as the Lewis polycystic kidney 
rat model [ 45 ]. In this model the angiotensin I 
converting enzyme inhibitor, perindopril, dimin-
ished elasto- calcinosis, elastin degradation and 
wall stiffness [ 46 ].  
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    An Animal Model 
of Elasto-Calcinosis 

 In man age-related elasto-calcinosis promotes a 
decrease in arterial elasticity. The time course of 
the increase in aortic wall stiffness [ 47 ] closely 
parallels the rise in medial calcifi cation with age. 
More direct evidence for proof of the concept 
that elasto-calcinosis is an important aetiological 
factor in the development of fi bre fragmentation 
followed by increased arterial wall stiffness has 
been obtained in animal models. 

 In “normal” ageing in the rat arterial calcifi ca-
tion is not very marked and evolves slowly. 
Arteries contain up to fi ve times more calcium 
than other soft tissues and calcify with age (2- to 
3-fold) whereas the other soft tissues do not [ 48 ]. 
Calcium bound to elastin increases with age such 
that elasto-calcinosis and wall stiffness increase 
in parallel with age [ 49 ]. 

 Marked elasto-calcinosis can be produced by 
hyper-vitaminosis D, alone or in combination 
with nicotine or cholesterol. Hyper-vitaminosis 
D plus nicotine (VDN) of the rat produces wall 

elasto-calcinosis of the same magnitude as that 
seen in elderly patients. VDN does not modify 
wall thickness, wall thickness to lumen ratio or 
wall stress but increases fragmentation of elas-
tic fi bres [ 50 ]; mean blood pressure remains at 
a normotensive level, animals suffer from iso-
lated systolic hypertension with increased pulse 
pressure [ 51 ,  52 ]. VDN increases wall rigidity as 
shown by increased pulse wave velocity with no 
change in stroke volume, increased aortic imped-
ance, decreased systemic arterial compliance, 
decreased  in situ  and  in vitro  carotid artery com-
pliance, increased elastic modulus, increased iso-
baric elasticity, and decreased pulse amplifi cation 
[ 53 ,  54 ]. Using confocal microscopy we showed 
that VDN produces fragmentation of the medial 
elastic network [ 55 ]. These results strongly sug-
gest that elasto-calcinosis-induced damage of 
the aortic wall produces increased wall stiffness 
and elevated pulse pressure with isolated systolic 
hypertension (see Fig.  7.1 ). However, whilst the 
model is relevant in terms of phenomenology it 
is less so in terms of mechanism of production 
of calcifi cation. In chronic kidney disease, for 
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instance, vascular calcifi cation is associated with 
vitamin D defi ciency [ 56 ].

       Perspectives 

 Given the resemblance between vascular calci-
fi cation and processes occurring in bone, drugs 
used for the treatment of osteoporosis such as 
bisphosphonates may prove useful [ 57 ]. Certain 
vascular drugs such as angiotensin I convert-
ing enzyme inhibitors may also have their use. 
Modulation of enzymatic processes such as the 
activity of matrix metallo-proteinases may be 
another lead [ 58 ]. Such actions and drugs may be 
able to diminish evolving calcifi cation; whether 
they can de-calcify calcifi ed elastin is less certain.     
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    Abstract 

 Increases in arterial stiffness and pulse pressure are typical features of the 
arterial stiffness during aging and are associated with increased risk of 
cardiovascular complications. Cellular and molecular determinants of 
arterial stiffness have not been completely elucidated. Clinically, the 
carotid-femoral pulse wave velocity (PWV) is the gold standard parameter 
of arterial stiffness. A recent genome-wide scan of the Framingham Heart 
Study population has shown that arterial stiffness and mean and pulsatile 
components of blood pressure are heritable and map to separate the genetic 
loci in humans, suggesting that distinct genes may modulate these two 
phenotypes. This chapter details the recent knowledge on the infl uence of 
genetic determinants and telomere length on the development of age-
related phenotypes. Recent genetic studies have revealed specifi c genes 
contributing to arterial stiffening. Available data on genome-wide associa-
tion (GWA) have been initiated on PWV and have identifi ed common 
genetic variation in specifi c loci or single-nucleotide polymorphisms 
(SNP) signifi cantly associated with PWV. Telomere length at birth is 
strongly determined genetically and is the main determinant of 
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  Abbreviations 

   GWA    Genome-wide association   
  HPC    Hematopoietic progenitor cell   
  HSC    Hematopoietic stem cells   
  LTL    Leukocyte telomere length   
  PP    Pulse pressure   
  PWV    Pulse wave velocity   
  SNPs    Single-nucleotide polymorphisms   

          Introduction 

 During    the past 10–15 years, modern-era genet-
ics and related molecular biology have pro-
gressed rapidly in the fi eld of arterial stiffness. 
This chapter will focus primarily on telomere 
length as a real determinant of arterial aging and 
panels of single-nucleotide polymorphisms 
(SNPs) covering the whole genome and their 
incorporation into high-density genotyping 
microarrays to perform genome-wide association 
(GWA) studies to investigate the genetic compo-
nent of quantitative traits of arterial stiffness. 

 Stiffening of the large arteries leads to an 
increase in pulse wave velocity (PWV) and pulse 
pressure (PP). Both of these features of arterial 
stiffness have independent predictive value for 
total and cardiovascular (CV) mortality, coronary 
morbidity and mortality, and fatal stroke in vari-
ous groups of patients [ 1 – 3 ]. 

 The growing prevalence and associated risk of 
arterial stiffness provide a substrate to better under-
stand the underlying genetic causes and the resul-
tant physiological impact of this condition. Initially, 
genetic studies focused on the association between 
arterial stiffness parameters and common polymor-
phisms in single candidate genes. Then, genome-
wide linkage studies  permitted the identifi cation of 

chromosomal regions associated with arterial stiff-
ness, without relying on any prior biological 
hypothesis. GWA studies have been recently 
applied to arterial stiffness parameters. These stud-
ies were also conducted using PP as the quantita-
tive trait, which represents an approximation of 
large-artery stiffness. These approaches provide a 
rich resource for the future discovery of new causes 
and mechanisms of disease and open new attractive 
targets for pharmacological approaches. Among 
the genetic and molecular factors, telomere dynam-
ics may be a signifi cant determinant of the paces of 
arterial aging [ 4 ,  5 ]. Telomeres are noncoding dou-
ble-stranded repetitive structures at the ends of 
mammalian chromosomes that form protective 
caps at the ends of eukaryotic chromosomes. They 
safeguard the ends of chromosomes, maintain 
genomic integrity, and play a crucial role in replica-
tive senescence. Short LTL is associated with 
increased risk of stiffness and atherosclerosis of the 
carotid artery, atherosclerotic heart disease, and 
diminished survival in the elderly. Telomere length 
at birth, which is strongly determined genetically, 
seems to be the main determinant of LTL later in 
life. Therefore telomere length is a parameter 
determined early in life with a possible impact on 
the development of stiffness during aging.  

    The Possible Role of Telomeres 
in the Age-Related Arterial Lesions 

    Telomere Length and Arterial Aging 

 Telomeres are essential in protecting the terminal 
ends of chromosomes [ 4 – 6 ]. These noncoding 
repetitive DNA sequences (TTAGGG) located, as 
their name indicates, at the ends of chromosomes 
play a crucial role in cellular replicative capacity 

 leukocytes’ telomere length (LTL) later in life. Short LTL is associated 
with increased risk of stiffness and atherosclerosis of the carotid artery, 
atherosclerotic heart disease, and diminished survival in the elderly.  

  Keywords 

 Genetics   •   Telomere   •   pulse wave velocity   •   Arteries   •   Elasticity, arterial 
aging  
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and in chromosome stability. Telomere length is 
genetically determined at birth, decreasing there-
after with age. The reduction in telomere size is 
due to the fact that during cellular replication, the 
DNA located at the extreme ends of chromo-
somes    is not replicated, leading to telomere attri-
tion. A reverse transcriptase, telomerase, is 
capable of adding TTAGGG sequences at the 
ends of chromosomes and thus offset telomere 
attrition. Telomerase is active in both embryonic 
and germ cells, whereas in adult somatic cells in 
culture, telomerase activity is low or even nonex-
istent. Short telomeres have consequences on 
chromosome integrity, chromatin stability, and 
cellular replicative capacities, the fi nal result 
being the cessation of cellular replication and cell 
death [ 4 ]. Consequently, telomere length is both 
an indicator of “the life” of the cell and its future. 
In humans, telomere length is considered as an 
indicator of biological age, and although this bio-
logical age is largely associated with chronologi-
cal age, other factors can accelerate the reduction 
in telomere length [ 4 ,  5 ]. 

 The most powerful factor in the loss of DNA 
bases by replication is the level of oxidative stress. 
Indeed, one of the predominant assumptions in 
the fi eld of aging is that it may be the result of the 
lifelong accumulation of lesions and that these 
lesions are essentially due to the actions of chronic 
infl ammation and reactive oxygen species – 
ROS – at the cellular and tissular level. Chronic 
infl ammation and oxidative stress are evidently 
major factors of aging-related vascular injury, 
leading to atherosclerosis and arterial stiffness. 

 Clinical studies have shown that individuals 
with shorter telomeres exhibited more frequent 
manifestations of arterial aging along with 
increased  CV risk [ 4 ,  6 – 10 ]. LTL is inversely 
correlated with PP and carotid-femoral PWV [ 8 ], 
both indexes of aortic stiffness. Also, telomere 
length was shorter in patients with atheroscle-
rotic coronary heart disease [ 4 ,  9 ] and in hyper-
tensives with carotid artery plaques than in their 
age-matched peers [ 10 ]. Type 2 diabetes with 
microalbuminuria was found to be associated 
with increased oxidative stress, shorter telomere 
length, and accrued arterial stiffness [ 11 ]. 

 Nevertheless, there is currently an open debate 
as to whether shorter telomeres increase the risk 

of developing atherothrombosis or to whether 
short telomeres are the consequence of increased 
oxidative stress and the infl ammatory condition 
that are part of the atherothrombotic process. It is 
therefore important to understand whether LTL at 
a given age depends mainly on the LTL at birth or 
to the telomeric attrition during life.  

    Respective Roles of LTL at Birth 
and Telomere Attrition During 
Adulthood in the Determination 
of LTL (Fig.  8.1 ) 

    At a given age, telomere length essentially 
depends on their initial size at birth and the 
chronic effects of oxidative stress. In vitro studies 
show that increased oxidative stress is likely 
responsible for a higher rate of telomere attrition. 
However, the role of oxidative stress on telomere 
regulation in vivo remains poorly understood. 

    At Birth, TL Shows  Characteristics 
•      Large interindividual variation in HSC-TL is 

present at birth . LTL, and by inference 
HSC-TL, is highly heritable [ 12 ] and shows a 
wide range of variation among newborns 
(5 kbp). This variation largely holds in adults, 
and it might stem in large measure from 
genetic factors. In fact, recent GWA studies 
have identifi ed several genes explaining inter-
individual variation in LTL in the general pop-
ulation [ 13 ].  

•    Low inter-tissues variations in the same indi-
vidual.  In the human fetus and newborn, TL is 
largely equivalent in all somatic tissues [ 14 ]. 
The inter-tissue equivalence at birth is due in 
part to the activity of telomerase, which coun-
teracts TL shortening resulting from cell repli-
cation during early intrauterine growth.     

    Telomere Attrition in Extrauterine Life: 
The Role of Body Growth 
 Telomerase activity is largely repressed in 
somatic tissues during extrauterine life, although 
it is not totally abolished in somatic stem and 
progenitor cells. However, such activity is not 
suffi cient to prevent TL shortening during repli-
cation. Hence, TL varies across somatic tissues in 
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proportion to replicative activity. Notably, LTL, 
and by inference HSC-TL, is shorter than TLs of 
minimally proliferative somatic tissues. Yet, the 
available data from human studies point to strong 
correlations in TL across somatic tissues, that is, 
individuals with long (or short) TL in one tissue 
also have long (or short) TL in other tissues. This 
“synchrony” in TL across somatic tissues has 
been observed not only in humans [ 13 ,  14 ] but 
also in other mammals [ 15 ]. Epidemiological 
reports on age-dependent attrition in TL are 
based primarily on studies of leukocytes. These 
studies suggest that the rate of age-dependent 
LTL shortening is rapid early in life but slows 
down during adulthood [ 16 ], fi ndings that also 
apply to nonhuman primates. In humans, 
HSC-TL shortens by approximately 3,000 bp 
during the fi rst 20 years of life. This massive TL 
attrition is largely attributed to the expansion of 
the HSC, and hematopoietic progenitor cell 
(HPC) pools in tandem with body growth. Thus 
by the end of the second decade, the difference 
between LTL and TL in the skeletal muscle, a 

minimally proliferative tissue, is ~1.5 kbp. Such 
a difference is largely related to the higher pace 
of replication of HSCs to expand the HSC and 
HPC pools [ 17 ] in order to accommodate the tre-
mendous turnover rate of blood cells during 
growth and development and also later in life.  

    Telomere Attrition During Adult Life 
 LTL attrition in the course of adult life is esti-
mated at around 25–30 bp/year, which means a 
total average of 2,000 bp LTL shortening    during 
adult life for an individual reaching the age of 80 
years. Several factors have been shown to affect 
LTL attrition during aging. Smoking, high body 
mass index [ 18 ], and nutritional factors (high-fat, 
low-fi ber diets) have been shown in some studies 
to be associated with a shorter LTL. The common 
denominator for these factors associated with a 
shorter LTL is that they promote infl ammation 
and/or increase oxidative stress, both of which 
accelerate telomere attrition during cell replica-
tions [ 19 ]. As we mentioned earlier in this paper, 
short telomeres have been associated with chronic 

TL at birth:
7−11 kb 

Telomerase
activity

Telomere Attrition

LT at the age of 60 = 5.5−7.5 kb

Adulte life
(25 bp/y)

During Growth++
(100−500 bp/y)  

Determinants of Telomere Length

1

2a

2b

3

4

4 = 1 2a+2b 3− +

  Fig. 8.1    Determinants    of leukocyte telomere length 
(LTL) at the adult life ( 4 ). At a given age, LTL depends on 
LTL at birth ( 1 ) minus the attrition during extrauterine life 
( 2 ). Attrition is much higher during the fi rst years of life 

(2a > 100 bases/year), dropping during adult life 
(2b = 20–30 bases/year). Telomerase activity ( 3 ) contrib-
utes very little in most somatic cells       
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infl ammation probably because infl ammation and 
oxidative stress heighten the rate of telomere attri-
tion. However, the relative contribution of these 
factors to the overall LTL is relatively small 
 compared to LTL at birth and attrition during the 
fi rst two decades of life. Further support for this 
idea comes from our recent longitudinal study, 
showing that the individual’s LTL ranking in rela-
tion to his/her peers during adult life is essentially 
fi xed, meaning that having a short or a long LTL 
is determined prior to adulthood [ 20 ]. Moreover, 
we have shown in a recent study [ 21 ] that the dif-
ference in TL between leukocytes, representing 
the highly proliferative hematopoietic system, 
and the skeletal muscle is established during the 
two decades of life, suggesting that the bulk of 
LTL shortening occurs during this time period.   

    Telomere Length, a Determinant 
of Repair Capacity of the Endothelial 
Cells 

 There is recent evidence that short TL not only is 
a marker of chronic infl ammation and oxidative 
stress but may also play an active role in the gen-
esis of age-related CV disease because of 
impaired vascular repair [ 22 ]. Compromised 
ability to repair the vasculature might contribute 
to diminished survival in the elderly because CV 
disease, principally atherosclerosis, is the main 
cause of death in the elderly in modern societies. 
We propose that TL imposes a limit on HSC- 
mediated vascular repair. Thus, a shorter leuko-
cyte TL (LTL) denotes diminished HSC-mediated 
vascular repair capacity.   

    Genetics of Arterial Stiffness: 
The Genotype/Phenotype 
Approach 

 Since the fi rst study showing the infl uence of the 
1166 A/C polymorphism of the angiotensin II 
type 1 receptor gene ( AGTR1 ) on the regulation of 
aortic stiffness in hypertensive subjects [ 23 ], sev-
eral studies support a genetic contribution to arte-
rial stiffness with heritability estimates varying 
from 0.21 to 0.66. Existing genome-wide studies 

have pointed to distinct chromosomal regions of 
signifi cant linkage for PP, and genetic association 
studies have  identifi ed a signifi cant number of 
candidate genes and gene polymorphisms which 
could modulate arterial stiffness (Table  8.1 ). We 
do not focus on candidate gene polymorphisms 
since these fi rst genetic approaches were previ-
ously reviewed. They have led to the exploration 
of numerous genes affecting the renin-angioten-
sin-aldosterone system, elastic fi ber structural 
components, metalloproteinases, and the NO 
pathway. This strategy has provided many inter-
esting results but, to date, only  CYP11B2  and 
 NOS3  have been confi rmed by genome-wide link-
age studies as being associated with arterial stiff-
ness. Because arterial stiffness and PP are 
common complex traits infl uenced by genomic 
and environmental factors, GWA studies repre-
sent now the most relevant genetic approaches.

   In 2001, Atwood et al. [ 24 ] found for the fi rst 
time in a population-based sample four distinct 
chromosomal regions showing suggestive link-
age (logarithm of the odds [LOD] scores >1.9) 
for PP. The analyses of Camp et al. [ 25 ], 
DeStefano et al. [ 26 ], Bielinski et al. [ 27 ], and 
Franceschini et al. [ 28 ] confi rmed and extended 
these results. Using multivariate linkage analysis, 
Turner et al. [ 29 ] have identifi ed more statisti-
cally signifi cant genetic loci for PP associated 
with coronary artery calcifi cations. The demon-
stration of linkage regions for carotid-femoral 
PWV was given by the Framingham Heart Study. 
Potential candidate genes in these regions 
included the insulin-like growth factor-1 receptor 
( IGF1R ), myocyte-specifi c enhancer factor 2A 
( MEF2A ), chondroitin synthase ( CHSY1 ), pro-
protein convertases ( PACE4  and  FURIN ), 
β-adducin ( ADD2 ), neurokinin-1 receptor 
( TACR1 ), α-2B adrenergic receptor ( ADRA2B ), 
and interleukin-6 ( IL6 ).  IGF1R ,  MEF2A ,  CHSY1 , 
and  PACE4  genes had been previously reported 
as candidate genes for PP in the larger study by 
DeStefano et al. [ 26 ]. The aldosterone synthase 
( CYP11B2 ) gene was not associated with arterial 
stiffness and PP in these latter studies although it 
was identifi ed as a candidate gene in the initial 
study of Atwood et al. [ 24 ]. 

 Contemporary studies are now focusing on 
analysis of GWA, using dense panels of common 
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SNPs. They    were performed for carotid-femoral 
PWV or other individual arterial stiffness tonom-
etry phenotypes (carotid-brachial PWV, forward 
and refl ected pressure waves, and mean arterial 
pressure). 

 The fi rst study by Levy et al. [ 30 ] has identi-
fi ed some interesting candidate genes: myocyte 
enhancer factor 2C ( MEF2C ), spectrin repeat 
containing, nuclear envelope 1 ( SYNE1 ), tumor 
necrosis factor ligand superfamily, member 11 
( TNFSF11 ), collagen type VIII α1 ( COL8A1 ), 
and transforming growth factor β receptor II 
( TGFBR2 ). In addition, lysyl oxidase-like 2 
( LOXL2 ) involved in extracellular matrix protein 
cross-linking was also an attractive candidate 
gene considering the fi ve tonometry phenotypes. 
On a functional point of view, this latter gene 
may be linked to those expressed differently by 
gene expression profi ling (integrins, cytoskeleton 
proteins) between stiff and distensible aortas 
from patients with coronary heart disease [ 31 , 
 32 ]. Further studies have been performed since 
2009 using GWAS, and results are summarized 
in Table     8.1 . Some    genes appear to be involved in 
the pathophysiology of arterial stiffness, in par-
ticular collagen type IV α1 ( COL4A1 ) [ 33 ], PR 
domain containing 6 ( PRDM6 ), and selectin 
genes ( SELP ,  SELL , and  SELE ) for smooth mus-
cle cell phenotypic regulation and endothelial 
function. Other PP-associated variants came out 
from the meta-analysis of Wain et al. [ 34 ] for 
fi dgetin ( FIGN ), cysteine-rich hydrophobic 
domain 2 ( CHIC2 ), phosphatidylinositol- 4,5- 
bisphosphate 3-kinase, catalytic subunit gamma 
( PIK3CG ), nephroblastoma overexpressed 
( NOV ), and ADAM metallopeptidase with throm-
bospondin type 1 motif, 8 ( ADAMTS8 ) involved 
in platelet aggregation, infl ammation, angiogen-
esis, or cell growth. Interesting meta-analyses 
resolve the existing evidence on regions linked to 
PP [ 34 – 38 ]. Finally, Mitchell et al. [ 39 ] from the 
AortaGen Consortium show common genetic 
variation in a locus in the B-cell CLL/lymphoma 
11B ( BCL11B ) gene desert associated with 
carotid-femoral PWV and expressed in human 
aorta to regulate the development of the heart and 
large vessels. 

    The Perspectives of the  Genotype/
Phenotype Approach 

 In recent years, the explosion of genetic studies 
has revealed several signifi cant associations but 
has failed to identify any new specifi c molecular 
mechanisms of arterial stiffness, probably mainly 
because of its multifactorial etiology. It appears 
now that pertinent studies should have only been 
realized in very large populations with standard-
ized methods for arterial stiffness determination. 
Similar procedures have been set up for estab-
lishment of reference values of PWV and arterial 
wall thickness from a European consortium. 

 The biggest challenge for the future will be to 
follow genetic analysis by a post-genomic 
approach, which has never been performed in 
terms of pathophysiology of arterial stiffness.      
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    Abstract  

  Mechanical stress on the vascular wall comprises shear stress and circum-
ferential strain. The former, due to blood fl ow, acts principally on the endo-
thelium and infl uences vessel diameter. The latter encompasses blood 
pressure and the cyclic strain generated by the contraction of the heart; it 
creates radial and tangential forces that are sensed by all cells in the vessel 
wall. Changes in blood pressure or pulsatility will typically infl uence wall 
thickness, which counterbalances intraluminal pressure. In hypertensive 
patients and animals models of high blood pressure, the resulting thicker, 
stiffer vessels are better adjusted to handle the added strain, but this remod-
eling may itself contribute to disease progression. Also signifi cant to vascu-
lar pathology is pulse pressure, the difference between systolic and diastolic 
blood pressures. Both large and small arteries are exposed to changes in the 
mechanical environment and are remodeled in response to it.  

  Keywords  
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  Abbreviations 

   AT1    Angiotensin II type 1   
  ECM    Extracellular matrix   
  MMP    Matrix metalloproteinase   
  SHR    Spontaneously hypertensive rat   
  TIMP    Tissue inhibitor of metalloproteinase   
  VSMC    Vascular smooth muscle cell   
  WKY    Wistar Kyoto rat   

          Tensile Stress in the Arterial Wall    

 Blood pressure produces strain on the vessel wall 
in a direction perpendicular to the endoluminal 
surface. This is offset by the intraparietal tangen-
tial forces in both longitudinal and circumferen-
tial direction exerted by different elements of the 
vessel wall, opposing the distending effects of 
blood pressure. Each element across the whole 
thickness of the arterial wall bears part of this cir-
cumferential tension. The parietal tension (T, the 
force per unit length of the vessel) is related to 
the blood pressure (P) and the vessel radius (r) by 
Laplace’s law: T = P • r. The tension per unit of 
thickness (h) represents the stress exerted on the 
wall in the circumferential direction. It is 
expressed as: T = P • r//h. Hence, when stress 
increases due to an increase in blood pressure, 
smooth muscle cell hypertrophy and increases in 
collagen and fi bronectin content follow. Inversely, 
when the circumferential stress falls, the wall 
undergoes atrophy. Such changes in the arterial 
wall compensate for changes in blood pressure 
and maintain a normal level of circumferential 
stress (Fig.  9.1 ).

   The effects of mechanical tensile stress on the 
arterial wall have been extensively described and 
have been applied to the understanding of hyper-
tension. Tensile stress is a strong determinant of 
the vascular structure among other factors includ-
ing sympathetic activity and autocrine and para-
crine mediators. In the early phase of essential 
hypertension, it is generally recognized that the 
vessel wall is subjected to increased pressure 
because of elevated peripheral resistance related 
to genetic, humoral, hormonal, nervous, and/or 
structural factors. Over the course of the disease, 

injury to large arteries is involved in triggering 
cardiovascular morbidity and mortality that is 
associated with hypertension. Animal and human 
studies have shown that sustained hypertension is 
associated with structural and functional altera-
tions to both large and small arteries and arteri-
oles. There is good evidence that hypertension 
leads to increased arterial wall thickness, mostly 
due to vascular smooth muscle cell (VSMC) 
hypertrophy, accompanied by polyploidism, 
hyperplasia, and proportional changes in contrac-
tile and matrix proteins, all associated with 
altered arterial function [ 1 ,  2 ] (Fig.  9.2 ).

      Large Vessels 

 The aorta and major conduit vessels must sustain 
and also dampen the large variations in blood 
pressure that occur as a consequence of the car-
diac cycle. As a result, large conduit arteries are 
composed of many layers of smooth muscle that 
depend on the size of the animal and diameter of 
the particular vessel, intercalated within an extra-
cellular matrix (ECM) composed for the most 
part of type 1 collagen, fi bronectin, and elastin. 
Elastin is the essential component that allows 

Endothelium

Blood
pressure

Increased stiffness Increased thickness

Internal elastic lamina

VSMC, collagen
proteoglycans

External elastic
lamina

  Fig. 9.1    Blood pressure produces strain on the vessel 
wall in a direction perpendicular to the endoluminal sur-
face. When blood pressure is increased, thickening and/or 
stiffening of the arterial wall increases intraparietal tan-
gential forces in both longitudinal and circumferential 
direction, thus maintaining a normal level of circumferen-
tial stress       
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conduit vessels to expand and retract as blood 
pulses between systole and diastole. Pulsatility is 
accordingly mostly eliminated by the time the 
blood reaches the smaller arterioles and capillar-
ies. Since it has a very low turnover rate, elastin 
is susceptible to fatigue and cannot be restored 
effi ciently once it becomes fragmented [ 3 ,  4 ]. It 
is therefore vulnerable to physical and enzymatic 
damage that may occur when arteries are exposed 
to changes in mechanical load, or with ageing. 
Loss of elasticity in conduit arteries is associated 
with increased stiffness and pulse pressure, such 
that greater pulsatility is propagated to down-
stream arteries [ 5 ]. This injures smaller vessels, 
promoting organ damage. Collagen, on the other 

hand, is synthesized continually. It provides a 
strong structural backbone that is little solicited 
at low pressure but limits maximal arterial expan-
sion during systole. The collagen fi ber network 
must therefore be disrupted when arterial remod-
eling requires vessel expansion.  

    Small Vessels 

 Small arteries are resistance vessels. They have 
100–300 μm in lumen diameter, and their wall is 
composed of three to four layers of smooth mus-
cle cells surrounding the endothelial monolayer. 
The smooth muscle cells are surrounded by vari-
able amounts of adventitia, and the latter, depend-
ing on the tissue being perfused, by variable 
amounts of perivascular fat. These small arteries 
are intercalated between larger muscular arteries 
and arterioles. Both small arteries and arterioles 
are associated with signifi cant energy dissipation 
and accordingly, with resistance to blood fl ow. 
Small arteries probably provide about 30 % of 
peripheral resistance, and arterioles another 
30–40 %, with the rest originating in larger ves-
sels and a small proportion in pre-capillary ves-
sels. Vasoconstriction and stiffness of vessels are 
responsible via the effect of a smaller lumen for 
most of the peripheral resistance to blood fl ow. A 
small proportion of the resistance to fl ow depends 
on rarefaction, initially due to active constriction 
of pre-capillary arterioles, and anatomical 
changes in the long run, with reduction of the 
capillary bed. The vessel wall of small arteries 
has small amounts of extracellular matrix com-
posed of collagen and elastin as well as glycopro-
teins, which contribute to vascular stiffness.   

    Vascular Stiffness in Hypertension 

 Increased stiffness of blood vessels has often 
been considered a characteristic of hypertension 
(Fig.  9.2 ). Increased stiffness of the aorta and 
conductance arteries, discernible by greater pulse 
wave velocity, is an independent predictor of 
mortality in patients with hypertension, but also 
patients with end-stage renal failure, diabetes and 

Genetic, humoral, hormonal,
nervous and/or structural factors

Arterial hypertension

MMP activation

ECM remodeling

Vessel remodeling

Vessel thickening
& stiffening

VSMC hypertropy/
hyperplasia

↑Collagen

↑Peripheral resistance

↑Fibronectin
↑Proteoglycans

↓MMPs
↓Elastin
↓Fibrillin

  Fig. 9.2    Multiple factors can lead to elevated peripheral 
resistance, which increases blood pressure. In the early 
stages of hypertensive remodeling, activation of MMPs and 
modulation of ECM components may allow the vessel to 
expand. Over the course of the disease, smooth muscle cell 
proliferation and growth and remodeling of the ECM in 
favor of stiffer components yields a stiffer, thicker vessel       
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in older individuals [ 6 – 9 ]. The stiffness of the 
wall of arteries is altered in some rat models of 
hypertension and in essential hypertensive 
patients, and by infl uencing lumen diameter, may 
affect peripheral resistance to blood fl ow. 
Distensibility and compliance measure the ability 
of a vessel to buffer changes in pressure. Both of 
these measures depend on the stiffness of wall 
components and the geometry of the vessel and 
intraluminal pressure to which it is exposed. For 
this reason it is important to compare vessels 
under isobaric conditions. Another important 
consideration is the level of the vasculature, 
branching order or size of the lumen of vessel. 
There may be considerable heterogeneity in dis-
tensibility with respect to vessel size. Whereas 
second order cerebral small arteries from stroke- 
prone spontaneously hypertensive rat (SHR-sp) 
exhibit decreased distensibility accounting for 
their apparent reduction in external diameter, 
third order small arteries of less than 200 μm 
exhibit remodeling with normal wall mechanics 
[ 10 ]. In genetic and experimental rat models of 
salt-sensitive hypertension such as Dahl-salt sen-
sitive rats [ 11 ] and the deoxycorticosterone 
acetate- salt rats [ 12 ], respectively, mesenteric 
resistance artery stiffness was normal compared 
with normotensive controls. In peripheral resis-
tance arteries, namely mesenteric arteries, vessel 
wall stiffness was increased in SHR [ 13 ], associ-
ated with increased volume density of collagen 
and/or collagen/elastin ratio [ 14 ,  15 ]. There may 
be other examples of this type of heterogeneity. 
This might also refl ect the content of elastin rela-
tive to collagen, which diminishes as vessel cali-
ber decreases. 

 The slope of incremental elastic modulus 
plotted versus vascular wall stress is a geometry- 
independent measure of the stiffness of wall 
components, which includes connective tissue, 
smooth muscle cells, endothelial cells, and more 
importantly, collagen and elastin (less and more 
distensible components, respectively). Thybo 
et al. found that elastic modulus was not increased 
in resistance vessels from hypertensive subjects, 
independently of the presence of arterial wall 
remodeling, using the wire-myograph technique 
[ 16 ]. This is of particular relevance when one 

considers that elastin haploinsuffi ciency alone is 
suffi cient to reduce vessels compliance and raise 
blood pressure in mice [ 17 ]. On the contrary, 
accumulation of collagen is likely to contribute 
to arterial stiffness associated with hyperten-
sion. In genetic hypertensive rats, conduit artery 
stiffness is not only infl uenced by hypertension 
 per se , but also by differences in the contents of 
collagen subtypes [ 18 ]. Indeed, the subtypes of 
collagen present in the vascular wall and other 
matrix components may also be important deter-
minants of stiffness. Moreover, stiffness may 
be compounded by changes in the nature and 
tightness of attachments of cells and extracel-
lular fi brillar components. In the normal artery, 
fi brillar collagen (types I and III) are the major 
constituents of the intima, media, and adventitia, 
whereas types IV and V collagens are situated 
in the endothelial and smooth muscle cell base-
ment membranes [ 19 ], along with collagen types 
I and III . Increases in collagen type I, III and 
IV have been quantifi ed in hypertensive patients 
[ 14 ] as well as in animal models of hypertension 
[ 13 ]. Aortae of 6- and 20-week old SHR were 
stiffer than in age- matched normotensive Wistar 
Kyoto rats (WKY), in association with a two-fold 
increase of type V collagen [ 20 ] and/or fi bronec-
tin [ 21 ], consistent with the fi nding that matrix 
metalloproteinase 2 (MMP-2), that degrades pri-
marily types IV and V collagen and fi bronectin, 
was lower [ 22 ]. Fibronectin gene expression was 
not increased [ 21 ]. Overproduction of collagen 
upsets the collagen to elastin ratio, contributing 
to stiffer arteries [ 3 ,  23 ]. 

 Extracellular constituents other than collagen 
and elastin, such as proteoglycans, may modulate 
vascular stiffness. These molecules are non- 
fi brillar matrix components present in increased 
amounts in resistance artery smooth muscle cells 
from SHR [ 24 ]. Sixty fi ve percent removal of 
chondroitin-dermatan sulfate-containing glycos-
aminoglycans from mesenteric resistance arteries 
increased their stiffness [ 25 ]. Similarly, absence 
of fi brillin-1 in mice leads to abnormal elastin dis-
tribution and results in greater arterial stiffness 
[ 26 ]. However, synthesis of proteoglycans was 
greater in 10 and 28 week-SHR carotid arteries 
than WKY arteries [ 27 ], and was also enhanced in 
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response to angiotensin II in smooth muscle cells 
from mesenteric resistance arteries of SHR com-
pared with Wistar rats [ 24 ]. Finally, abnormal 
interactions between extracellular matrix pro-
teins, smooth muscle cells, and adhesion recep-
tors may be the most important element by which 
stiffness is modulated via changes in cell attach-
ment to fi brillar components of the extracellular 
matrix. Hence, changes in matrix components 
may contribute not only to stiffening of ECM but 
also thickening of the vascular wall [ 28 ]. 

 Another matter to consider when evaluating 
arterial remodeling in the setting of hypertension 
is the stage of the disease. In two-kidney one clip 
renal hypertensive rats 1 and 5 weeks after renal 
artery clipping, carotid arteries had normal 
mechanics under isobaric conditions, whereas 
after 9 and 24 weeks they had become stiffer 
[ 29 ]. Moreover, we found a paradoxicaal slight 
decrease in the stiffness of wall components in 
resistance arteries that had been dissected from 
subcutaneous tissue biopsies from mild hyperten-
sive patients and studied on a pressurized myo-
graph, despite increased collagen deposition 
[ 14 ]. This was hypothesized to refl ect a pressure- 
dependent fi brillar collagen recruitment or 
changes in VSMC-matrix anchoring as hyperten-
sion progresses [ 1 ]. An early increase in proteo-
glycans in such conditions was also reported 
[ 14 ]. In hypertensive rats, the stiffness of mesen-
teric small arteries may likewise be reduced ini-
tially [ 30 ]. A similar observation of decreased 
wall stiffness in cerebral arterioles from SHR-sp 
[ 31 ] was attributed to increased elastin content 
[ 32 ]. It was concluded that early in the disease, 
collagen fi bers may be recruited at higher dis-
tending pressures in small arteries from mild 
hypertensive patients than in vessels from nor-
motensives, due to closer alignment and changes 
in the adhesive properties of cellular and fi brillar 
structures of the remodeled arteries. Later in the 
evolution of hypertension, vascular compliance 
of small arteries from hypertensive patients may 
be reduced in part due to their smaller lumen and 
greater collagen/elastin ratio [ 14 ], and the 
engagement of collagen fi bers and resulting tens-
ing of the collagen jacket that may occur at dif-
ferent portions of the pressure curve.  

    MMPs and ECM Balance 
in Hypertension 

 More recently, a role for matrix degrading 
enzymes in the early stages of hypertensive vas-
cular remodeling was revealed. MMPs are Zn 2+ - 
and Ca 2+ -dependent proteolytic enzymes that 
degrade extracellular matrix proteins [ 33 ]. In the 
vasculature, MMPs include collagenases (e.g. 
interstitial collagenase: MMP-1) that digest 
structural or fi brillar collagens (types I to III); 
gelatinases (e.g. gelatinase A {MMP-2} and B 
{MMP-9}) that digest denatured collagen (gela-
tin) as well as types IV and V collagen found in 
the subendothelial basement membrane; and 
stromelysins (e.g. MMP-3) that digest adhesive 
molecules like laminin, fi bronectin, non-fi brillar 
collagens and proteoglycans [ 34 ]. Matrix 
 metalloproteinases are known to be activated in 
vascular smooth muscle cells submitted to sta-
tionary stretch [ 35 ] or cyclic stretch [ 36 ], or in 
arteries exposed to longitudinal tension [ 37 ]. In 
carotid arteries exposed to high intraluminal 
pressure and in acute models of hypertension, 
elevated MMP-9 activity was detected, and 
MMP-9 was found to contribute to increased ves-
sel distensibility [ 38 ,  39 ]. In another study, 
MMP-2, MMP- 9, tissue inhibitor of metallopro-
teinase (TIMP)-2 and serum elastase activity 
were measured in patients with isolated systolic 
hypertension. MMP-9 levels correlated with aor-
tic and brachial pulse wave velocity, and even in 
healthy subjects serum elastase activity and 
MMP-9 correlated independently with pulse 
wave velocity [ 40 ]. MMP activation and enhanced 
distensibility may be hallmarks of early hyper-
tensive remodeling, allowing the vessel to expand 
to accommodate the new pressure setting 
(Fig.  9.2 ). In fact, we demonstrated that blocking 
MMP production in the setting of an acute hyper-
tensive challenge was associated with an even 
greater enhancement of blood pressure, suggest-
ing that the initial increase in conducance vessel 
distensibility may counteract the pro-hyperten-
sive effects of contractile agonists [ 39 ]. 

 If high MMP activity characterizes the very 
early stages of hypertension, the hypertension- 
related accumulation of extracellular matrix 
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proteins in resistance arteries is most likely 
facilitated by diminished matrix metallopro-
teinase activity in the long term. In serum from 
SHR with extensive myocardial fi brosis [ 41 ] 
and in humans with essential hypertension [ 42 ], 
enhanced synthesis of type I collagen is not 
balanced by increased type I collagen degrada-
tion. In fact, serum concentrations of MMP-1 
were diminished in hypertensive patients in who 
type I collagen was augmented [ 43 ]. In aortae 
and mesenteric arteries of stroke-prone SHR, 
gene expression of types I, III, and IV collagen 
is upregulated [ 44 ], but as pointed out earlier 
this is not balanced by an increased MMP-2 
activity [ 22 ]. In the mesenteric arterial bed, 
MMP-1 activity was decreased in young SHR 
before hypertension was established. Hence, 
lower MMP activity in hypertension may very 
well be compounded by destabilized produc-
tion of matrix proteins, upsetting the balance 
between collagen and elastin content in favor of 
the former [ 45 ]. Interestingly, MMP inhibition 
with doxycyclin was recently found to reduce 
established high blood pressure in SHR, further 
supporting the notion that prolonged low MMP 
activity is detrimental in hypertension [ 46 ]. By 
modulating extracellular matrix profi le and their 
interactions with adhesive receptors, altered 
MMP activity may contribute to remodeling 
of arteries in hypertension. Remodeling of the 
extracellular matrix would also promote new 
cell-matrix interactions that facilitate phenotypic 
modulation and proliferation of smooth muscle 
cells [ 47 ].  

    Smooth Muscle Cell Hypertrophy/
Hyperplasia 

 When the circumferential stress increases due an 
increase in arterial pressure, growth of the media 
of blood vessels may involve increased smooth 
muscle cell number and/or size, and even result 
in lumen encroachment, although these have not 
been detected consistently [ 48 – 50 ]. Increased 
stiffness of the VSMCs themselves may also con-
tribute to the overall characteristics of the hyper-
tensive artery [ 51 ]. Smooth muscle cell growth 

may be facilitated by several extracellular matrix 
proteins; in particular, collagen synthesis was 
found to correlate with vascular hypertrophy and 
blood pressure load in hypertensive subjects [ 52 ]. 
Another putative key player in hypertension- 
related vascular remodeling is tenascin-C, an 
extracellular matrix glycoprotein that reportedly 
modulates vascular smooth muscle cell prolifera-
tion. Tenascin-C co-localizes with proliferating 
smooth muscle cells in SHR and human hyper-
tensive pulmonary arteries [ 53 ]. Moreover, inter-
actions between α v β 3  integrins and tenascin-C 
promote epidermal growth factor-dependent 
growth and survival of rat pulmonary artery 
smooth muscle cells [ 54 ,  55 ]. Thus, tenascin-C 
and/or other ligands for α v β 3  integrins possibly 
protect smooth muscle cells from apoptosis and 
promote proliferation. Fibronectin matrix assem-
bly may likewise facilitate VSMC growth. Total 
fi bronectin and α 5 β 1  integrins are increased in 
arteries of SHR [ 13 ,  21 ]. This suggests that fi bro-
nectin matrix assembly, which requires the inter-
action between the arginine-glycine-aspartate 
(RGD) site of fi bronectin and α 5 β 1  integrins [ 56 ] 
is also elevated in SHR vessels. Moreover, dis-
ruption of fi bronectin matrix assembly inhibits 
VSMC growth [ 57 ], underlining its potential 
importance in hypertrophic remodeling. Another 
RGD-containing protein that may be associated 
with proliferation is osteopontin, a secreted gly-
coprotein that is adhesive for vascular smooth 
muscle cells via α v β 3  integrins [ 58 ].  In vitro  stud-
ies have demonstrated that osteopontin overex-
pression is associated with arterial smooth muscle 
cell proliferation [ 59 ] and may be involved in 
determining the synthetic/proliferative pheno-
type of these cells previously described in hyper-
tension [ 60 ]. Finally, proteoglycans, nonfi brillar 
matrix components that carry glycosaminogly-
cans, are synthesized by vascular smooth muscle 
cells in response to growth factors [ 61 ], and may 
function as modulators of cell proliferation and 
differentiation. 

 The intimate relationship between matrix 
composition and smooth muscle cell response 
therefore probably depends in the capacity of 
cells to sense mechanical forces through specifi c 
integrin-extracellular matrix interactions, which 
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is itself infl uenced by matrix composition. The 
reverse is also true. The synthetic phenotype of 
vascular smooth muscle cells that predominates 
in hypertension [ 62 ] predisposes these vessels to 
augmented extracellular matrix deposition – a 
second component of hypertrophic remodeling. 
In SHR, the expression of adhesion molecules, 
specifi cally integrins, is abnormal. Integrins act 
as physical joints between extracellular matrix 
and cytoskeletal components and as signal- 
transducing receptors. Based on the importance 
of their actions, we hypothesized that vascular 
remodeling may involve changes in these anchor-
age sites. Indeed, with aging from 6 to 20 weeks, 
mesenteric arteries from SHR exhibited an 
increase in expression of α v β 3  and α 5 β 1  integrins, 
and in adult SHR arteries, the volume density of 
collagen was also markedly increased [ 13 ]. Bézie 
et al. [ 21 ] also reported an increase in α 5  integrins 
and their main ligand, fi bronectin in SHR aortae. 
Such changes may represent an increase in cell- 
matrix attachment sites and their topographical 
localization that may modulate arterial structure. 
Indeed, stretching of VSMCs grown on fi bronec-
tin or vitronectin induces cellular proliferation, 
which is prevented by anti-β5 or anti-αvβ3 anti-
bodies [ 63 ]. We have proposed that due to 
changes in extracellular matrix components and 
corresponding adhesion receptors, interactions 
between smooth muscle cells and matrix proteins 
shift, quantitatively and/or topographically, 
resulting in a rearrangement of smooth muscle 
cells and a restructured vascular wall.  

    Mechanisms of Disease 

 What are the mechanisms that lead to all the 
changes that we have described above? As 
already stated, increases in volume density of 
collagen occur in mesenteric resistance arteries 
of hypertensive rats [ 13 ,  15 ] and subcutaneous 
resistance arteries of patients with mild essen-
tial hypertension [ 14 ]. This may be stimulated 
by humoral factors whose levels or actions 
are enhanced in hypertension, for example, by 
angiotensin II [ 64 ]. Angiotensin II activation 
may implicate a role of generation of superoxide 

and infl ammation [ 65 ]. Blocking angiotensin II 
type 1 (AT1) receptors in humans with hyper-
tension is associated with improved vascu-
lar remodeling of resistance arteries [ 66 ] and 
reduced stiffness compared to equieffective BP 
lowering effects of a beta-blocker [ 67 ]. The AT1 
receptor is an interesting target since it may be 
directly activated by mechanical strain in artery 
cells, independently of agonist [ 68 ,  69 ]. Another 
mechanically induced pro-fi brotic pathway 
involves activation of the epidermal growth fac-
tor receptor by its ligand transforming growth 
factor α. Both  in vitro , in isolated arteries [ 70 ] 
and  in vivo , in angiotensin II-stimulated mice 
[ 71 ], activation of this pathway by hypertensive 
conditions and subsequent induction of infl am-
mation is associated with collagen deposition 
and vessel remodeling. Aldosterone, by trig-
gering infl ammation [ 72 ] induces fi brosis and 
increases stiffness of blood vessels and miner-
alocorticoid receptor blockade reduces stiffness 
of small arteries in humans with hypertension 
[ 73 ]. In a mouse overexpressing human pre-
proendothelin-1 selectively in the endothelium, 
there was increased stiffness of small arteries. 
The immune system may contribute through 
the action of cytokines and infl ammation on the 
production of extracellular matrix components 
to vascular stiffness. Indeed, in aldosterone- 
infused osteopetrotic mice, which bear a muta-
tion of the  mcsf  or  csf1  gene and accordingly 
have functionally defi cient monocyte macro-
phages and therefore a defi cient innate immune 
system, reactive oxygen species generation 
was impaired but vessels still were stiffer [ 74 ]. 
However, when aldosterone induced increased 
stiffness of small arteries in wild type mice, 
adoptive transfer of T regulatory lymphocytes 
corrected the stiffening of small arteries [ 75 ].  

    Conclusion 

 In summary, abnormalities of endothelial or 
smooth muscle cells, adhesion molecules, and 
extracellular matrix in the vasculature may con-
tribute to structural, mechanical or functional 
changes that reduce lumen size of small arter-
ies and arterioles, thereby increasing vascu-
lar resistance in hypertension. Understanding 
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these vascular alterations and the mechanisms 
whereby they are generated may offer impor-
tant insights that may help in the development 
of therapies contributing to the prevention of 
vascular-initiated end-organ damage in cardio-
vascular disease.     
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        Introduction 

 Vascular endothelium is continuously exposed to 
pulsatile stretch and shear stress during the car-
diac cycle. These mechanical forces are sensed 
and converted into chemical signals that regulate 
the release of vasoactive factors as nitric oxide 
(NO) and prostacyclin, but also endothelium- 
derived hyperpolarizing factors (EDHFs) as 
epoxyeicosatrienoic acids (EETs), reactive oxy-
gen species (ROS), and growth factors. These 
factors, in turn, participate to the regulation of the 
mechanical properties throughout the changes in 
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    Abstract  

  Vascular endothelium contributes in humans to the regulation of conduit 
artery mechanical properties at baseline and during the increase in fl ow. This 
effect results from the shear stress-dependent release of vasoactive factors, as 
nitric oxide (NO) and endothelium- derived hyperpolarizing factors as 
epoxyeicosatrienoic acids (EETs) to modify arterial tone, geometry, and tro-
phicity and to optimize vascular functions and cardiovascular coupling. 
Endothelial dysfunction appears as a major determinant of arterial stiffening, 
increased pulse pressure, and systolic hypertension, and in turn strategies 
protecting the endothelium prevent these abnormalities. In addition, endothe-
lium also integrates pulsatile stimuli (pulse pressure and fl ow) to increase NO 
and EET release under physiological conditions, and the reduced pulse pres-
sure-dependent strain in stiff conduits may suppress this adaptive response, 
thus amplifying the stiffening process. This article details fundamental exper-
iments and clinical studies supporting these mechanisms.  
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arterial tone, geometry and trophicity, to limit 
pulsatile stress thus, contributing to optimize vas-
cular functions and cardiovascular coupling. 
Indeed, endothelial dysfunction will result in the 
release of profi brotic factors, infl ammatory cyto-
kines and in the expression of various adhesion 
molecules in response to normal or excessive 
pulsatile stretch, and to the associated shear 
stress. Hence, in addition to direct smooth mus-
cle cell–stretch activation and extracellular dam-
age, as elastin fatigue and fragmentation, 
endothelial dysfunction increases arterial stiff-
ness through extracellular matrix fi brosis and cal-
cifi cation. As a result of the increase in arterial 
stiffness, from the increase in forward pulse pres-
sure, pulse wave velocity (PWV), and/or the 
magnitude of refl ected wave, pulse pressure and 
pulsatile stress increase along the arterial tree, 
facilitating early arteriosclerosis and plaque for-
mation. Moreover, at central site, this phenome-
non increases left ventricular afterload and 
oxygen consumption and decreases coronary per-
fusion pressure. To prevent endothelial dysfunc-
tion and the related increase in pulsatile stress 
may be thus, converted into clinical benefi t by 
reducing the arterial stiffening-associated cardio-
vascular events. This chapter details fundamental 
experiments and clinical studies supporting these 
mechanisms.  

    Pulsatile Stress and Endothelial 
Factor Release 

    Mechanotransduction 

 Mechanical forces generated by pressure and 
fl ow during the cardiac cycle are applied to the 
various arterial wall components, extracellular 
matrix, and cells, leading to internal stresses and 
stretch. These signals are sensed and converted 
into biochemical response (mechanotransduc-
tion) to accommodate new hemodynamic condi-
tions, acutely or chronically, and restore the basal 
tensile and shear stress through adaptive changes 
in arterial geometry, smooth muscle tone, or pas-
sive wall components [ 1 – 4 ]. Endothelium is par-
ticularly exposed to pulsatile fl uid shear stress 

but also to stretch, whose magnitude, in turn, 
depends on the arterial wall mechanical proper-
ties and particularly of arterial wall stiffness [ 5 , 
 6 ]. The release of endothelium-derived relaxing 
and growth factors is thus upregulated by the 
mean levels of shear stress [ 3 ] but also increases 
with the augmentation in pulsatile stresses and 
stretch, particularly that of NO and EETs [ 3 ,  7 –
 9 ]. In addition, the expression of vasoconstrictors 
as endothelin-1 (ET-1) is decreased by steady 
fl ow and is increased by oscillatory shear stress 
in cultured bovine aortic endothelial cells 
(BAEC) [ 3 ], while pulsatile fl ow decreases the 
 circulating ET-1 levels during cardiopulmonary 
bypass in humans [ 10 ]. Endothelial mechanosen-
sors are of various nature, i.e., ion channels, 
 tyrosine kinase receptors, G-protein-coupled 
receptors and G-protein itself, caveolae, adhesion 
proteins as integrins located at the site of cell–
cell and cell–matrix attachment, cytoskeleton, 
glycocalyx, and primary cilia as shown more 
recently [ 3 ]. The signal is transmitted through 
downstream transduction pathways such as the 
mitogen- activated protein kinase cascade, via 
sequential phosphorylations, the activation of tar-
get effectors as endothelial NO-synthase (eNOS), 
or transcription factors with subsequent gene 
expression [ 2 – 4 ]. In addition, membrane-
bounded nicotinamide adenine dinucleotide 
phosphate-oxidase (NADPH oxidase) can 
directly release ROS in response to pressure and 
fl ow [ 11 ]. Superoxide anions released in these 
conditions can interact with NO to regulate fl ow-
mediated dilatation in response to the acute 
increase in shear stress but also can interfere with 
the regulation of matrix metalloproteinases after 
peroxynitrite formation, to promote adaptive wall 
remodeling during the chronic increase in fl ow 
[ 12 ]. Furthermore, oscillatory shear stress favor-
ing atherosclerosis development [ 4 ,  13 – 15 ] has 
been reported to markedly increase ROS produc-
tion by this way, whereas laminar fl ow enhances 
the expression of antioxidant enzymes as super-
oxide dismutase (SOD) and peroxiredoxin [ 16 ]. 
More recently, the role of ciliary proteins poly-
cystin- 1 and polycystin-2 in the mechanotrans-
duction of both shear stress and pressure changes 
in arteries has been put forward. Polycystin-1 is 
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transmembranary protein with a prominent extra-
cellular domain and a short intracellular domain 
that interacts with polycystin-2, a member of the 
transient receptor potential (TRP) channels, in 
the renal epithelium, sensing urinary fl ow varia-
tion and promoting calcium entry to control renal 
tubular cell maturation and function [ 17 ]. 
Mutations in the genes  PKD1  and  PKD2  encod-
ing these proteins are responsible for autosomal 
dominant polycystic kidney disease, a common 
hereditary disorder characterized by the develop-
ment of multiple cysts in the kidneys, causing a 
progressive impairment of renal function [ 17 ]. 
However, experimental evidence suggests that 
these proteins are also present in vascular endo-
thelial and smooth muscle cells [ 4 ,  18 ]. In endo-
thelial cells, the polycystin complex contributes 
to activate, in a transient calcium-dependent 
manner, eNOS in response to the increase in 
shear stress [ 4 ]. In vascular smooth muscle, it is 
rather the ratio between polycystin-1 and poly-
cystin- 2 that regulates pressure sensing and 
thereby myogenic tone notably by affecting 
stretch-activated channel activity [ 18 ].  

     Endothelial NO Release 

 Humoral factors control eNOS activity mainly 
based on the increase in intracellular calcium and 
calcium–calmodulin interaction. In contrast the 
fl uid shear stress, a main physiological stimulus, 
regulates the basal and stimulated release of NO 
by phosphorylation-dependent mechanisms that 
only necessitate a low basal level of calcium. 
Sustained increase in shear stress thus enhances 
eNOS activity after only a transient increase in 
calcium followed by an apparently “calcium-
independent” phase after calcium has returned to 
basal level [ 3 ,  4 ,  19 ]. In this context, integrins can 
be directly activated by shear stress and, through 
focal adhesion kinase (FAK) activation, promote 
the serine/threonine kinase Akt (PKB) phosphor-
ylation, which phosphorylates human eNOS at 
the stimulatory site ser1177 and increases NO 
release [ 20 ,  21 ]. However, eNOS ser1177 phos-
phorylation is also mainly induced by Akt/PKB 
[ 19 ,  20 ] and protein kinase A (PKA) [ 22 ] once 

activated by  phosphoinositide- 3 kinase (PI3K). 
In this case, tyrosine kinase receptor as vascular 
endothelial growth factor receptor 2 (VEGFR2) 
[ 23 ] and, to a lesser extent, G-protein-coupled 
receptor [ 3 ] is involved in the ligand-independent 
shear stress- mediated transduction and activation 
of PI3K. In addition, a major mechanosensor 
involved in the PI3K/Akt activation in response 
to shear stress is the platelet endothelial cell 
adhesion molecule-1 (PECAM-1). In fact, 
PECAM-1 activates integrins in response to shear 
stress, after forming a complex with VEGFR2 
and vascular endothelial cadherin of adherens 
junctions, the latter being an adaptor protein 
between PECAM-1 and the PI3K activator 
VEGFR2 [ 24 ]. Regarding the transient release of 
NO mediated by the ciliary polycystin complex, 
acting as a shear stress mechanosensor, a cal-
cium/calmodulin-dependent, PI3K- independent 
Akt activation by protein kinase C (PKC) appears 
to be involved [ 3 ,  17 ,  18 ]. 

 As mentioned earlier, the pulsatile fl ow 
enhances in an acute manner the release of 
NO. This effect was fi rst demonstrated in animal 
models where coronary [ 7 ] or systemic fl ow [ 8 ] 
was manipulated by local servo pump device or 
during extracorporeal left heart bypass, through 
the increase in pulse pressure. Thus, the increase 
in fl ow pulsatility in coronary arteries enhances 
coronary fl ow at stable mean blood pressure, and 
this effect is abolished by the nonselective NOS 
inhibitor N G -nitro-L-arginine methyl ester 
(L-NAME) [ 7 ]. Moreover, the increase in sys-
temic pulse pressure decreases systemic vascular 
resistance and increases the plasma value of the 
NO metabolite nitrite [ 8 ]. In parallel, the increase 
in pulsatile strain associated with pulsatile pres-
sure was demonstrated to enhance Akt phosphor-
ylation in bovine aortic vascular smooth muscle 
cells (VSMC) in culture [ 25 ] and more recently 
in BAEC cultured in compliant tubes, together 
with eNOS phosphorylation at the bovine stimu-
latory site ser1179 [ 6 ]. 

 In vivo evidences for the presence of a 
basal release of NO resulting in a permanent 
NO-dependent vasodilatory infl uence have been 
largely demonstrated at the arteriolar level [ 26 ]. 
At the level of the conduit arteries, the basal 
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release of NO is generally accepted although less 
apparent. In proximal elastic arteries, NOS inhibi-
tion is thus generally associated with an increase 
in isometric tone without change in diameter at 
stable pressure, the diameter being more pressure 
dependent than in peripheral muscular conduit 
arteries. Furthermore, at the distal site of epi-
cardial coronary arteries of subjects with normal 
angiogram, local administration of the nonselec-
tive NOS inhibitor, N G -monomethyl- L-arginine 
(L-NMMA), was associated in most of the stud-
ies with a decrease in artery diameter [ 27 ,  28 ]. 
However, this effect was associated with a local 
decrease in fl ow, thus confounding the proper 
effect of NOS inhibition on conduit and resistance 
arteries. In this context, Puybasset et al. analyzed 
the effect of systemic infusion of L-NMMA in 
conscious dogs at the level of the left circum-
fl ex coronary artery diameter and fl ow [ 29 ]. The 
acute NOS inhibition was associated with an 
increase in blood pressure and a decrease in heart 
rate suggesting a reduction in sympathetic activ-
ity from barorefl ex deactivation. Simultaneously, 
the coronary artery diameter decreased without 
change in fl ow as a consequence of the increase 
in aorta blood pressure, thus demonstrating 
in vivo the basal release NO at this level [ 29 ]. 
Less constant results were obtained in humans 
at the level of the proximal coronary artery site, 
despite the presence of a signifi cant decrease in 
fl ow after local NOS inhibition [ 27 ,  28 ], and no 
decrease in diameter was reported at the level of 
segmental pulmonary arteries [ 26 ]. These diver-
gent results suggest some heterogeneity regard-
ing the role of NO in muscular conduit arteries. 
Nevertheless, they could be also explained by 
the presence of local compensating mechanisms 
that could be more or less effective through the 
arterial tree. If present, it might rather consist in 
a compensating switch between NO and other 
endothelium- derived relaxing factor, emerging 
after eNOS inhibition, as suggested in atheroscle-
rotic coronary arteries [ 28 ,  29 ]. Concerning the 
peripheral muscular arteries, most of the experi-
ments performed using noninvasive high-resolu-
tion echographic methods reported no signifi cant 
decrease in diameter after local administration 
of high doses of L-NMMA. This was observed 

despite a concomitant decrease in forearm fl ow 
and no signifi cant change in blood pressure [ 26 ]. 
Conversely, by using intravascular ultrasound 
imaging and invasive arterial pressure measure-
ment, it was reported that local NO-synthase 
inhibition decreases the diastolic brachial artery 
lumen cross-sectional area, measured at different 
levels of transmural pressure (these ones obtained 
by infl ating    step by step a brachial cuff until the 
diastolic blood pressure) [ 30 ]. This suggests that 
invasive methods used to evaluate arterial stiff-
ness could provide higher sensitivity but they also 
may  modify the vascular reactivity and potentiate 
the vascular effect of NOS inhibition, by major-
ing the local decrease in fl ow or by interfering 
with compensating mechanisms maintaining 
resting arterial diameter [ 31 ]. In fact, according 
to the magnitude and/or the ability to develop 
these compensatory mechanisms after eNOS 
inhibition, the effect of L-NMMA on diameter 
could vary depending on the investigated popu-
lation and/or measurement sites explaining the 
apparent divergences observed. More recently, 
the selective inhibitor of neuronal NOS (nNOS), 
S-methyl- L-thiocitrulline, was shown to cause 
a reduction in basal blood fl ow in the forearm 
of healthy humans and coronary circulation of 
subjects without coronary atheroma [ 32 ]. These 
results were obtained without affecting the stim-
ulated eNOS-mediated vasodilatation elicited by 
acetylcholine, substance P, or increase in shear 
stress. Inhibition of nNOS reduced proximal 
epicardial coronary diameter concomitantly to 
the local fl ow decrease [ 32 ]. Although the exact 
localization of nNOS isoform remains unknown 
in healthy subjects, nNOS may be predominantly 
located in VSMC, as reported from ex vivo stud-
ies of mammary arteries obtained from coronary 
artery disease patients. In situ nNOS may be 
located also at the level of perivascular nerves; 
however, nNOS inhibition did not appear to mod-
ify the forearm blood fl ow in healthy volunteers 
during sympathetic activation testing [ 33 ]. These 
experiments suggest that different sources of NO 
may juxtapose through the arterial wall and could 
have different roles and mechanisms of regula-
tion. In fact, NO release from nNOS may mostly 
contribute to the basal release of NO, while 
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NO from eNOS activity may mostly contribute 
to the stimulated response, particularly shear 
stress. Indeed, NO was shown to mediate fl ow- 
dependent dilatation of resistance and conduit 
arteries in response to postischemic hyperemia 
and hand skin heating [ 34 ,  35 ].  

    EDH(F) 

 In addition to NO and prostacyclin, a third 
endothelium- dependent pathway mediates the 
rapid adaptation of vasomotor tone in arteries in 
response to changes in shear stress and/or pres-
sure. This pathway includes in fact a multitude of 
complex and juxtaposed processes that have a fi nal 
common response, i.e., the hyperpolarization and 
subsequent relaxation of smooth muscle cells [ 36 ]. 
In brief, the “classical” mechanism referred as 
EDH (endothelium-dependent hyperpolarization) 
involves fi rst the hyperpolarization of endothelial 
cells, due to the opening of small- and interme-
diate calcium-activated potassium ( K  Ca ) channels 
and effl ux of potassium ions, and secondly this 
hyperpolarization is transmitted electrically to the 
smooth muscle cell layer through the gap junction, 
without the obligatory action of a chemical mes-
senger [ 36 ]. This mechanism is notably prominent 
in resistance arteries where it contributes equally 
with NO to the control of the vasomotor tone [ 36 ]. 
One alternative mechanism is the release by the 
endothelium of one or more diffusive factor(s), 
called EDHFs, which induce the opening of 
smooth muscle large-conductance  K  Ca  channels, 
promoting potassium effl ux and hyperpolariza-
tion of smooth muscle cells. Several factors have 
been identifi ed as EDHFs, but the EETs, synthe-
sized by endothelial cytochrome P450 (CYP450) 
epoxygenases from arachidonic acid, appear to 
be important mediators in human conduit arteries 
[ 34 – 36 ]. The EDH(F) phenomenon was only fi rst 
described as a compensatory mechanism main-
taining endothelium- dependent responses notably 
during reduced NO availability in pathology or 
because only studied in the presence of NO and 
prostacyclin synthesis inhibitors, but accumulat-
ing evidence shows that it also plays a major role 
under physiological conditions. 

 In human forearm resistance arteries, EETs 
and, to a larger extent, EDH appear to contribute to 
the control of the resting tone, as shown by the 
reduction in basal blood fl ow with the local infu-
sion of the CYP450 inhibitor fl uconazole and the 
further reduction obtained with the nonspecifi c  K  Ca  
channel blocker tetraethylammonium (TEA) [ 37 ]. 
Similarly, both mechanisms appear to regulate 
endothelium-dependent dilatations in response to 
endothelial agonists at this level and these basal 
and stimulated contributions increase under condi-
tions of impaired NO availability [ 36 ,  37 ]. 

 In conduit arteries, the activation of muscular 
 K  Ca  channels by pulse pressure was mainly 
dependent of the basal release of a diffusive 
EDHF in porcine coronary arteries, and increas-
ing the magnitude of the pulse pressure imposed 
to the artery leads to a parallel increase in the 
magnitude of the resulting EDHF-mediated 
hyperpolarization [ 9 ]. More recently [ 38 ], it was 
shown that acute application of cyclic strain to 
coronary endothelial cell and human umbilical 
vascular endothelial cells (HUVEC) elicited the 
release of the 8,9-, 11,12-, and 14,15-EET iso-
forms and that prolonged stimulation of these 
cells, but also of epicardial porcine coronary 
arteries perfused under pulsatile conditions, was 
associated with an increased mRNA expression 
and activity of CYP450 2C. All together, these 
results support the major role of EETs as the dif-
fusible EDHFs released in response to an increase 
in pulsatile strain in porcine coronary arteries to 
regulate arterial compliance. At the same time, it 
was reported that the pulse pressure-dependent 
increase in the dog coronary artery fl ow was 
reduced by half by L-NMMA to inhibit NOS or 
by the endothelial  K  Ca  channels inhibitors cha-
rybdotoxin/apamin and fully abolished by their 
combination [ 39 ]. In contrast, the inhibitor of 
SMC large-conductance  K  Ca  channels iberiotoxin 
was without effect, rather supporting the role of 
the classical EDH than that of a diffusible factor 
at this level. 

 In humans in vivo, L-NMMA and fl uconazole 
decreased the basal radial artery diameter of 
young healthy volunteers when infused in com-
bination but not when used alone, supporting the 
hypothesis that EETs as NO are continuously 
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released in response to pulsatile forces acting 
on the endothelium and that both pathways can 
compensate for each other to maintain arterial 
diameter (Fig.  10.1 ) [ 40 ]. Interestingly, the com-
pensation of NO defi ciency by EETs appears to 
decrease during aging (Fig.  10.1 ) and is com-
pletely lost in essential hypertensive patients 
[ 41 ]. Finally, using combined biological and 
functional approaches based on local infusion of 
pharmacological inhibitors and local blood sam-
pling during hand skin heating, EETs were effec-
tively identifi ed as the EDHF release during the 
increase in shear stress, mediating with NO the 
sustained fl ow-mediated dilatation of peripheral 
conduit arteries in healthy subjects (Fig.  10.2 ) 
[ 35 ]. Remarkably, this mechanism is also absent 
in essential hypertensive patients, and, there-
fore, the restoration of EET pathway emerges as 
a promising pharmacological target to prevent 
endothelial dysfunction in these patients [ 35 ,  41 ].

    Thus, based on these results, it appears that 
endothelium-derived relaxing factors, notably 
NO and EDHF, are continuously released by the 
vascular endothelium in response to pulsatile 
strain and that the increase in the forces applied 
to the endothelium enhances their release and 
thus may represent a major mechanism involved 
in the control of arterial mechanics.   

    Impact of Endothelial Factors 
on Arterial Stiffness 

 Analyzing the impact of endothelium-derived 
factors on arterial mechanics is complex. Indeed, 
smooth muscle cell relaxation, as expected from 
NO and/or EDH(F), decreases the arterial wall 
elastic modulus (which represents wall stiffness) 
through a reduction in isometric tone. In parallel, 
the associated increase in diameter and decrease 
in wall thickness increases wall stiffness at stable 
levels of arterial pressure, by increasing the mid-
wall stress (i.e., close to the pressure radius/wall 
thickness product in sectional plan) applied to the 
arterial wall, and thereby by recruiting the stiffer 
peripheral elements of the vascular wall to sup-
port this stress (i.e., the recruitment function) 
[ 42 ]. Thus, the fi nal change in arterial wall stiff-
ness will result from these two opposites infl u-
ences. At last, the change in arterial compliance, 
which represents the arterial chamber elasticity, 
will result from the increase in diameter and the 
decrease in wall elastic modulus. Furthermore, 
the chronic suppression of the anti-hypertrophic 
and antiproliferative infl uences of the normal 
endothelium could be associated, independently 
from changes in arterial tone and geometry, with 
structural modifi cations within the arterial wall, 
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notably an enhanced contain of stiffer elements, 
i.e., collagen, leading to an increase in intrinsic 
arterial stiffness [ 43 ]. This mechanism could 
explain the inappropriate arterial stiffening 
observed in aging, systolic hypertension, end- 
stage renal disease, or diabetes despite arterial 
wall hypertrophy, developed to normalize the 
arterial wall stress [ 44 ]. 

    Evidence for a Role 
of the Endothelium in the Control 
Arterial Mechanics 

 First of all, deendothelialization experiments 
in animals provide some evidence for a role 
of the endothelium in the regulation of arterial 
mechanics. However, because this method may 
differentially affect the balance between vasocon-
strictor and vasodilator infl uences, according to 
species and vascular territories, variable associ-
ated increase in arterial diameter were reported. 
Thus, endothelial removal was shown to decrease 
the distensibility index (compliance/diastolic 
diameter ratio as a wall stiffness estimate) in 
coronary arteries [ 9 ,  45 ]. However, as the result 
of the change in diameter and the decrease in 

distensibility, arterial compliance decreases [ 9 ], 
remains unchanged [ 46 ], or increases depending 
of experimental models. Importantly, endothelial 
denudation also increases the aortic wall viscosity 
[ 46 ], a main regulator of the effi ciency of heart–
vessel coupling in terms of energetics balance 
[ 46 – 48 ]. In fact, arteries are not purely elastic 
but exhibit a markedly viscous behavior and thus 
have a greater diameter at any given pressure dur-
ing unloading than during the loading phase. This 
behavior determines a hysteresis loop on the pres-
sure–volume relationship that has a dimension of 
energy. Thus, while part of the energy stored by 
the arterial wall during elastic distension is fully 
restored, the remaining part of the energy corre-
sponding to the viscous deformation (area of the 
hysteresis loop) is dissipated within the arterial 
wall [ 46 ]. In these respects, arterial wall viscosity 
is an energy-dissipating mechanism that reduces 
the effi ciency of heart–vessel coupling, when 
present in excess [ 46 ], but that also may prevent 
the deleterious effect of increased pulsatile stress 
on the arterial wall in particular during essential 
hypertension [ 46 ,  47 ]. 

 In vivo in humans, cross-sectional and more 
recently prospective studies revealed a close cor-
relation between biological and functional mark-
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ers of endothelial dysfunction and the decrease 
in arterial compliance or increase in PWV in 
cardiovascular diseases [ 49 – 51 ]. More direct 
evidence comes from the demonstration for an 
endothelium- dependent fl ow-mediated regulation 
of arterial mechanic. Thus, a progressive down-
ward shift of the radial artery modulus–midwall 
stress relationship toward low values of modulus 
when shear stress increased was demonstrated 
by using the distal skin heating procedure. [ 52 ]. 
Interestingly, when assessed at operational pres-
sure, mean elastic modulus appears not modifi ed 
because of the opposite effects of the decrease in 
tone and increase in arterial wall stress resulting 
from vasodilatation [ 52 ]. Using the same meth-
odology, it was shown that chronic angiotensin-
converting- enzyme inhibition restores not only 
endothelium-dependent dilatation but also the 
altered fl ow-dependent increase in distensibil-
ity of peripheral conduit arteries in patients with 
heart failure [ 53 ]. Furthermore, one interven-
tional study demonstrated that independently 
from the drugs used, the normalization of blood 
pressure in hypertensive postmenopausal women 
is associated with a higher decrease in cardio-
vascular events when endothelial function is also 
restored, as compared to women with persistent 
endothelial dysfunction [ 54 ]. More recently, we 
observed in a preliminary prospective study that 
immunosuppressive therapy allowing the preven-
tion of endothelial dysfunction reduces brachial 
artery systolic and pulse pressure in renal recipi-
ents [ 55 ]. Additionally, a decrease in aortic PWV 
and in the magnitude of the forward and back-
ward pressure waves associated with a decrease 
in plasma ET-1 was obtained using a close to 
similar immunosuppressive strategy, and this 
result was further confi rmed after a 4-year fol-
low-up period [ 55 ]. Altogether these results sup-
port the hypothesis that endothelial dysfunction 
is an important contributor of arterial stiffening 
in humans and that its correction may be con-
verted into clinical benefi t. At present, the NO 
and EDH(F) pathways that have been shown to 
be altered in human with cardiovascular diseases 
appear to be the main endothelium-derived regu-
lators of arterial mechanical properties.  

    Impact of NO Availability on Arterial 
Mechanics 

 In animals, acute and chronic administration of 
NOS inhibitors are associated with carotid and 
aortic stiffening that is at least partly independent 
of the associated increase in blood pressure [ 56 –
 58 ]. In this context, eNOS knockout mice and 
only old spontaneously hypertensive rats (SHR) 
with a depressed basal NO release have a striking 
increase in central pulse pressure, providing evi-
dence for a link between altered NO bioavailabil-
ity, arterial stiffening, and systolic hypertension 
[ 43 ,  59 ]. In humans, acute systemic administra-
tion of the NOS inhibitor L-NMMA is effectively 
associated with an increase in carotid–femoral 
PWV, but this appears rather due to the associ-
ated increase in blood pressure due to suppres-
sion of basal NO release in resistance arteries 
than to the suppression of a basal vasorelaxing 
effect of NO in proximal conduit arteries [ 60 , 
 61 ]. Indeed, this increase in PWV with L-NMMA 
is mimicked when using equi-hypertensive doses 
of norepinephrine and dopamine [ 60 ]. These 
data, however, do not exclude a role for NO in the 
regulation of the aortic mechanical properties but 
strongly suggest that under these experimental 
conditions carotid-to-femoral PWV could be 
rather infl uenced by changes in arterial pressure 
than arterial wall smooth muscle tone. Moreover, 
as previously stressed [ 61 ], this small impact of 
arterial wall smooth muscle tone on aortic PWV 
could result from the predominantly elastic 
nature of this vessel that could minimize in the 
short term the effects of acute change in pressure 
and tone and maintain the PWV close to a more 
appropriate physiological value. Thus, the impact 
of NOS inhibition may be more important in dis-
tal conduit arteries. In this respect, it was shown, 
using a non-propagative derived Windkessel 
model to analyze the arterial pulse pressure 
waveform, that systemic administration of grad-
ual doses of L-NMMA does not decrease the 
proximal component of systemic compliance 
despite signifi cantly increasing mean arterial 
pressure and decreasing peripheral compliance 
[ 62 ]. In this respect, some associations between 
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eNOS gene polymorphisms, decreasing NO 
availability, and increases in peripheral femoral-
to- tibial PWV but not in central carotid-to- 
femoral PWV [ 63 ], as well as with the increase 
with age of pulse pressure in hypertensive sub-
jects, have been found [ 64 ]. 

 More evidence for a role of NO in the con-
trol of basal arterial mechanical properties comes 
from local NOS inhibition experiments at low 
doses devoid of confounding systemic effects. 
However, it should be keep in mind that even 
under these conditions, there was a concomitant 
decrease in fl ow resulting from the distal arterio-
lar NOS inhibition and thus, because shear stress 
stimulates the release of endothelial factors, the 
effects on the studied conduit artery could be 
partly fl ow dependent. As previously stressed 
(see section “ Endothelial NO Release ”), the 
effects of local NOS inhibition on proximal coro-
nary artery diameter is controversial probably due 
to the emergence of compensating mechanisms, 
and these experiments have not assessed the 
impact on arterial mechanics [ 27 ]. Nonetheless, 
a decrease in epicardial coronary artery disten-
sibility index following NOS inhibition has been 
reported in anesthetized dogs [ 45 ]. In addition, a 
leftward shift of the stress-strain relationship and 
an upward shift of the modulus–transmural pres-
sure relationship were observed after local NOS 
inhibition in the brachial artery, demonstrating an 
increase in artery wall stiffness [ 30 ]. However, 
by using the distal fl ow clamp method, a simi-
lar upward shift in the modulus–midwall stress 
curve was reported as a result of the decrease in 
fl ow without change in blood pressure [ 52 ]. In 
fact, the role of NO in vivo in the control of arte-
rial mechanics, as for baseline diameter [ 29 ], was 
fi rst demonstrated in animal experiments. Indeed, 
local L-NMMA infusion increases the common 
iliac artery PWV, carefully measured by intra-
arterial catheter, in anesthetized lamb without 
change in systemic blood pressure. Importantly, 
this result was controlled for the effect of the 
expected concomitant decrease in fl ow by repeat-
ing the infusion of L-NMMA distal to the site 
of iliac artery measurements, and the absence of 
change in PWV under these conditions confi rmed 

that NO regulates arterial stiffness in peripheral 
conduit arteries at baseline. This result was then 
demonstrated in human iliac artery under local 
anesthesia with a similar methodology [ 65 ]. 

 In more distal muscular conduit arteries such 
as the radial artery, local infusion of L-NMMA 
surprisingly decreased arterial stiffness and 
this, despite    the concomitant decrease in fl ow 
observed. However, it was further demonstrated 
that this paradoxical effect is in fact due to the 
emerging of compensatory mechanisms, in par-
ticular of EDH(F) pathway, and that blocking 
these mechanisms unmasks the role of NO in the 
control of arterial mechanics [ 31 ]. At this level, 
it can also be demonstrated using the hand skin 
heating method that the adaptation of arterial 
mechanics, in particular the decrease in arterial 
stiffness in response to the increase in shear stress, 
is notably mediated by NO [ 34 ]. Indeed, infusion 
of L-NMMA at increasing doses, to compensate 
for the diluting effect of fl ow increase during 
the procedure, reduced the downward shift of 
the modulus–midwall stress relationship and the 
upward shift of the compliance–midwall stress 
relationship in response to the increase in shear 
stress (Fig.  10.3 ) [ 34 ].

   Finally, the conclusions obtained from these 
experiments based on NO suppression were also 
confi rmed by interventional studies evaluating the 
impact of intervention majoring NO pathway on 
arterial mechanics. Indeed, the inhibition of argi-
nase, supplementation with the eNOS cofactor 
tetrahydrobiopterin, or more directly administra-
tion of NO donors or phosphodiesterase 5 inhibi-
tor improves the mechanical properties of conduit 
arteries in animals and humans [ 30 ,  31 ,  66 ,  67 ].  

    Physiological and Compensatory 
Role of EDH(F) 

 In contrast to NO, the role of EDH(F) in the regula-
tion of arterial mechanics has been poorly investi-
gated mainly due to the lack of specifi c inhibitors 
in particular in humans. Nonetheless, as previ-
ously described, the basal release of a diffusive 
EDHF in porcine coronary arteries participates 
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to the regulation of arterial compliance [ 9 ]. Indeed, 
in the presence    of cyclooxygenase and NOS 
inhibitors, iberiotoxin and deendothelialization 
resulted in a decrease in the diameter distension 
of isolated porcine coronary artery in response to 
an imposed pulse pressure. Similar results were 
reported concerning the endothelial release of 
NO in response to the increase in pulsatile pres-
sure [ 7 ,  8 ]. More recently, it was shown by using 
transgenic mice that the constitutive protein of 
endothelial gap junction, connexin40, attenuates 
the myogenic tone in response to intraluminal 
increase in blood pressure in mesenteric resis-
tance arteries by mediating endothelium- derived 

hyperpolarization [ 68 ]. In addition, an increase in 
the stiffness of these arteries was observed in the 
single point mutant animals, demonstrating that 
connexin40 mediates the EDH phenomenon not 
only to regulate endothelium- dependent dilata-
tion in resistance arteries but also the stiffness of 
these arteries [ 68 ]. 

 In humans, the effect of the acute blockade of 
vascular  K  Ca  channels by local tetraethylammo-
nium (TEA) infusion on arterial mechanics was 
also investigated at the level of the radial artery, 
before and after inhibition of NOS with L-NMMA 
[ 31 ]. In addition, to reduce radial diameter, TEA 
increased the modulus and decreased the compliance 
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decrease in arterial stiffness during blood fl ow increase, 
was reduced by the local infusion of the NO-synthase 
inhibitor L-NMMA and abolished by the combination 
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at all levels of stress, thus supporting a role for 
EDH(F) in the regulation of the mechanical prop-
erties of peripheral conduit arteries at this level 
in vivo. In addition, while L-NMMA alone para-
doxically improved the arterial mechanical prop-
erties, the combination of L-NMMA and TEA 
synergistically enhanced the increase in modulus 
and decrease in compliance. This demonstrates 
that EDH(F) is the compensatory mechanism 
maintaining arterial mechanics during the loss of 
NO synthesis [ 31 ]. Using the local infusion of 
L-NMMA alone and combined with TEA and the 
inhibitor of cytochrome P450 epoxygenases fl u-
conazole during hand skin heating, it can be dem-
onstrated that EETs act as EDHF, not only to 
regulate with NO endothelium-dependent fl ow-
mediated dilatation, but also the adaptation of 
arterial mechanics to the increase in fl ow [ 34 ]. 
Indeed, the combination of L-NMMA with TEA 
or with fl uconazole similarly abolished the down-
ward shift of the modulus–midwall stress rela-
tionship and the upward shift of the compliance 
midwall stress relationship (Fig.  10.3 ) [ 34 ]. 

 Taken together, these results indicate that 
endothelium-derived NO and EDH(F), notably 
EETs during fl ow increase, regulate the stiffness 
of conduit arteries and that, in turn, endothelial 
dysfunction is probably a main contributor of 
arterial stiffening during aging and in cardiovas-
cular diseases. However, it should be emphasize 
that the alteration in the mechanical properties of 
conduit arteries reinforces the alteration in endo-
thelial function by modifying pulsatile strain 
thereby creating a vicious circle.   

    Impact of Arterial Stiffness 
on Endothelial Function 

 One mechanism by which endothelium-derived 
factors release may be reduced is the increase in 
arterial wall stiffness itself. First, the increase in 
arterial wall stiffness during aging and pathologi-
cal conditions is associated with an outward 
remodeling to maintain arterial compliance in 
most of the human studies [ 69 ,  70 ]. At the level 
of the carotid but also in the brachial artery, this 
increased diameter results in a decrease in the 

local mean, systolic, and diastolic fl ow velocities 
and in the corresponding wall shear stresses, thus 
probably affecting the endothelium-dependent 
shear stress-mediated release of vasorelaxant fac-
tors [ 71 – 73 ]. This phenomenon juxtaposes with 
the abnormal blood pressure pulsatility along the 
arterial tree from the aorta to the capillary. 
According with the pressure–fl ow relationship, 
the conduit artery stiffening along the vascular 
tree, resulting from the increase in forward pulse 
pressure, PWV, and/or the magnitude of refl ected 
wave, elevates pulse pressure and fl ow in the 
main branches of the aorta, and this elevation is 
transmitted to the microcirculation. This will be 
particularly deleterious in the vascular beds char-
acterized by low vascular resistance as the brain 
and kidney, thus contributing to the high occur-
rence of cardiovascular events associated with 
arterial stiffening [ 74 ,  75 ]. 

 Furthermore, a second mechanism has been 
originally suggested in BAEC, i.e., the direct 
modulation of pulse pressure/fl ow mechano- 
signaling by the reduction in stretch related to the 
increase in arterial stiffness. Thanks to a servo- 
pump system, BAEC were cultured within no 
fl ow or stable mean fl ow and pressure but under 
nonpulsatile or pulsatile conditions. Thus, while 
in compliant tubes, the increase in pulse pres-
sure enhances pulse fl ow and elicits pulsatile 
strain, in stiff tubes, this increase in pulse pres-
sure (PP: 90 mmHg) was associated with an 
increase in pulse fl ow and a very reduced strain 
(from 7 to 1 % radial stretch [ 6 ]). As compared 
with no-fl ow conditions, steady fl ow increased 
Akt phosphorylation in a similar manner in stiff 
and compliant conduits. In contrast, pulsatile con-
ditions increased the Akt/eNOS-phosphorylation 
in a PI3K-dependent manner only in compli-
ant tubes. Similarly, it was reported in BAEC a 
decreased Akt phosphorylation in stiff conduits 
under less pulsatile conditions (PP: 70 mmHg) as 
compared with compliant conduits [ 5 ]. This effect 
was accompanied by a Akt-dependent decrease in 
protection against hydrogen peroxide-stimulated 
apoptosis in stiff tubes and restored after BAEC 
transfection with a constitutive active form of Akt. 
Moreover, additional information were provided 
concerning the mechanotransduction pathways 
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involved upstream from Akt activation in response 
to pulsatile stresses in compliant and stiff conduits. 
Indeed, it was demonstrated that AKt activation 
by pulse pressure and fl ow in compliant conduits 
was VEGFR2/caveolin-independent, whereas the 
steady shear stress activation in all conduits and 
the residual activation of AKt in stiff conduits 
were VEGFR2/caveolin dependent. Although this 
requires to be confi rmed, a major stretch- sensitive 
mechanism of endothelial protection mediated by 
Akt may be suppressed in noncompliant arteries, 
and this could contribute to the high cardiovascu-
lar risk provided by arterial stiffening.  

    Conclusions 

 Vascular endothelium is continuously exposed 
to mechanical stimuli that are sensed and 
integrated to regulate the release of endothe-
lium-derived factors, thus leading to adaptive 
responses, i.e., changes in arterial tone, geom-
etry, or structural wall content. By modifying 
these parameters, the endothelium participates 
to the regulation of the underlying resistance 
and conduit artery mechanical properties and, 
moreover, contributes to the adaptation of the 
whole vascular tree to changes in systemic 
hemodynamics and cardiovascular coupling. 
In this respect convincing data are now avail-
able in humans to support the presence of an 
endothelium-dependent fl ow-mediated regula-
tion of conduit artery mechanics, particularly 
related to the release of NO and more recently 
EDHFs such as EETs. Furthermore, the endo-
thelium differentially integrates steady or pul-
satile stresses according to their magnitude. 
Thus, whereas low oscillatory shear stress 
promotes an unbalance between vasorelax-
ant and vasoconstrictor infl uences, the latter 
becoming predominant, the increase in pulse 
pressure and fl ow is associated to the opposite 
effects in compliant vessels. Thus, by increas-
ing the release of relaxant factors in response 
to the increase in pulsatile stresses, the endo-
thelium helps to maintain arterial stiffness and 
refl ectivity and to prevent the increase in cen-
tral pulse pressure. Subsequently, these adap-
tive responses are suppressed in the presence of 
endothelial dysfunction, favoring  infl ammation 

and wall stiffening through notably a decrease 
in NO and increase in the release of profi -
brotic factors. The development of endothe-
lial dysfunction, although limited at an early 
stage by compensating mechanisms such as 
EDH(F), is thus a major contributor to systolic 
hypertension and to the enhanced pulsatility 
along the vascular tree, ultimately damag-
ing the more distal microvascular territories. 
Finally, the decrease in pulse strain resulting 
from the conduit artery stiffening appears to 
suppress these endothelial protective mecha-
nisms, further amplifying the alteration in 
arterial mechanical properties.     
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    Abstract  

  The larger part of the systemic hemodynamic resistance is located in the 
microcirculation. The microcirculatory networks, especially its arteriolar 
and capillary components, are subjected to angiogenesis in relation to the 
activation of the HIF-VEGF-NO pathways. In the present chapter we 
report experiments performed in young and adult spontaneously hyperten-
sive rats maintained for several weeks under chronic hypoxic conditions. 
Chronic hypoxia resulted in activation of VEGF-induced angiogenesis, 
increases in myocardial and skeletal muscle capillary density, and normal-
ization of arterial blood pressure in both young prehypertensive rats and 
old rats with established hypertension. 

 In parallel and in contrast, administration of bevacizumab, an antibody 
directed against the VEGF protein, to patients with metastatic colorectal 
cancer, induced a signifi cant increase in blood pressure in relation to a 
signifi cant reduction in capillary density and a complete blunting of the 
endothelial function. 

 Taken together, these experimental and clinical results suggest that 
angiogenesis and antiangiogenesis could have rapid and marked effects on 
the peripheral resistance. Moreover, the density of the capillary bed seems 
to play a major role in the control of the arterial pressure.  
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     In    most forms of clinical and experimental 
hypertension, increased arterial blood pressure 
is associated with  microvascular rarefaction  
and increase in peripheral vascular resistances 
[ 1 ]. The cause-effect relationships of vascular 
rarefaction and hypertension are still debated. 
It is speculated that diffuse systemic rarefaction 
might be a primary defect in essential hyperten-
sion [ 2 ]. On the other hand, rarefaction can also 
represent a downstream consequence, as shown 
by its occurrence in animal models of second-
ary hypertension [ 3 ,  4 ]. Microvascular density 
might decrease because of either vessel destruc-
tion or insuffi cient angiogenesis, i.e., growth 
of new capillaries from preexisting ones. This 
process proceeds during development and also 
in adults during physiological and pathologi-
cal conditions. Abnormally low microvascu-
lar density can be seen at a very young age in 
animals with genetic hypertension [ 5 ] and also 
exists in normotensive humans with a familial 
predisposition to the disease [ 6 ,  7 ] indicating 
that alteration in vessel growth could lead to 
elevation in the peripheral vascular resistance 
and subsequently trigger the pathogenesis of 
hypertension. 

  Hypoxia  is usually considered as the major 
stimulus for angiogenesis. The main mechanism 
of hypoxia-induced capillary growth involves 
the rise in hypoxia-inducible factor-1 (HIF-1) 
protein. HIF-1 binds to specifi c hypoxia-respon-
sive element in the regulatory regions of several 
hypoxia-sensitive genes, such as vascular endo-
thelial growth factor (VEGF-A) [ 8 ]. VEGF-A is 
then secreted and binds to its cognate receptor 
tyrosine kinases, Flt-1 and Flk-1/KDR, located 
on the surface of the vascular cells. Receptor liga-
tion triggers a cascade of intracellular signaling 
pathways initiating angiogenesis. Furthermore, 
VEGF-A has been shown, through Flk-1/KDR, 
to activate endothelial nitric oxide synthase 
(eNOS)–related pathways leading to nitric oxide 
(NO) production [ 9 ]. 

 In an attempt to understand the relationship 
between chronic hypoxia and arterial hyperten-
sion, we analyzed the effect of normobaric 
hypoxia on blood pressure levels in animals with 
genetic hypertension. 

 In a second work and in a clinical situation, 
we applied the results obtained under 
 experimental conditions to explore the mecha-
nisms responsible for hypertension in patients 
receiving an antiangiogenic treatment. 

    Effect of Chronic Hypoxia 
on Arterial Pressure 
of Spontaneously Hypertensive 
Rats (SHR) 

    Experimental Design and Methods 

    Experiment 1 
 Prehypertensive young SHRs (5 weeks old) 
treated with or without VEGF-A–neutralizing 
antibody (3 mg/kg IP, twice a week) and age- 
matched normotensive Wistar-Kyoto (WKY) rats 
were housed for 3 or 7 weeks under normoxic 
(standard laboratory conditions, i.e., 20.5 % O 2 ) 
or hypoxic (12 % O 2 ) conditions. Hypoxic cham-
ber was maintained at 25 °C and 80 % humidity. 
CO 2  production by the animals was fi xed with 
soda lime, and PCO 2  remained at the 0 level in 
the hypoxic chamber.  

    Experiment 2 
 Hypertensive adult SHRs (12 weeks old) were 
housed under normobaric hypoxic conditions for 
8 weeks and then under normoxic conditions for 
2 h or 3 additional weeks before euthanasia. In 
an additional set of experiments, hypertensive 
adult SHRs (12 weeks old) were housed under 
hypoxic conditions for 1 week and then under 
normoxic conditions for 1 additional week before 
euthanasia. 

 Systolic blood pressure (SBP) was measured 
weekly in all young and adult conscious rats 
using a computerized tail-cuff system.   

    Effect of Hypoxia on Hemodynamic 
Parameters 

 We fi rst assessed the effect of hypoxia on the 
development of hypertension in prehypertensive 
SHRs. Prehypertensive young SHRs, maintained 
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under normoxic conditions, showed higher SBP 
than normoxic WKY rats, throughout the experi-
ment (Fig.  11.1 ). In WKY rats, hypoxia tended to 
reduce systolic blood (SBP) pressure when com-
pared to normoxic WKY rats; this difference 
reached signifi cance after 3 weeks of hypoxia. In 
SHRs, after 3 weeks of exposure to hypoxia, SBP 
was lower by 26 % in hypoxic SHRs compared to 
normoxic SHRs ( P  < 0.05). Thereafter, SBP 
remained lower in hypoxic SHRs compared to 
normoxic SHRs and was similar to the SBP in 
normoxic WKY rats during the last 4 weeks of 
hypoxic period. Cardiac output was not signifi -
cantly affected by hypoxia in both WKY and 
SHR strains; total peripheral resistance (TPR) 
was raised by 30 % in normoxic SHRs compared 
to normoxic WKY rats ( P  < 0.001). In hypoxic 
SHRs, TPR was reduced by 30 % when com-
pared to normoxic SHRs ( P  < 0.001) and returned 
to WKY levels.

   In WKY rats, hypoxia tended to reduce TPR, 
but this difference did not reach statistical signifi -
cance. Taken together, these results suggest that 
hypoxia decreased TPR, preventing the rise in 
SBP occurring in normoxic SHRs. 

 We next analyzed the effect of hypoxia in 
adult SHRs with established hypertension 
(Fig.  11.2 ). Interestingly, SBP in adult hypoxic 

SHRs was also reduced by 16 % ( P  < 0.001, ver-
sus normoxic SHRs) as early as 1 week of 
hypoxia, suggesting that hypoxia reversed hyper-
tension in adult SHRs.

   In addition, after 8 weeks of hypoxia, return to 
normoxia was followed by increased SBP in both 
5- and 12-week-old SHRs. 

 These results suggest that:
    1.    Hypoxia was able to prevent the raise in blood 

pressure levels in young SHRs and to reverse 
hypertension in adult SHRs.   

   2.    The hypoxia-related effects were transient and 
fully abrogated 1–2 weeks after return to 
normoxia.      

    Mechanisms of Hypoxia-Induced 
Reduction in Arterial Pressure 
in the SHRs 

 We next attempted to understand the molecular 
and cellular mechanisms associated with the 
hypoxia-induced prevention of hypertension 
development in young SHRs. 

 We analyzed the effect of hypoxia on blood 
vessel growth; we fi rst analyzed the density of 
vascular structure in the hind limb of hypoxic 
and normoxic animals. Microangiography anal-
ysis indicated that arteriole (>200 μm) density 
was similar in normoxic WKY rats and nor-
moxic SHRs. In addition, hypoxia did not sig-
nifi cantly modify arterial angiographic score in 
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the hind limb of WKY rats and SHRs. In paral-
lel, arteriole density (measured in skeletal mus-
cle histological sections) was similar in WKY 
rats and SHRs, regardless of the conditions. In 
contrast, skeletal muscle capillary density was 
decreased by 30 % in normoxic SHRs compared 
to normoxic WKY rats ( P  < 0.01). Interestingly, 
hypoxia raised capillary density by 30 % in both 
hypoxic SHRs and WKY rats compared to their 
normoxic control animals (Fig.  11.3 ). Capillary 

density in hypoxic SHRs was then similar to that 
in normoxic WKY rats.

   We analyzed the effect of hypoxia in the left 
ventricle as well. We did not observe any sig-
nifi cant changes in arteriole density in the left 
ventricle free wall from WKY rats and SHRs, 
regardless of the experimental conditions. In 
contrast, capillary density was lower in nor-
moxic SHRs compared to normoxic WKY rats 
( P  < 0.05). Capillary density was increased by 
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20 % in hypoxic SHRs compared to normoxic 
SHRs ( P  < 0.001) and was similar to that of WKY 
rats (Fig.  11.4 ).

   Finally, return to normoxia for 2 h did not 
reverse the reduction in blood pressure observed 

in hypoxic SHRs. This excludes a short-term 
effect of hypoxia-induced vasoactive substances 
(especially of VEGF, potent vasodilator peptide) 
but is, rather, in favor of an effect of the structure 
of the vascular network on blood pressure. 
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 Nevertheless, changes in blood pressure levels 
and capillary number were fast. Indeed, we per-
formed additional experiments to analyze the 
capillary densities in SHRs maintained for 
1 week in hypoxia followed or not by 1 additional 
week under normoxic conditions. We showed 
that 1 week of hypoxia decreased by 27 % the 
blood pressure levels and increased capillary 
number by 1.4-fold in hypoxic SHRs compared 
to normoxic SHRs. Interestingly, these effects 
were blunted after return to normoxia for 1 week. 

 All together, these results suggest that hypoxia 
triggers angiogenesis within the skeletal muscles 
and the myocardium, indicating that hypoxia- 
induced increase in capillary density may reduce 
TPR and thus SBP in the SHRs. 

 It is also noteworthy that we did not observe 
any signifi cant differences in the in vivo and in 
situ basal and sodium nitroprusside–induced 
maximal diameters of mesenteric arteries (80–
150 μm) in normoxic and hypoxic SHRs, sug-
gesting that chronic hypoxia did not affect the 
basal diameter of resistance arteries and did not 
modify their maximal dilation (absence of arteri-
ole remodeling). 

 We next sought to identify the molecular 
mechanisms involved in hypoxia-induced angio-
genesis. We analyzed the regulations of key 
genes involved in hypoxia-induced angiogenesis, 
such as HIF-1α, VEGF-A, its receptor Flk-1/
KDR, and eNOS. 

 We did not observe any signifi cant differences 
in HIF-1α mRNA levels in our experimental con-
ditions. VEGF-A mRNA expression was reduced 
by 50 % in the normoxic SHR hind limb com-
pared to normoxic WKY rats. 

 Interestingly, hypoxia increased VEGF-A 
mRNA contents in both hind limb and heart of 
hypoxic SHRs compared to normoxic SHRs. 
Similarly, Flk-1 mRNA levels were also upregu-
lated in both hind limb and heart of hypoxic SHRs 
compared to normoxic SHRs (Fig.  11.5a, b ).

   Changes in mRNA levels were associated 
with modifi cations in protein levels. VEGF-A 
protein levels were decreased by 54 and 43 % in 
the hind limb and heart, respectively, in normoxic 
SHRs compared to normoxic WKY rats. Hypoxia 
increased VEGF-A content by 2.2- and 2.1-fold 

in the hind limb and heart, respectively, of 
hypoxic SHRs compared to normoxic SHRs 
( P  < 0.01). Subsequently, VEGF-A protein levels 
in hypoxic SHRs returned to normoxic WKY 
levels. 

 VEGF-A receptor Flk-1 protein contents 
were also reduced by 42 % in the hind limb of 
normoxic SHRs compared to normoxic WKY 
rats ( P  < 0.01   ). Hypoxia upregulated Flk-1 con-
tents by 2.4-fold in the hind limb of hypoxic 
SHRs compared to normoxic SHRs ( P  < 0.01). 
Subsequently, Flk-1 protein levels in hypoxic 
SHRs returned to normoxic WKY levels. In con-
trast, Flk-1 protein content in heart was similar 
between normoxic SHRs and normoxic WKY 
rats and was not modulated by hypoxia in SHRs. 
Finally, co-treatment with VEGF-A–neutralizing 
antibody fully abrogated the hypoxia-induced 
angiogenesis in young prehypertensive SHRs 
and restored high blood pressure levels in treated 
hypoxic SHRs (Fig.  11.6 ).

   All together, our results underlined that 
VEGF-A/Flk-1–related pathway is involved in 
hypoxia-induced angiogenesis in hypertensive 
animals.  

    Discussion 

 The main result of this study is that hypoxia 
blunts the development of hypertension in young 
prehypertensive SHRs and reverses hypertension 
in adult SHRs with established hypertension. 
Activation of VEGF-A–dependent angiogenesis 
plays a major role in these hypoxia-induced mod-
ifi cations of blood pressure levels. 

 Several authors have previously assessed the 
effect of hypoxia on hemodynamic parameters in 
the SHRs. Most were interested by transient pul-
monary hypertension [ 10 ]. Henley and Tucker 
reported that chronic hypoxia resulted in decrease 
systemic blood pressure in young SHRs. 
Although thyroid status was unchanged, the 
authors suggested that thyroid hormones might 
be involved in the hypoxia-related antihyperten-
sive effect [ 11 ]. Alternatively, in our present 
results, the lowering of the arterial pressure could 
depend on central effects of the hypoxia on the 
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center of the arterial pressure regulation [ 12 ]. 
However, the effects of hypoxia on blood pres-
sure are believed to result in sympathetic activity 
increase, leading to upregulation of blood pres-
sure and heart rate [ 13 ]. 

 The most common clinical form of hypoxia 
is the  obstructive sleep apnea . Obstructive 
sleep apnea, a chronic form of sleep-disordered 
breathing affl icting millions of patients, has 
been implicated as a risk factor for an array of 
cardiovascular diseases including hypertension, 
stroke, coronary artery disease, and cardiac 

arrhythmias [ 14 ]. Among these comorbidities, 
evidence is most robust for a direct mechanistic 
relationship between sleep apnea and hyperten-
sion [ 15 ]. Extensive ongoing clinical and pre-
clinical research is attempting to decipher the 
mechanisms of hypertension in patients with 
sleep apnea. The hallmark of sleep apnea is the 
recurrent sessions of arterial hypoxia during the 
brief asphyxiations imposed by airway collapse. 
Indeed, obstructive sleep apnea is the predomi-
nant pathological cause of chronic, intermit-
tent hypoxia affecting the adult population. It is 

  Fig. 11.5    Representative photomicrographs and quanti-
tative evaluation of VEGF-A, Flk-1, and eNOS protein 
levels in the quadriceps ( a ) and in the left ventricular free 

wall ( b ) of WKY rats and SHRs under normoxic ( N ) or 
hypoxic ( H ) conditions         
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noteworthy that pathophysiology of sleep apnea 
involves intermittent and not chronic hypoxia. 

 Our results show that hypoxia did not affect 
cardiac output but decreased TPR and subse-
quently blood pressure levels. It is widely admit-
ted that microvascular rarefaction contributes to 
the increase of TPR in hypertension. In support 
of this view, we suggest that changes in TPR are 
correlated with modifi cations of tissue capil-
lary densities. Hence, hypoxia-induced increase 
in capillary density could reduce TPR and pre-
vent the development of hypertension in SHRs 
or reduce blood pressure levels in established 
hypertensive SHRs. Therefore, changes in cap-
illary density might be a key factor involved in 
the control of blood pressure levels. Previous 

studies support a primary role for capillary rar-
efaction in the development of hypertension. In 
human subjects, skin capillary rarefaction has 
been reported in normotensive young adults 
with a genetic propensity to develop high blood 
pressure [ 6 ,  16 ]. Microvascular rarefaction can 
be detected in patients with only mild or border-
line hypertension [ 17 ] and progresses in parallel 
with the severity of hypertension. In addition, 
antihypertensive drug treatments increase capil-
lary density in hypertensive subjects [ 18 ]. In our 
present experiments, the effect of hypoxia on 
blood pressure levels is likely related to acti-
vation of VEGF-A–dependent angiogenesis. 
Hypoxia is a well-known stimulus for angio-
genesis through activation of HIF-1 signaling. 
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Although increased levels of HIF-1α mRNA 
have been reported, most of the studies suggest 
that HIF-1α is mainly regulated at the transla-
tional or posttranslational levels [ 19 ]. However, 
HIF-1α protein contents rapidly undergo protea-
somal degradation [ 20 ]. Accordingly, we did not 
fi nd evidence of signifi cant changes in HIF-1α 
mRNA levels. In contrast, we showed that 
hypoxia highly stimulates expression of HIF-1–
related genes, VEGF-A, and its receptor, Flk-
1. Previous reports on the infl uence of hypoxia 
on Flk-1 expression are controversial [ 21 – 24 ]. 
Nevertheless, VEGF-A gene transfer restored 
Flk-1 mRNA levels in a rat sponge model, sug-
gesting that hypoxia-induced VEGF-A upregula-
tion may enhance Flk-1 contents [ 25 ]. Activation 
of VEGF-A–related pathways has been shown to 
promote endothelial cells migration, prolifera-
tion, survival, and proteolytic activity and may 
thereby activate angiogenesis. Interestingly, co-
treatment with VEGF-A–neutralizing antibody 
blocked hypoxia-related effects on angiogenesis 
and blood pressure levels. It is also noteworthy 
that VEGF-A protein contents are reduced in 
normoxic SHRs compared to normoxic WKY 
rats, suggesting that the decrease in VEGF-A 

levels could be involved in capillary rarefac-
tion in this setting. In addition, antihypertensive 
agents, such as angiotensin-converting enzyme 
inhibitor, raise VEGF-A levels and promote 
angiogenesis [ 26 ,  27 ]. 

 In conclusion, this experimental study shows 
that hypoxia-induced angiogenesis prevents the 
microvascular rarefaction, which normally 
occurs in the course of hypertension and subse-
quently abrogates the hypertensive status in 
SHRs. 

 Therefore, therapeutic strategies designed to 
affect tissue angiogenesis may change blood 
pressure levels. In the light of these experimental 
results, we aimed to explore patients receiving 
antiangiogenic agents for metastasis colorectal 
cancer.   

    Antiangiogenesis and Arterial 
Hypertension During Cancer 
Treatment 

 Arterial hypertension is a commonly reported 
effect in clinical trials testing inhibitors of angio-
genesis and especially inhibitors of VEGF/VEGF 
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receptor-2 (VEGFR-2) signaling, with an inci-
dence ranging from 11 to 43 % in all studies [ 28 ]. 
Whatever their initial level of blood pressure, 
every patient receiving antiangiogenic treatment 
evidenced rapid but variable increases in blood 
pressure. In most cases, the blood pressure val-
ues did not reach the levels characterizing clinical 
hypertension, but cases of malignant hypertension 
have been reported [ 29 ,  30 ]. The mechanism of 
elevated blood pressure in patients treated with 
antiangiogenesis agents is not fully understood, 
but it is likely to be multifactorial. One of the lead-
ing theories is the inhibition or lack of stimulation 
of the nitric oxide (NO) pathway. VEGF is known 
to augment the transcription of  endothelial NO 
synthase, leading to the increased production of 
NO, a potent vasodilator [ 31 ,  32 ]. As anti-VEGF 
molecules block vascular endothelial NO produc-
tion, systemic vasoconstriction—and thus hyper-
tension—ensues. NO also plays a more direct 
role in the kidney, where it participates in sodium 
homeostasis by controlling the vascular tone of 
glomerular arterioles, pressure natriuresis, and 
tubule-glomerular feedback [ 33 ]. Thus, decreased 
NO synthesis results in sodium retention and ele-
vated local and systemic blood pressure. Another 
postulated mechanism of hypertension induced 
by antiangiogenesis therapy is reduction in the 
density of microvascular beds, i.e., microvascular 
rarefaction. The reduction in microvessel density, 
which is thought to increase vascular resistance 
and elevate blood pressure, may be another mech-
anism by which antiangiogenic drugs promote 
hypertension. 

 Preclinical studies of VEGF inhibitors have 
helped to elucidate the mechanism of some 
adverse events found in the clinic and consid-
ered to be consequences of blocking actions of 
VEGF in normal physiology. The essential role 
of VEGF on vessels was thought not to persist 
into adult life, but rather to be limited to fetal 
development. Yet actions of VEGF have been 
identifi ed in normal organs of adults, especially 
the role of VEGF in the function and survival 
of normal blood vessels and blood pressure 
regulation [ 34 ,  35 ]. Studies in mice of the 
effects of VEGF antibody, analogous to beva-
cizumab, indicate that VEGF participates in 

blood vessel survival and plasticity in adult life. 
In vivo examination of the capillary network 
of the mouse trachea, treated with an antibody 
directed against VEGF, revealed rapid regres-
sion of normal mucosal capillaries [ 36 ,  37 ]. 
After only 1 day of treatment, fi brin accumu-
lated and patency was lost in some capillaries. 
By 2 days, endothelial cells underwent apopto-
sis and regression. The magnitude of capillary 
loss after 10 days of treatment depended on the 
age of the mice, being up to 39 % in young ani-
mals and 14 % in adult mice. 

 After inhibition of VEGF signaling for 
1–3 weeks, signifi cant capillary regression 
occurred in pancreatic islets, thyroid, adrenal 
cortex, pituitary, villi of the small intestine, cho-
roid plexus, adipose tissue, and trachea; all these 
tissues evidenced a high rate of capillary gen-
esis and regression under normal physiological 
conditions. The amount of regression was dose 
dependent and varied from organ to organ, with a 
maximum of 68 % in thyroid [ 38 ]. 

    Capillary Rarefaction in Experimental 
and Human Hypertension 

 We reported the occurrence of capillary rarefac-
tion in the fi nger skin in patients with metastatic 
colorectal cancer receiving bevacizumab treat-
ment (Fig.  11.7 ). The reduction in capillary den-
sity at the level of the dorsal fi nger skin was 
correlated with the total dose of bevacizumab 
received by the patients and was closely associ-
ated with the rise in blood pressure observed in 
all patients [ 39 ]. Similar results were obtained in 
the mucosal surface of the inner lip of patients 
with advanced solid tumors receiving another 
antiangiogenic agent: telatinib, a small molecule 
tyrosine kinase inhibitor of VEGF receptors 2 
and 3, platelet-derived growth factor (PDGF) 
receptor, and c-KIT [ 40 ].

   Both clinical studies suggested a pathophysi-
ological link between the microvascular rarefac-
tion and the appearance and severity of arterial 
hypertension. It remains unclear whether the 
key problem is impaired NO synthesis lead-
ing to microvascular rarefaction, an imbalance 
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between angiogenesis and endothelial cell apop-
tosis leading to capillary rarefaction, or a combi-
nation of both. 

 Capillary rarefaction is a constant fi nding in 
both experimental and clinical hypertension. 
Because microvessels (arterioles and capillaries) 
are a major contributor (>90 %) to total periph-
eral vascular resistance, functional rarefaction 
(decreased number of perfused microvessels) or 
anatomic rarefaction (a reduction in microvas-
cular structures density) may play an important 
role in the development of hypertension. Under 
physiological resting conditions, 10–15 % of the 
microvascular network of most organs remains 
closed, constituting a fl ow reserve for adapta-
tion to increased metabolic needs. It was fi rst 
noted that hypertensive patients had an abnor-
mally low number of small conjunctival vessels 
[ 16 ,  41 ]. Using venous occlusion capillaros-
copy, the nail fold capillary density was also 

reported to be  signifi cantly lower (by 10 %) in 
nondiabetic patients with never-treated essential 
hypertension than in healthy, normotensive con-
trol subjects matched for age, sex, and lipid pro-
fi le [ 42 ]. Analogous results (20 % difference) 
were obtained on the dorsal fi nger skin [ 43 ] and 
on the forearm skin [ 44 ] of hypertensive versus 
normotensive subjects. Finally, in hypertensive 
patients, whether treated or not, we reported 
that the Framingham score for cardiovascular 
risk was negatively correlated with capillary 
skin density [ 18 ]. It is increasingly believed 
that diffuse systemic  microvascular rarefaction 
may be a primary defect in essential hyperten-
sion; however, the cause-effect relationships of 
rarefaction and hypertension are still debated. 
Interestingly, microvascular rarefaction exists in 
normotensive humans with a familial predispo-
sition to the disease, suggesting an imbalance—
that is, an inability of vascular growth to keep 
pace with organ growth [ 7 ]. Another powerful 
reason to link abnormalities in the long-term 
control of angiogenesis and blood pressure is the 
crucial role played by NO and the renin-angio-
tensin system in both processes. NO not only is 
a vasorelaxant but also is required for appropri-
ate vascular budding in wound healing [ 45 ] and 
stimulates the expression of vascular growth 
factors, notably vascular VEGF. Impaired 
angiogenesis has been directly demonstrated in 
experimental hypertension induced by chronic 
pharmacologic inhibition of NO synthesis [ 46 ]. 
Several mechanisms should be discussed to 
explain microvascular rarefaction in patients 
treated with anti-VEGF molecules. Rarefaction 
may be structural, associated with decreased 
angiogenesis and/or increased capillary apopto-
sis, or functional, associated with local arteriole 
vasoconstriction and thus with impaired recruit-
ment of non-perfused capillaries. The concept 
of functional versus structural rarefaction was 
fi rst developed by Prewitt and colleagues [ 47 ]. 
It was proposed that in hypertension, arterioles 
fi rst undergo functional rarefaction and then 
structural rarefaction. Actually, the absence 
of blood fl ow and endothelial shear stress in a 
non-perfused vessel results, in few days, in the 
activation of the apoptosis pathway. The authors 
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postulated that functional rarefaction is caused 
by microvascular constriction to the point of 
non- perfusion of the vessel, whereas structural 
rarefaction represents a true anatomic absence 
of the vessels. The facts that blood pressure 
rises very early (within a few days) after treat-
ment initiation and that capillary rarefaction is 
reversible after discontinuation of bevacizumab 
[ 48 ] suggest that functional alterations are more 
likely than structural rarefaction to explain the 
rise in blood pressure. However, the long-term 
(>6 months) effect of such treatments on struc-
tural capillary density and its putative revers-
ibility have not yet been determined. 

 The hypertensive and cardiovascular effects 
of antiangiogenic treatments need thorough 
 surveillance and reporting, and future studies will 
be needed to identify the mechanisms and appro-
priate management of treatment-induced hyper-
tension. Preclinical studies of newer anti-VEGF 
molecules now include parallel evaluation of the 
simultaneous administration of antihypertensive 
agents. Franklin et al. demonstrated that hyper-
tension could be both prevented and reversed at 
therapeutic or even sub-therapeutic doses of anti-
hypertensive agents and that control of hyperten-
sion did not attenuate the antitumor effi cacy of 
the multitargeted receptor tyrosine kinase inhibi-
tor, ABT-869 [ 49 ]. Finally, interesting features 
have emerged with post hoc analysis of phase 
III trials that correlate the occurrence of arterial 
hypertension with antitumoral effi cacy and prog-
nosis [ 50 ,  51 ]. 

 Apparently paradoxically, extensive preclini-
cal and clinical research, conducted primarily in 
the nations of the former Soviet Union, has 
shown that intermittent hypoxia can be applied 
therapeutically to lower blood pressure in hyper-
tensive patients, including those with a genetic 
predisposition to develop hypertension. An 
extensive review reports these results often diffi -
cult to obtain in the western world [ 52 ]. The cen-
tral question addressed in this review is why the 
intermittent hypoxia imposed by obstructive 
sleep apnea versus that administered therapeuti-
cally can produce such divergent effects on sys-
temic arterial blood pressure. In summary, 
obstructive sleep apnea ignites a crescendo of 

factors activating the sympathetic nervous  system 
and systemic infl ammation, culminating in per-
sistent hypertension. In contrast, therapeutic 
intermittent therapeutic hypoxia minimally acti-
vates or even dampens these factors. These dis-
tinct differences are likely responsible for the 
divergent effects of these hypoxia paradigms on 
systemic arterial pressure and other comorbidi-
ties of occlusive sleep apnea. The authors con-
clude that appropriate application of intermittent 
hypoxia can produce sustained reductions in sys-
temic arterial pressure in hypertensive subjects. 

 Our present chapter tries to conciliate both 
experimental and clinical research and to detail 
the rare occurrence in a researcher life of basic 
and clinical research. The words “translational 
research” are often used but rarely observed. Our 
results could be summarized:
    1.    Chronic hypoxia decreased the arterial pres-

sure in the hypertensive rat by activation of 
VEGF-related angiogenic processes.   

   2.    Pharmaceutical blockade of the VEGF path-
way in patients receiving antiangiogenic treat-
ments results in arterial hypertension in 
relation with microvascular rarefaction.     
 Our observations are strengthened by epide-

miological data published by the Swiss National 
Cohort Study Group [ 53 ]. The 1.64 million 
German Swiss residents born in Switzerland pro-
vided 14.5 million person-years. Mortality from 
coronary heart disease (−22 % per 1,000 m) and 
stroke (−12 % per 1,000 m) signifi cantly decreased 
with increasing altitude. The protective effect of 
living at higher altitude on coronary heart disease 
and stroke mortality was consistent and became 
stronger after adjustment for potential confound-
ers. The effect is unlikely to be due to classic car-
diovascular disease risk factors and rather could be 
explained by factors related to altitude.      
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        Introduction 

 Evolutionary biologists proclaim that most of 
us are wired to be very healthy until around the 
end of child-bearing age, because the main rea-
son for our reality, they would say, is to per-
petually insure the next generation of our 
species; after that, from an evolutionary per-
spective, there is no essential reason for us to be 
alive. However, we do remain alive longer well 
beyond our evolutionary life expectancy pre-
scription because our environment has pro-
tected us by improved hygiene, better nutrition, 
better health care, etc. But, in outliving our 
paleolithic gene set, the disorder among the 
molecules within our body progressively 
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    Abstract 

 The main function of central arteries is to transform the pulsatile fl ow 
generated by the heart into an almost continuous distal fl ow. Major changes 
in the arterial wall ensue with aging, and are characterized by endothelial 
dysfunction, smooth muscle proliferation, elastin fragmentation, fi brosis, 
amyloid protein deposition, and calcifi cation. These processes are driven 
by a proinfl ammatory microenvironment that features increased produc-
tion of angiotensin II (Ang II) and its downstream signaling cascade. The 
aforementioned structural changes result in a loss of the dampening func-
tion of central arteries, widening of pulse pressure, and subsequent adverse 
effects on the heart and end-organ systems, i.e. the brain and kidneys.  

  Keywords 

 Arterial aging   •   Infl ammation   •   Angiotensin   •   Pulse wave velocity   •   Pulse 
pressure  
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increases and functional declines accumulate, 
and with advancing age we become vulnerable 
to what are referred to as “degenerative chronic 
diseases of aging”. Arterial aging and its dis-
eases are no exception. 

    The Evolution of Central Arteries 

 To understand arterial aging, it is instructive to 
explore the evolutionary course of this arterial 
apparatus and the “purpose” of its structure and 
function. The development of advanced circula-
tory system that secures a regular irrigation of 
cells was a necessary step in the evolution of 
complex organisms. While the heart generates 
pulsatile fl ow and pressure, it is the central arter-
ies that receive this pulsation and, via a 
Windkessel effect, dampen it into an almost con-
tinuous distal fl ow [ 1 ]. To achieve this function, 
central arteries provide resilience “elasticity” 
over a physiological pressure range of a given 
organism, in order to achieve dampening of pul-
satililty, and tensile strength “stiffness” to con-
tain the stroke volume and avoid rupture at higher 
pressure. 

 In early evolutionary steps, invertebrates with 
low-pressurized systems have arteries composed 
of fi brin microfi bers, along with other extra cel-
lular matrix components, like collagen, which 
satisfy both functions [ 2 ]. However, the appear-
ance of vertebrates with a high-pressurized circu-
lation mandated a more advanced structure, since 
the microfi brils alone become very stiff in such 
pressure range [ 2 ]. While collagen provides the 
tensile strength needed at extreme pressures, the 
evolution of another extra-cellular matrix ele-
ment that provides elasticity to the microfi bril 
network at physiological higher pressure range 
was needed; this element is tropoelastin, which 
forms elastin fi bers when combined with the 
microfi bril network and other ECM components 
[ 2 ]. Hence, a balanced structure of elastin and 
collagen fi bers is essential for normal function of 
the central arteries. Alterations in the function, 
structure, and balance of these components 
evolve with aging and lead to dramatic hemody-
namic changes.  

    Characteristics of the Aged Central 
Arterial Wall 

 Arterial aging consists of a myriad of progressive 
structural and functional changes that occur 
throughout life ranging from changes in mole-
cules to cells to arterial tissue, the blood it trans-
ports, and the hormonal and neural factors that 
modulate molecules, cells, tissues, etc. that com-
prise our cardiovascular system. 

 Our textbooks usually describe the character-
istics of central arterial changes that accompany 
advancing age as “Physiologic” arterial aging 
(Fig.  12.1 ). Characteristically, there is fragmenta-
tion and calcifi cation of elastic fi bers, increased 
deposition of collagen and collagen cross linking, 
amyloid deposition in the medial layer, and 
migration/proliferation of vascular smooth mus-
cle cells (VSMC) leading to intimal and medial 
thickness. These processes are driven by a proin-
fl ammatory microenvironment, mediated by 
mechanical and humoral factors (Fig.  12.1 ). 
Oxidative stress and low grade infl ammation, by 
effecting posttranslational modifi cation of mole-
cules that lead to cellular and matrix structural 
and functional changes, are important factors that 
accelerate arterial aging. These events act in con-
cert to reduce central arterial distensibility and 
render the arterial wall stiffer, which results in a 
more rapid pulse wave velocity and early return 
of the refl ection wave to occur during systolic 
ejection (Fig.  12.1 ). As a result, the systolic blood 
pressure increases, diastolic pressure decreases 
and the pulse pressure increases with aging. The 
chronic increase in pulse pressure transmitted to 
the brain and kidney damage the arterial supply 
of those organs, leading to vascular encephalopa-
thy and chronic renal failure (Fig.  12.1 ).

       Arterial Aging, a “Set Up” 
for Vascular Diseases 

 Chronic arterial diseases, e.g. atherosclero-
sis, hypertension, diabetes, kidney disease and 
heart failure (Fig.  12.1 ), increase exponen-
tially with advancing age and become rampant 
within our society. Should arterial aging, then, 
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be construed as a “disease”? Although clini-
cal medicine focuses mainly on arterial disease 
diagnoses and treatment of these quintessential 
cardiovascular diseases, these are only at the tip 
of an iceberg, with age-associated arterial wall 
changes comprised the extensive iceberg base. 
Because the likelihood for predominantly sys-
tolic hypertension and atherosclerosis to occur 
increases in epidemic proportion among older 
persons [ 3 ,  4 ], it is reasonable to hypothesize 
that specifi c mechanisms that underlie altera-

tions in the  sub-clinical arterial substrate that 
accompany “aging” may be intimately linked 
to the age-associated exponential increase in 
chronic arterial diseases, predominantly systolic 
hypertension and atherosclerosis [ 3 ]. Thus, in 
this context, arterial aging may be considered to 
be latent arterial disease. Indeed, recent studies 
show that pulse wave velocity, an index of arte-
rial stiffness that increases with age, is an inde-
pendent predictor of the future increases in SBP 
and of incident hypertension [ 5 ].  
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  Fig. 12.1    Conceptual model of arterial aging. Age-
associated molecular disorders and cumulative mechanical 
stress lead to a state of chronic infl ammation, elastin degra-
dation, and endothelial and VSMC dysfunction. These pro-
cesses interact and lead to arterial wall calcifi cation, fi brosis, 

amyloid deposition, VSMCs proliferation, and increased 
intimal medial thickness. These structural changes lead to 
functional alterations resulting in widened pulse pressure. 
The increase in pulsatililty leads to increase left ventricular 
load, chronic kidney disease, and vascular dementia       

 

12 The Reality of Aging Viewed from the Arterial Wall



140

    A Chronic Arterial Proinfl ammatory 
Profi le Characterizes the Aging 
Arterial Wall 

 In order to determine whether or not to consider 
arterial aging a disease, we must understand the 
mechanisms that lead to age-associated changes 
in the arterial wall. But there is a substantial gap 
between our knowledge about what’s going on in 
the arterial wall under the microscope with 
respect to structure or function of the large arter-
ies and what can be measured in vivo. 

 Under the microscope, the aged artery is char-
acterized by the disruption of the endothelium, 
increased VSMC migration/proliferation /senes-
cence, extracellular matrix deposition, elastin 
fracture, and matrix calcifi cation/amyloidization/

glycation. Arterial wall aging is quite similar in 
humans, non-human primates, rabbits and rats 
(Fig.  12.2 ) and involves infl ammatory processes 
associated with oxidative stress. The infl amma-
tory patterns are the same for most species that 
have been studied (Fig.  12.2 ). Our body’s initial 
response to stress is moderated by increased 
adrenergic signaling; the downstream receptor 
signaling cascade results in increased activation 
of renin-angiotensin-aldosterone, and endothelial 
dysfunction (Fig.  12.2 ), ways by which our body 
responds to chronic stress.

   The proinfl ammatory profi le of the aged cen-
tral arterial wall features increased production of 
angiotensin II (Ang II) and increased vascular 
smooth muscle cell expression and secretion of 
downstream Ang II/AT 1 , mineralocorticoid and 

Present

Local Ang II

MMP

Calpain-1

MCP-1CCR2

TGF-$1

NADPH Oxidase

In
fla

m
m

at
or

y 
M

ol
ec

ul
es

C
el

lu
la

r 
M

at
rix

S
tr

uc
tu

re
/F

un
ct

io
n

Nitric Oxide Bioavailability

TNF-''

ICAM

MFG-E8

VEGF

Stiffness

Matrix

Calcification

Fibronectin/Collagen

VSMC Migration

VSMC Proliferation

Endothelial Dysfunction

Diffuse Intimal Thickening

Aging
Humans
>56 yr

Monkeys
15–20 yr

Rats
24–30 yr

Rabbits
2–6 yr

Hyper-
tension

Athero-
sclerosis

Diabetes
mellitus

??

?

?

?

?

?

?

Ang II
signalingNot Present

  Fig. 12.2    Molecular and cellular remodeling observed 
with aging in different species, and various vascular dis-
eases. A universal upregulation of Angiotensin (Ang II) 
pathway, increase in infl ammatory molecules, reduction 
in NO bioavailability, and arterial wall ultrastructure are 

observed with aging in various species. Interestingly, sim-
ilar alterations are observed in vascular diseases, e.g. 
hypertension, atherosclerosis, and diabetes (Reproduced 
with permission from Wang et al. [ 6 ], Elsevier)       
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endothelin receptor signaling molecules 
(Fig.  12.3 ), e.g., matrix metalloproteases 
(MMPs), calpain-1 and monocyte chemoattrac-
tant protein (MCP-1), transforming growth factor 
β1 (TGF-β1) NFκb, TNFα, iNOS, and 
VCAM. Activation of calpain-1, MMPs, TGF-β, 
and NADPH oxidase within the arterial wall is 
increased, and nitric oxide bioavailability is 
reduced [ 3 ,  8 – 11 ]. Invasive, proliferative and 
secretory capacities of early passage vascular 
smooth muscle cells (VSMC) isolated from the 
aged arterial wall are increased, and are linked to 
augmented Ang II signaling. This Age-Associated 
Arterial proinfl ammatory Secretory Profi le 
(AAASP) within the grossly appearing arterial 
wall and related structural/functional remodeling 
of cells and matrix is reproduced in young rats by 
chronic infusion of Ang-II [ 12 ].

   The aortic wall remodeling induced by aging, 
however, likely results from the concerted effects 
of numerous signaling proteins that have yet to 
be identifi ed. The expression of one such recently 
discovered arterial wall protein, milk fat globule 
protein epidermal growth factor 8 (MFG-E8), 
increases 2.3-fold in abundance in aortae of 
humans, non-human primates and rats (Fig.  12.2 ). 
Milk fat globule E-8 (MFG-E8), aka lactadherin, 
SED1, colocalizes with both angiotensin II and 
monocyte chemoattractant protein (MCP)-1 
within vascular smooth muscle cells (VSMCs) 
and matrix of the thickened aged aortic wall and 
is a pivotal relay element within the angiotensin 
II/MCP-1/VSMC signaling cascade (Fig.  12.2 ). 
Exposure of early passage VSMCs from young 
aorta to angiotensin II markedly increases MFG- 
E8 and enhances invasive capacity to levels 
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observed in VSMCs from old rats. MFG-E8 not 
only induces VSMC invasion, but also affects 
VSMC proliferation, which is a salient feature of 
arterial infl ammation. An MFG-E8 degradation 
product, medin, is an amyloid protein that accu-
mulates within the aging arterial matrix wall (see 
below). Thus, the increase in MFG-E8 is a novel 
pivotal relay element within the angiotensin II/
MCP-1/ERK, CDK4 VSMC signaling cascades. 

 It remains to be debatable whether 
 age- associated changes in arterial structure and/
or function initiates a reparative chronic infl am-
mation, or whether chronic infl ammation from 
increasing molecular disorder with advancing 
age initiates alterations in arterial structure and 
function with aging. It is likely that both of these 
views are correct, i.e. that chronic reparatory 
infl ammation, a mechanism to cope with chronic 
disease, may accelerate arterial aging. In other 
terms, an overshoot in mechanisms designed to 
cope with chronic stress, i.e. angiotensin II sig-
naling and that of other related molecules, i.e. 
endothelin or aldosterone, which effect many sig-
naling pathways across the arterial wall, have a 
feed-forward effect that enhances the proinfl am-
matory arterial wall phenotype that evolves with 
advancing age. 

 A megacept emerges with the realization that 
in arteries of younger animals, in response to 
experimental induction of hypertension or early 
atherosclerosis or diabetes, parts of this proin-
fl ammatory profi le within the arterial wall are 
strikingly similar to the profi le that occurs with 
advancing age [ 3 ] (Fig.  12.2 ).   

    Aging of the Different Components 
of the Arterial Wall: Origins 
and Consequences of Arterial 
Proinfl ammation 

    Endothelial Dysfunction with Aging 

 Arterial endothelium has been long recognized to 
be more than a barrier separating the vessel wall 
from blood stream; it plays a major regulatory 
role in several arterial properties, including vascu-
lar reactivity to fl ow, permeability, angiogenesis, 

and the response to infl ammation [ 13 ]. 
Endothelial-derived vasodilators (e.g., nitric 
oxide [NO], prostacyclin) and vasoconstrictors 
(e.g. endothelin-1, angiotensin II (Ang II) and 
thromboxane A2) control arterial dilatation in 
response to sheer stress, and modulate the struc-
ture of underlying layers. While age-associated 
changes in endothelial function of the central 
arteries have not been directly assessed, altera-
tions in endothelial function of the muscular arter-
ies are observed with increasing age in healthy 
humans. In the brachial artery, endothelial func-
tion, as assessed by fl ow-mediated dilatation 
(FMD), has been shown to decline with advanc-
ing age in the absence of clinical disease [ 14 ]. 
That dilatation in response to glyceryl nitrate is 
not reduced with aging emphasizes that these age-
associated changes are related to a reduced NO 
bioavailability rather than to impaired intrinsic 
relaxation of the vascular smooth muscle cells 
(Fig.  12.2 ). Cumulative oxidative stress, due, in 
part, to an increase in Ang II signaling-induced 
NADPH oxidase (Fig.  12.3 ) within dysfunctional 
endothelial cells, is thought to be a major player 
in decreased endothelial NO bioavailability [ 15 , 
 16 ]. In addition, plasma levels of asymmetric 
dimethyl arginine (ADMA), which reduces NO 
synthase (NOS) activity, also increases with age 
in humans, making it another culprit in endothe-
lial dysfunction; in fact increasing L-arginine/
ADMA ratio by L-arginine oral supplementation 
partially improves vasoreactivity [ 17 ]. An age-
associated decline in number and function of cir-
culating endothelial progenitor cells (EPC) may 
be implicated in endothelial dysfunction with 
aging [ 16 ,  18 ]. The blunted vasodilatation and 
additional structural changes stemming from 
endothelial dysfunction are thought to contribute 
to reduced aortic compliance and increased 
impedance with aging (see below). 

    Age-Associated Increase in Central 
Arterial Intimal-Medial Thickness 
 Common carotid intima-medial thickness, 
assessed by B-mode ultrasound, which has been 
used as a surrogate for central arterial intimal 
thickness [ 19 ], increases with age in cross- 
sectional studies [ 20 ]. A post-mortem study 
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 indicates that the age-associated increase in aor-
tic wall thickness in humans is mainly attribut-
able to increased intimal thickness [ 21 ]. 
Intimal-medial thickening is associated with 
increased number of vascular smooth muscle 
cells (VSMC), likely due to migration from the 
tunica media, and production of fi bronectin, and 
collagen within the thickened intima [ 10 ]. 
VSMCs within the arterial wall media plays a 
major role in the arterial wall infl ammation via 
the production and secretion of cytokines and 
other infl ammatory substances that have been 
referred to as Age-Associated Arterial proinfl am-
matory Secretory Profi le (AAASP) [ 12 ]. 

 While intimal medial thickness has been con-
sidered by some to be equivalent to preclinical 
atherosclerosis [ 19 ], it is important to note that 
the aforementioned age-associated changes are 
independent from atherosclerosis, as evidenced 
by its occurrence with advanced age in rodents 
and non-human primates that are not prone to 
atherosclerosis [ 10 ,  22 ]. In fact, intima-medial 
thickness in humans is only weakly associated 
with the severity of coronary artery disease [ 23 ]. 
Hence, an increased intima-medial thickness 
mainly refl ects age-associated infl ammation [ 13 ].   

    Age-Associated Changes 
in the Arterial Wall Matrix 

    Senescence of Elastic Fibers 
 Elastin, the most abundant protein in central arter-
ies, is mainly synthesized early in life and goes 
through slow turnover with aging, making it one 
of the most inert proteins [ 10 ]. Elastin is formed 
of tropoelastin monomers that are organized and 
cross-linked in a pattern that gives rise to its rub-
ber-like properties [ 11 ]. Two primary processes 
are involved in elastin damage with aging: 
mechanical injury to elastin fi bers with repetitive 
cycles of stretching [ 12 ], and active enzymatic 
elastolysis by elastases, e.g. MMP II (see below), 
that could be activated with high oxidative stress 
and unfavorable medial environment as a result of 
endothelial and VSMC dysfunction [ 13 ]. Elastin 
fragmentation results in loss of its rubber-like 
properties [ 11 ], and manifests as a reduction in 

the capacitance of arterial wall in systole and 
decreased recoil in diastole [ 14 ]. In addition, elas-
tin fragments subsequently activate a process of 
repair “infl ammation” that further changes the 
structure of the arterial wall [ 15 ].  

    Calcifi cation and Fibrosis 
 Central arterial fi brosis and calcifi cation are fea-
tures of age-associated arterial extracellular 
remodeling and also linked to Ang II signaling 
and AAASP. Angiotensin II induces arterial wall 
matrix metalloproteinase 2 (MMP2) and calpain-
 1 expression and activity. Cross-talk of these two 
proteases leads to secretion of active MMP2, 
which modulates ECM remodeling via enhanc-
ing collagen production and facilitating vascular 
calcifi cation. Calpain-1 induces MMP2 tran-
scripts, protein levels and activity, in part, by 
increasing the ratio of membrane-type 1 MMPs 
to tissue inhibitor of metalloproteinases 2. These 
effects of calpain-1-induced MMP2 activation 
are linked to increased collagen I, II and III pro-
duction and vascular calcifi cation via TGF-β1 
(Fig.  12.3 ). In addition to increased collagen con-
tent, advanced glycation end product (AGE) for-
mation that occurs with aging and diabetes leads 
to the cross-linking of proteins and subsequent 
changes in the physicochemical properties of 
 tissues [ 24 ]. 

 Over-expression of calpain-1 also induces 
transforming growth factor-beta 1/Smad signal-
ing, elastin degradation, alkaline phosphatase 
activation and total calcium content, but reduces 
the expression of calcifi cation inhibitors, osteo-
pontin and osteonectin, in cultured vascular 
smooth muscle cells in vitro and in carotid artery 
rings ex vivo. Furthermore, both calpain-1 and 
collagen II increase with aging within human 
aortic intima [ 25 ]. Similarly, both calpain-1 and 
collagen II are highly expressed in atheroscle-
rotic plaques than non-plaque areas [ 25 ]. 

 Other molecules have been implicated in 
medial calcifi cation, tissue transglutaminase 
(TG2), is a multifunctional protein that has been 
found to play a central role in programming 
chondro-osseous SMC differentiation, a major 
process in arterial calcifi cation [ 26 ]. TG2 local-
ization and function seems to be regulated by 
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NO; hence the decline in NO bioavailability with 
aging, and subsequently over activation of TG2 
could contribute to the medial calcifi cation with 
aging [ 27 ].  

    The Transforming Growth Factor Beta 
1: A Bridge Between Elastin Senescence 
and Fibrosis/Calcifi cation? 
 The stable nature of elastin and its fi ne organization 
make it prone to cumulative alterations and frag-
mentation with aging [ 14 ]. Considering that infl am-
mation and fi brosis are in general, reparative 
processes, it is possible that arterial wall infl amma-
tion, fi brosis and calcifi cation are rather reparative 
mechanisms in origin for the failing elastin under 

mechanical stress. However, the mechanism by 
which mechanical stress is translated in biochemi-
cal signaling is not fully understood. An interesting 
structure of the profi brotic transforming growth 
factor-β1 (TGF- β1), latency associated peptide 
(LAP), and latent TGF – β1 binding protein (LTBP) 
connects elastin fi bers to VSMC/myofi brolasts and 
other ECM components (Fig.  12.4  ); contraction of 
VSMCs against a stiff ECM leads to stretching of 
this structure and the release of activated TGF- β1 
[ 16 ]. Hence, given that TGF- β1 signalizing gener-
ates fi bronectin and collagen (Fig.  12.3 ), this sys-
tem could serve as a mechanical-sensor that 
translates mechanical stress into biochemical sig-
naling leading to fi brosis.

RELAXED CONTRACTED

Relaxed VSMC

ELASTIC

Integrin
LAP

TGF-β1

LTBP-1
Recoiled elastin

Contracted VSMC

Stretched elastin

Framented elastin

Medin depositionCalcifications

STIFF

TGF-β1 Receptor
complex

  Fig. 12.4    A schematic model illustrating the mechanism 
of TGF-β1 activation with loss of elasticity. TGF-β1 is 
secreted in a large latent complex, consisting of TGF-β1 
associated with the latency associated peptide ( LAP ) and 
the latent TGF-β1–binding protein ( LTBP-1 ). This struc-
ture links VSMCs to elastic fi bers. In normal-functioning 
elastic arteries, VSCMs contraction pulls the whole com-

pound with elastic fi ber connected to it. With the loss of 
elasticity due to calcifi cation, amyloidization, and other 
factors, the elastic fi ber is less mobile and traction forces 
exerted by the VSMCs is transferred to LAP potentially 
resulting in a conformation change that liberates active 
TGF-β1 (Adapted with permission from Hinz [ 28 ])       
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   This model is supported by fi ndings in Marfan 
syndrome that mimics by far fast-forward arterial 
aging. Marfan syndrome is an autosomal domi-
nant disorder of connective tissue due to abnor-
mal fi brillin-1 caused by mutations in the  FBN1  
gene on chromosome 15 [ 17 ]. In addition to that 
fi brillin-1 forms the scaffold of elastin fi bers and 
connects with LTBP/LAP/TGF-β1 structure [ 18 ]. 
Dysregualtion of TGF- β signaling due to defec-
tive fi brilin-1 is a major player in Marfan syn-
drome, and blocking of TFG-β1 attenuates or 
prevents the disease in animal models [ 19 ]. 
Considering that TGF- β1 is increased with aging 
in animals and humans (Fig.  12.2 ) [ 20 ,  21 ], its 
plausible that “elastic fatigue, a less intense phe-
nomenon than defective fi brilin-1 in Marfan 
Syndrome, occurs at a slower rate with aging 
contributing to more remarkable fi brosis of the 
arterial wall.  

    Amyloid Protein Deposition 
 The incidence of aortic amyloidosis averages 
79 % in 224 human autopsy cases. Prior to the 
fi fth decade, the incidence is 51 % and it rises 
sharply with age and reached over 95 % in the 
eighth decade. The incidence of aortic amyloido-
sis is always higher than in the heart, in which 
amyloidosis also increases with age. The aortic 
media exhibits the majority of amyloid content, 
which consists of numerous minute deposits 
without a relationship to atheromata [ 29 ]. 

 Intracellular processing of proteins that leads 
to their degradation involves a change in their ter-
tiary structure, i.e. folding geometry. Misfolding 
of extracellular proteins to form amyloid deposits 
is a dynamic process, occurring in parallel with, 
or as an alternative to physiologic folding, gener-
ates insoluble protein aggregates that are depos-
ited in tissues [ 30 ]. Specifi c amyloid types are 
defi ned on the basis of its assembled protein fi bril 
patterns. Initially, localized amyloid deposits, 
limited to certain organs or tissues, were formerly 
regarded as innocent bystanders, or by-products 
of diseases, rather than having involvement in 
their pathogenesis. This view has changed radi-
cally during the last decade [ 31 ]. Small amyloid 
deposits, or oligomeric pre-amyloid aggregates 
of specifi c amyloid fi bril proteins, are now 

believed to be critical factors with toxic cellular 
effects involved in the pathogenesis of common 
disorders, e.g. the amyloid b-peptide (Ab) in 
Alzheimer’s disease or islet amyloid polypeptide 
(IAPP) in type II diabetes [ 31 ]. Although mecha-
nisms by which protein aggregates lead to cell 
injury and death are poorly understood, and 
fi brils are potential cytotoxins [ 32 ], β sheet pep-
tides (e.g., amyloid β) are known to form ion 
channels in lipid bilayers possibly through aggre-
gation, though the channel structure is not clear 
[ 33 ]. 

 MFG E8 is a secreted protein (see above) and 
the precursor protein of medin amyloid, which 
becomes deposited in the aortic media in almost 
100 % of the Caucasian population over 50 years 
of age [ 34 ]. Medin amyloid (AMed) is not 
restricted to the aorta but also occurs in other 
arteries, mainly in the upper part of the body, 
including temporal intracranial vessels [ 35 ]. In 
vitro aggregated medin induces death of aortic 
smooth muscle cells, and cells incubated together 
with medin increased the production of metallo-
proteinase- 2, i.e. a protease that degrades elastin 
and collagen matrix metalloproteinase-2 [ 35 ]. 
There is some evidence to indicate that non- 
amyloid pre-fi brillar medin oligomeric aggre-
gates may also be toxic to the surrounding cells. 

 In human aortae, medin amyloid co-localizes 
with elastic fi bers of arteries [ 36 ] and is also 
associated with other elastic structures [ 34 ]. Both 
medin and MFGE8 bind to tropoelastin 
(Fig.  12.4 ) in a concentration-dependent fashion. 
It has been suggested that the medin domain 
mediates the MFGE8-tropoelastin interaction is a 
cell adhesion protein and its medin domain may 
connect smooth muscle cells to the elastic fi bers 
of arteries (Fig.  12.4 ) [ 37 ]. Given that both medin 
and MFGE8 interact with elastic fi bers, elastin 
may be an important component in the formation 
of medin amyloid [ 34 ]. It has been hypothesized 
that medin may be a factor involved in the 
increased aortic stiffness that accompanies 
advancing age [ 34 ,  36 ,  38 ]. Indeed, correlations 
between serum MFG-E8 and pulse wave velocity 
and cardiovascular risk factors have been 
observed in older normal subjects and in elderly 
patients with type 2 diabetes mellitus [ 39 ].    
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    Age-Associated Changes in Aortic 
Geometry and Function 

    Strain and Distensibility 

 The aforementioned age-associated changes in 
endothelial and VSMC function, arterial matrix 
and arterial wall remodeling result in reduced 
aortic distensibility in response to the pulsatile 
fl ow generated by the left ventricle [ 31 ]. Aortic 
elastic properties are quantifi ed by a set of param-
eters including aortic strain, the relative change 
in AoD in systole to its diastolic diameter, and 
distensibility, which is strain indexed to pulse 
pressure, and other parameters [ 32 ]. It is quite 
interesting that, in large, the age-associated 
decline in aortic strain and distensibility occurs 
prior to the age of 50, after which a pronounced 
change in other marker of arterial stiffness, pulse 
wave velocity, ensues [ 33 ]. This suggests that 
loss of central arterial function occurs much early 
in life with strain approaching a minimum around 
the age of 50, giving rise to signifi cant changes in 
pulse pressure.  

    Aortic Diameter 

 Dilatation of proximal aorta with aging has been 
long recognized in post-mortem and via echocar-
diography studies in vivo [ 34 – 36 ]. The exhaus-
tion of aortic strain and distensibility reserve that 
reaches a nadir by the age of 50 is likely to initiate 
a remodeling process with more pronounced aor-
tic dilatation in response to cumulative effect of 
pulsatile blood pressure that is not accommodated 
by distensibility. Aortic root diameter (AoD) 
increases with age in both men and women, how-
ever, men have accelerated dilatation of the aortic 
root compared to women, adjusting for body hab-
itus and blood pressure [ 40 ].  

    Pulse Wave Velocity and Elevated 
Blood Pressure 

 A very important hemodynamic consequence of 
the stiffening of the arterial wall is a more rapid 
propagation of the pulse wave generated by the 

left ventricle known as pulse wave velocity 
(PWV). Longitudinal data on PWV with extended 
follow up showed that both men and women 
experience a non-linear increase in PWV with 
aging, accompanied by a steep increase in PWV 
beyond the age of 50 (Fig.  12.5b ) [ 41 ]. Although 
there is no gender difference in PWV in early 
adulthood, men have a much steeper increase in 
the PWV rates of change with aging, leading to 
higher PWV in men than women beyond the age 
of 50. In addition to age, systolic blood pressure 
(SBP) is a major determinant of the longitudinal 
increase in arterial stiffness, with less impressive 
contributions of other factors such as heart rate 
and BMI. Prior studies have also shown that 
PWV predicts the longitudinal increase in SBP, 
and the incidence of hypertension [ 5 ,  42 ]. Hence, 
the relationship between SBP and PWV is best 
described as feed forward (i.e. vicious cycle). 
However, this relationship might be even more 
complex; concurrent longitudinal tracking of 
SBP and PWV in the SardiNIA project showed 
that SBP and PWV diverge in advanced age 
(Scuteri et al. 2014, unpublished data). 
Longitudinal increase in PWV beyond the age of 
60 in both genders was accompanied by a 
decrease in SBP in men, and a less pronounced 
increase than PWV in women. Data from the 
Baltimore Longitudinal Study on Aging with 
concurrent tracking of PWV and blood pressure 
showed the same pattern of separation between 
PWV and blood pressure: in men longitudinal 
increase in PWV was not accompanied by longi-
tudinal increase in PP [ 43 ] (Fig.  12.5a, b ). On the 
other hand, in women, the accelerated longitudi-
nal increase in PWV was accompanied only by a 
steady longitudinal increase in PP. These serial 
studies of concurrent trajectories of PWV, SBP, 
and PP shed light on the conundrum of relation-
ship of blood pressure and PWV, which given 
these recent longitudinal data diverge with aging.

       Aortic Impedance 

 Impedance refers to the relationship between 
pulse pressure and pulsatile fl ow, hence it is a 
major determinant of PP and is instrumental to 
attempts aiming to understand the conundrum of 
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  Fig. 12.5    Concurrent longitudinal trajectories ( left ), and 
rate of change per decade ( right ) of ( a ) pulse pressure, ( b ) 
pulse wave velocity (m/s), ( c ) aortic root diameter ( AoD ), 
and ( d ) calculated aortic impedance ( Z   c  ), from the 
Baltimore Longitudinal Study on Aging. There was dis-
sociation in the trajectories of PP and PWV that is more 

pronounced in men. This dissociation was accompanied 
by a more pronounced increase in AoD with aging in men 
than women. The net effect of the longitudinal changes in 
PWV and AoD produced a greater increase in Z c  among 
women with aging, likely contributing to their higher 
pulse pressure       
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PWV and PP. Characteristic impedance (Z c ), 
which represents the initial opposition of the fl ow 
in the proximal aorta, but do not account for wave 
refl ection, increases by two fold between the age 
of 20 and 80. Input impedance, on the other hand, 
which integrates the effect of wave refl ection on 
the forward fl ow, increases by four fold [ 44 ,  45 ]. 
Z c  is determined by PWV and AoD (D) based on 
the water hammer equation: Z c  = 4 ×  PWV / ρπD  2  
[ 46 ]. Hence, it has been proposed that an increase 
in PWV leads to an increase in Z c,  and subse-
quently the increased in pulse pressure with 
aging. Because the increase wave refl ection pla-
teaus with aging, the evolution of the conven-
tional wisdom was that the increase in PWV is 
the main driver for the increase in Z c  and PP and 
the epidemic of predominant systolic 
hypertension. 

 However, in advanced, this conventional wis-
dom is challenged by the dissociation between 
the trajectories of PWV and PP; hence, another 
determinant of Z c,  i.e. AoD, might be a factor 
separating the trajectories of PWV and PP. In 
fact, data from the BLSA shows a greater rate of 
the longitudinal increase in AoD in men than 
women (Fig.  12.5c ) [ 43 ]. While Z c  was not 
directly measured in the BLSA, Z c  was calcu-
lated using the water hammer equation to 
approximate the net effect of the longitudinal 
changes in PWV and AoD. Women had greater 
longitudinal increase in calculated Z c,  
(Fig.  12.5d ), despite men having a greater rate of 
increase in PWV (AlGhatrif et al. 2014, 
Unpublished data). These differences in the lon-
gitudinal change in PWV and AoD and their 
relative effect on Z c  may explain in part the age- 
and gender-related dissociation in PWV and PP 
trajectories.   

    Pressure Wave Refl ection 

 As the incident, forward pulse wave propagates 
down the arterial tree, it becomes refl ected at 
sites of impedance change, producing a “refl ected 
wave” that propagates back to the proximal aorta 
and left ventricle. In young adults, this pulse 
wave reaches the left ventricle in diastole, 

 augmenting diastolic pressure, augmenting coro-
nary fi lling pressure, and theoretically augment-
ing myocardial perfusion. Increased arterial 
stiffness and an accelerated PWV with advanced 
age cause both the amplitude and timing of 
refl ected wave to change, with aging, such that 
larger refl ected waves reach the heart earlier dur-
ing late systole, augmenting systolic rather than 
diastolic arterial pressure [ 1 ]. Augmentation 
index (AIx), an integrative measure of wave 
refl ection, is expressed as pressure augmentation, 
i.e. the pressure increase due to refl ected wave, 
divided by pulse pressure [ 47 ]. In contrast to 
PWV, which increases exponentially with age, 
data from cross-sectional studies shows that AIx 
increases steeply in men and women before the 
age of 50, while it plateaus thereafter in women, 
and increase modestly in men with aging 
[ 47 – 49 ]. 

 Wave refl ection is thought to have a major 
role in the increased pulse pressure with aging; 
prospective studies have shown that augmenta-
tion index predicts future pulse pressure and 
incidence of hypertension [ 42 ,  50 ]. However, 
that AIx plateaus beyond the age of 50 has cre-
ated some controversy regarding its relationship 
to the major hemodynamic changes that ensue 
beyond this age [ 51 ]. It is important to recog-
nize, however, that AIx indicates the ratio of the 
refl ected pressure wave to the forward pressure 
wave, rather than the absolute value of pressure 
augmentation. Hence, AIx is analogous to 
“interest rate” paid on the incident pressure, i.e. 
the principal of a loan, generating augmented 
pressure, i.e. interest, and the pulse pressure 
being analogous to the total payment, i.e. prin-
cipal plus interest. Following this analogy, even 
if the interest rate, i.e. AIx, was not increased, 
an increase in the principal, i.e. the incident 
pressure, would generate a greater amount of 
interest paid, i.e. the augmented pressure, and 
the sum of principal and interest, i.e. pulse pres-
sure, would increase at a greater magnitude 
compared to the increase in principal itself. 
Hence, both two sides of the continuous debate 
about the contribution of refl ected wave vs. the 
forward wave to an increase in PP might be 
correct.  
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    Interventions to Prevent or Retard 
Arterial Stiffness to Lower Blood 
Pressure 

 Currently, several interventions at the level of 
endothelial function and peripheral vascular tone 
result in improvement in central pressures, 
mainly by improving wave refl ection dynamics 
and improving endothelial function and response 
to sheer stress. However, interventions directed at 
the more pronounced structural changes in the 
arterial wall are lacking. Hereby we will briefl y 
review current interventions and their effect of 
central arterial properties in addition to investiga-
tional intervention ns in progress. 

    Lifestyle Modifi cation 

 Similar to other major cardiovascular risk factors, 
there is some evidence that life style modifi cation 
could improve some measurements of arterial 
stiffness. Weight loss, low-salt and low fat diet 
have been found to improve PWV beyond that of 
blood pressure control [ 52 – 54 ]. Regular endur-
ance exercise training [ 55 – 57 ], and brisk walking 
[ 58 ,  59 ] are associated with slower progression of 
arterial stiffness, as well as improvement of arte-
rial stiffness parameters; this improvement is 
likely secondary to improved endothelial function 
and NO bioavailability [ 60 ,  61 ]  

    Anti-Hypertensive Medications 

 Anti-hypertensive medications have a differing 
impact on wave refl ection and central pulse pres-
sure. Vasoactive medications such as angiotensin 
converting enzyme inhibitors (ACE-I) and angio-
tensin II blockers (ARBs), dihydropyridine 
calcium- channel blockers, and nitrate favorably 
change wave refl ection, leading to a lower aug-
mentation index and lower central pulse pressure; 
In contrast, non-vasodilating beta-blockers, 
appear to paradoxically increase central pulse 
pressure [ 50 ,  62 – 64 ]. The effect of beta blockers 
is thought to be secondary to a prolongation of 
the cardiac cycle (reduction in heart rate), which 

causes (1) prolonged relaxation, leading to 
increased stroke volume, and subsequently larger 
refl ected wave amplitude, and (2) a relatively 
prolonged ejection period, allowing earlier wave 
refl ection arrival during systole. This explains the 
differences in central pulse pressures but similar 
peripheral pulse pressure observed between beta 
blockers vs. ARBs and calcium channel blockers 
in the Losartan Intervention For Endpoint 
Reduction in Hypertension Study (LIFE) and the 
Conduit Artery Function Evaluation Study 
(CAFE), respectively, resulting in different out-
comes [ 65 ,  66 ]. Whether anti-hypertensive medi-
cations further improve arterial wall properties 
beyond that of blood pressure control and wave 
refl ection is not clear. ACE-I/ARB have the 
strongest potential to modify arterial wall prop-
erty, by blocking the angiotensin-renin- 
aldosterone system, an active pathway in this 
process [ 67 ,  68 ]; however, a study in patients 
with isolated systolic hypertension showed no 
change in PWV with short-term use of ACE-I 
[ 62 ]; similar results were seen with long-term use 
of ACE-I as well [ 69 ]  

    Statin Therapy 

 Several studies have shown some improvement 
in arterial stiffness with long-term statin therapy 
[ 70 – 72 ]. But, short-term treatment with statin 
appears to increase PWV in humans and non- 
human primates, an effect that has been attributed 
to rapid decline in vascular lipid inclusion which 
could soften the artery [ 70 ,  73 ]. Hyperlipidemia, 
per se, does not seem to play a major role in 
development of arterial stiffness as it does in ath-
erosclerosis [ 74 ]. Hence, the long-term effects of 
statin might be mediated through it is anti- 
infl ammatory effect rather than lipid lowering 
effect.  

    Therapeutic Strategies in the Pipeline 

 ALT-711, advanced-glycation end products 
(AGE) cross-link breaker has been shown to 
decrease arterial stiffness beyond decrease in 
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blood pressure in animals and elderly humans 
[ 24 ,  75 ]. Additional clinical studies to determine 
the utility of ALT-711 in treating arterial stiffness 
and with aging are in progress [ 75 ]. Resveratrol, 
a natural compound in grapes and red wine, has 
antioxidant and anti-infl ammatory properties and 
was associated with improved health and 
increased lifespan of mice on high-caloric diet 
[ 76 ]; current investigations is ongoing to assess 
its effect on arterial stiffness parameters. While it 
is likely that Resveratrol would not develop into 
a pharmaceutical product, chemically modifi ed 
Resveratrol-based molecule could play a role in 
the future [ 67 ] 

 Recent studies also demonstrate that inhibi-
tion of MMP activity can decelerate age- 
associated arterial proinfl ammation [ 77 ]. Chronic 
administration of a broad-spectrum MMP inhibi-
tor PD, via a daily gavage, to 16-month-old rats 
for 8 months inhibits the age-associated increases 
in aortic gelatinase and interstitial collagenase 
activity in situ; preservation of the elastic fi ber 
network integrity; a reduction of collagen deposi-
tion; a reduction of monocyte chemoattractant 
protein 1 and transforming growth factor-β1 acti-
vation; a diminution in the activity of the profi -
brogenic signaling molecule SMAD-2/3 
phosphorylation [ 10 ]; inhibition of proendothelin 
1 activation [ 78 ]; downregulation of expression 
of ets-1; and marked blunting of the expected 
age-associated increases in arterial pressure.   

    Summary 

 In summary, increasing molecular disorder with 
advancing age begets chronic arterial infl amma-
tion, which drives arterial cell phenotypic shifts, 
adverse arterial wall remodeling, and alteration 
of arterial function; the later may lead to exagger-
ated chronic infl ammation. Proinfl ammatory 
mechanisms that drive arterial aging are inter-
twined with hypertension and atherosclerosis at 
the molecular and cellular levels. Thus, the 
infl amed arterial wall that accompanies advanc-
ing age confers the major risk for hypertension 
and atherosclerosis. In humans, other well-known 
risk factors (e.g., excess food intake, altered 

dietary lipid and metabolism, smoking, and lack 
of exercise) likely interact with this arterial sub-
strate, and increase the infl ammatory process, 
rendering the aging artery a “fertile soil” that 
facilitates the initiation and progression of these 
arterial diseases such as hypertension, athero-
sclerosis, and diabetes. Interventions to suppress 
chronic arterial infl ammation may benefi cially 
impact on the rampant epidemic of age- associated 
arterial diseases in our society. The cellular/
molecular proinfl ammatory mechanisms driven 
by Ang II and other growth factors (Fig.  12.3 ) 
that underlie arterial aging are novel putative can-
didates to be targeted by interventions aimed at 
attenuating arterial aging, and thus possibly 
attenuating the major risk factor for hypertension 
and atherosclerosis. 

 Some lifestyle and pharmacologic interven-
tions have already proved to be effective in pre-
venting or ameliorating hypertension associated 
with aging. Much larger future interventional stud-
ies are required to delineate whether, and to what 
extent age-related arterial stiffening, infl amma-
tion, and subsequent abnormalities, can be retarded 
with interventions on the Ang II, aldosterone, 
endothelin, norepinephrine signaling cascades.     
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        Introduction 

 The vasculature is a major target of hypertension. 
Arterial stiffening, vascular remodeling and other 
pathologic processes are associated with elevated 
arterial pressure. The mechanisms by which these 
processes develop are slowly coming to light. 
Here evidence bearing on the possible participa-
tion of angiotensin II in hypertension- related vas-
cular disease will be briefl y reviewed [ 1 ]. 

 Infusion of angiotensin II, a principle effec-
tor peptide of the renin angiotensin system 
(RAS), has been shown to result in vascular 

remodeling, vascular hyalinization and fi brinoid 
necrosis in one or another animal model. That 
is,  angiotensin- induced hypertension can be 
associated with many of the features of human 
malignant hypertension. Moreover, therapy with 
angiotensin converting enzyme inhibitors [ 1 – 7 ] 
(ACEIs) or angiotensin receptor blockers (ARBs) 
in human essential hypertension is associated 
with a reversal of small artery remodeling in glu-
teal biopsies. This reversal of remodeling was not 
seen in patients treated with beta blockers mak-
ing it likely that angiotensin was determinative in 
inducing the pathological change and that inter-
rupting angiotensin synthesis (with an ACEI) 
or its action at the AT1 receptor, could lead to 
reversal [ 8 ]. Importantly, angiotensin increases 
fi brosis in both the heart and the vasculature and 
therefore potentially plays a role in the develop-
ment of arterial stiffening [ 1 – 7 ]. 
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    Abstract  

  Angiotensin II, a major effector protein of the renin-angiotensin, system 
plays important roles in the regulation of arterial pressure and intravascu-
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 Hypertension, like atherosclerosis, is associ-
ated with vascular infl ammation. Perivascular 
infi ltration of infl ammatory cells occurs in 
the adventitia of arteries in hypertension. 
Macrophages in the infl ammatory cell mass 
likely produce oxidative stress leading to vas-
cular pathology. Recently it was discovered that 
T lymphocyte infi ltration also occurs. Indeed, 
animal models show that the absence of T cells 
results in a blunting of the hypertensive response 
to angiotensin II, DOCA salt administration, and 
norepinephrine. It has also been reported that T 
cells synthesize angiotensin II and display AT1 
receptors. In vitro studies suggest that angio-
tensin II interaction with these cells drives them 
toward a more pathogenic Th phenotype rather 
than the infl ammation blunting Treg phenotype. 
Although the picture is not entirely clear, these 
data suggest a role for angiotensin II in vascular 
infl ammation and secondarily, therefore, in vas-
cular function, and structure as well [ 9 – 11 ]. 

 The RAS also plays a role in atherosclerosis— 
longer term consequence of hypertension evolv-
ing through the phases of fatty streaks, vascular 
infl ammation, plaque formation and in some cases 
plaque rupture. Studies in primate models of ath-
erosclerosis have shown that blockade of the AT1 
angiotensin II receptor leads to marked reduction 
in large artery fatty streak production. Moreover, 
monocyte adherence to vascular wall was dimin-
ished in these animals and remained reduced for 
some weeks after AT1 blockade was stopped. 
This suggested an effect of angiotensin, acting 
through the AT1 receptor, on monocyte differen-
tiation [ 12 ,  13 ]. Angiotensin II induces oxidative 
stress in the arterial wall and up- regulates media-
tors of infl ammation [ 2 ,  14 ]. ACE is up-regulated 
in the shoulders of atherosclerotic plaques where 
it could lead to infl ammatory changes, enhanced 
generation of metalloproteases, and possibly 
plaque rupture [ 15 ,  16 ]. In cell culture, angioten-
sin II can produce vascular smooth muscle prolif-
eration or hypertrophy depending on cell culture 
conditions. These results potentially are relevant 
to both vascular remodeling and the formation of 
athersclerotic plaques [ 17 ,  18 ]. Thus there is sub-
stantial evidence linking the RAS and angioten-
sin II to vascular pathology in both hypertension 

and atherosclerosis. The mechanisms by which 
angiotensin II acts to produce these patholo-
gies appear to be multiple and are poorly under-
stood. However, recent studies have suggested 
an expanded repertoire of angiotensin action and 
some of these newly defi ned functions could be 
at work in the genesis of vascular pathology.  

    Receptor Biology 

 Angiotensin II acts through the AT1 recep-
tor to produce vasoconstriction, aldosterone 
secretion, hypertrophy, hyperplasia, fi brosis, 
enhanced renal tubular sodium re-absorption, 
and other responses. There also exists a second 
G-protein coupled angiotensin II receptor, AT2, 
which although widely expressed in the fetus 
decreases in abundance after birth. The effects 
of angiotensin II binding the AT2 are not as well 
established as actions at AT1 but it is generally 
felt that AT2 action tends to offset AT1 action. 
Binding of angiotensin II to the AT2 receptor up-
regulates bradykinin and nitric oxide leading to 
vasodilatation. AT2 stimulation also enhances 
sodium excretion and blunts cell proliferation 
in some circumstances. However, in some cases 
AT2 stimulation appears to enhance hypertrophy 
and so the precise role of AT2 in hypertensive 
remodeling or atherosclerosis is as yet unknown 
[ 19 – 23 ]. 

 For its part, the AT1 receptor, in addition to 
its canonical signaling via second messengers, 
participates in a variety of direct protein interac-
tions at the cell surface with potentially impor-
tant effects. For example, AT1 can physically 
contact the bradykinin B2 receptor at the cell 
surface resulting in enhanced AT1 signaling. It 
has been proposed that this interaction plays a 
role in the blood pressure elevation and vascu-
lar pathology that occurs in preeclampsia. Direct 
AT-1 interaction with the AT2 receptor on the cell 
surface also can occur resulting in reduced AT1 
signaling; thus AT2 is an AT1 antagonist [ 22 ,  23 ]. 
AT1 also engages in crosstalk with the epidermal 
growth factor (EGF) receptor [ 21 ]. Binding of 
angiotensin II to AT1 causes release of bound 
EGF from the cell surface and this EGF then can 
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interact with its own receptor to further stimu-
late cell growth. AT1 action also interfaces with 
the lectin- like oxidized low density lipoprotein 
receptor, LOX-1. Low density lipoprotein (LDL) 
is a risk factor for atherosclerosis and can be oxi-
dized enabling it to bind to LOX-1. Angiotensin 
II produces oxidative stress in the arterial wall 
leading to increased oxidized LDL production 
which in turn is taken up by macrophages lead-
ing to increased lipid accumulation; it also can 
produce endothelial cell apoptosis in a LOX-1 
dependent fashion. Moreover, angiotensin II up- 
regulates LOX-1 and oxidized LDL up-regulates 
AT1 expression. Thus the potential exists for AT1 
and LOX-1 to act in concert to produce vascular 
pathology [ 23 – 25 ]. 

 Although angiotensin II is widely regarded 
as the major effector peptide of the RAS, other 
peptides derived from angiotensinogen have 
been shown to be biologically active. In partic-
ular angiotensin (1–7) is a vasodilating peptide 
cleaved from angiotensin II by ACE2, an ACE 
homologue [ 25 – 31 ]. ACE2 does not produce 
angiotensin II from angiotensin I but rather 
generates angiotensin (1–7) from angiotensin 
II. Angiotensin (1–7) acts via the  mas  receptor. 
Because angiotensin (1–7) has both vasodilat-
ing and antiproliferative actions, tissue levels 
of angiotensin (1–7) and  mas  very likely play 
an important role in vascular structure. Of note, 
angiotensin II infusion produces increased fi bro-
sis in heart and aorta in ACE 2 knockout mice 
compared to wild type animals, likely indicating 
a benefi cial effect of Angiotensin (1–7) on angio-
tensin II induced fi brosis and remodeling in the 
heart and arteries [ 30 ]. 

 AT1 receptors are dynamic circulating between 
the cell surface and intracellular locations such as 
endosomes. Several chaperone proteins regulate 
this receptor traffi cking. Angiotensin Receptor 
Associated Protein (ATRAP) associates with 
the receptor on the cell surface and leads to its 
internalization [ 32 ]. This in turn leads to reduced 
responsiveness to extracellular angiotensin 
II. For example, transgenic mice over-expressing 
ATRAP are protected from the RAS dependent 
hypertension that develops following intrauterine 
protein deprivation [ 33 ]. A second AT1 chaperone 

is ARAP1. This protein facilitates AT1 traffi cking 
to the cell surface and thereby enhances cellular 
responsiveness to angiotensin II. It also infl uences 
epidermal growth factor traffi cking [ 34 ,  35 ]. 

 We recently reported that Gamma 
Amonobutyric Acid (GABA) Receptor 
Associated Protein (GABARAP) is an AT1 asso-
ciated protein and serves as a chaperone that 
enhances steady state AT1 levels at the cell sur-
face [ 36 – 39 ]. When GABARAP and an AT1 fl u-
orescent fusion protein were co-transfected into 
PC-12 cells, surface expression of the receptor 
increased sixfold. Similarly GABARAP 
 expression in CHO-K1 cells already expressing 
AT1 receptor increased angiotensin II binding 
more than threefold and also increased AT1 sig-
naling as well as cellular proliferation. 
Conversely, knockdown of GABARAP by small 
interfering RNAs resulted in decreased cell sur-
face receptor expression. These studies suggested 
that GABARAP, and possibly ARAP1 as well, 
could be an important therapeutic target in that 
targeted reduction could potentially have impor-
tant effects on hypertension and cellular prolif-
eration/hypertrophy [ 36 ]. To follow up on this 
possibility we identifi ed the AT1 receptor 
sequence to which GABARAP binds and devel-
oped fusion proteins fusing this sequence with 
the cell-penetrating peptide penetratin (a modi-
fi ed intracrine factor utilized to introduce pep-
tides into cells; see Intracrine Biology below). 
Application of active decoy peptides, but not 
scrambled control peptides, to cells co-trans-
fected with AT1 receptor and GABARAP dra-
matically reduced accumulation of AT1 at the 
cell surface, suggesting that these cell-penetrat-
ing peptides, or small molecule analogues capa-
ble of entering cells and disrupting the AT1/
GABARAP interaction could be therapeutically 
useful [ 38 ]. To test this idea we studied normal 
mice placed on a low sodium diet to induce mod-
est angiotensin dependence of blood pressure. 
Decoy and control peptides were injected via a 
jugular catheter and blood pressure was measure 
by telemetry. As expected, the active decoy pep-
tide, but not control peptide, lowered blood pres-
sure in these animals [ 39 ]. Two lessons emerged 
from these studies. First AT1 receptor traffi cking 
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(and likely the traffi cking of other receptors) is a 
viable therapeutic target for lowering blood pres-
sure and likely for mitigating angiotensin 
II-induced structural changes in the cardiovascu-
lar system. Second, intracrine functionality is 
becoming increasing useful as a research and, 
likely, as a therapeutic tool. 

 Studies employing AT1 fl uorescent protein 
fusion protein have shown that these recep-
tors not only cycle between cell surface and 
endosomes, but like other receptors—including 
G-protein coupled receptors—they can traffi ck to 
nucleus and other intracellular sites after expo-
sure to ligand [ 40 – 42 ]. Interestingly, we observed 
that in some cases the AT1 receptor is cleaved 
and its carboxy-terminus traffi cks to nucleus in 
a manner enhanced by ligand binding at the cell 
surface. Follow on studies showed that this  c leav-
age occurs between Leu(305) and Gly(306) at the 
junction of the seventh transmembrane domain 
and the intracellular cytoplasmic carboxy- 
terminal domain. To evaluate the function of the 
carboxy fragment distinct from the holoreceptor, 
cells were transfected with a construct encoding 
the carboxy fragment as an in-frame yellow fl uo-
rescent protein fusion. The fragment accumu-
lated in nuclei and induced apoptosis in CHO-K1 
cells, rat aortic smooth muscle cells (RASMCs), 
MCF-7 human breast adenocarcinoma cells, and 
H9c2 rat cardiomyoblasts [ 40 ]. This observation 
suggests a previously unsuspected additional 
mechanism by which angiotensin II can produce 
cell death and pathology in the cardiovascular 
system. It potentially plays a role in conges-
tive heart failure and may provide an additional 
mechanism by which ACEIs improve outcomes 
in these patients. In addition, it could well play 
a role in angiotensin II remodeling in the vascu-
lature and potentially in hypertensive arteriolar 
rarefaction as well.  

    Intracrine Biology 

 The renin-angiotensin system is a well estab-
lished regulator of vascular tone, intravascular 
volume, and cardiovascular structure. In addi-
tion to the well-studied circulating RAS, local 

 systems exist in multiple tissues and can be regu-
lated independent of the circulating system [ 3 ,  4 ]. 
For example, high salt diet up-regulates angio-
tensin II production by the heart in normal man 
while suppressing plasma renin activity [ 43 ]. 
This is potentially important given emerging evi-
dence suggesting that high salt intake  per se  can 
up-regulate cardiac and vascular RASs and pro-
duce fi brosis [ 44 ]. These local RASs, their regu-
lation and function, likely play an important role 
in the development of vascular pathology includ-
ing arterial stiffening. 

 Over the last four decade considerable 
 evidence has also been developed to indicate 
that angiotensin II can act not only at cell sur-
face receptors but also at intracellular locations. 
We termed this kind of action  intracrine  to imply 
action of a peptide extracellular signaling moiety 
in its cell of synthesis or in a target cell after inter-
nalization. Thus, angiotensin II is an intracrine 
because it is a peptide hormone that can be inter-
nalized by target cells, bind to nucleus, and based 
on  in vitro  and  in vivo  experiments, alter gene 
expression. In fact, a wide variety of peptide sig-
naling molecules including hormones, cytokines, 
growth factors, enzymes, and others qualify as 
intracrines [ 45 – 48 ]. Interestingly, homeodomain 
transcription factors are intracrines: they traffi ck 
between nearby cells, are taken up, and affect 
gene transcription in the target cells. This process 
is important, for example, in the development 
of the retina. A sequence within the homeodo-
main protein antennopedia is responsible for the 
internalization of the transcription factor and this 
sequence is currently being utilized as a cell pen-
etrating peptid--penetratin [ 49 ,  50 ]. 

 We have developed an hypothesis regarding the 
evolution, biological function, and physiology of 
intracrines and this intracrine biology is reviewed 
elsewhere. One characteristic of these entities is 
the creation of intracellular feedforward loops 
[ 43 – 48 ]. For example, intracellular angiotensin II 
has been reported to up-regulate renin and angio-
tensinogen in cardiac fi broblasts thereby poten-
tially creating a positive feedback loop that could 
well play a role in cardiac fi brosis and in cardio-
vascular fi brosis in general [ 51 ]. This system is up-
regulated by glucose a fi nding that may have 
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clinical signifi cance given the fi nding of elevated 
angiotensin II levels in the hearts of patients suf-
fering from diabetic cardiomyopathy [ 52 ]. 

 Of note is the fact that intracrines can act in 
cells in what we have termed canonical or non- 
canonical fashions [ 53 ]. By canonical we mean 
that the intracrine acts in the cell via one or more 
of its established cell surface receptors, the recep-
tor often being located in a membrane environ-
ment and often acting via traditional second 
messengers. By non-canonical we mean action 
other than via a traditional receptor. For example, 
angiotensin II has been shown to act at nuclear 
membrane AT1 and AT2 receptors and to gener-
ate second messengers such as nitric oxide [ 54 ]. 
Also AT1-like receptors have been shown in 
association with euchromatin [ 55 ,  56 ]. These 
fi nding imply canonical angiotensin II action, 
although AII action at euchromatin may not 
involve the traditional signaling system. At the 
same time some intracellular angiotensin II 
actions have been reported to be independent of 
the AT1 receptor and these are not prevented by 
ACEI administration [ 57 ]. These actions likely 
are non-canonical. 

 Non-canonical and canonical angiotensin II 
intracrine action may well turn out to be impor-
tant determinants of cardiovascular biology. The 
generation of oxidative stress is a hall mark of 
angiotensin pathological action in the cardio-
vascular system. Although much attention has 
focused on the role of NADPH oxidase in the 
generation of reactive oxygen species, attention 
has also recently turned to the mitochondria [ 58 , 
 59 ]. Moreover, a connection between the RAS 
and mitochondria has been demonstrated by both 
 in vivo  and  in vitro  work demonstrating the traf-
fi cking of angiotensin II from the extracellular 
space to mitochondria [ 56 – 60 ]. Angiotensin II 
receptors have been reported on mitochondria 
early as the 1970s [ 61 ]. Also, a long line of inves-
tigation has demonstrated that chronic treatment 
of rodents with ACEIs prolongs life span in asso-
ciation with the preservation of mitochondrial 
number [ 62 ]. It is unclear from these reports, 
however, if angiotensin II affects mitochondrial 
biology via binding to its cell surface recep-
tor or by way of interaction with mitochondrial 

receptors. Recently, small numbers of AT1 and 
AT2 receptors have been shown to be associated 
with mitochondria [ 63 ]. These authors studied a 
variety of cell types including mouse cardiomyo-
cytes, endothelial cells, and renal tubule cells. 
They showed AT2 receptor in all these cells using 
immunogold staining. AT1 receptors were rare 
in young animals but increased in number with 
age. AT2 expression decreased with age and this 
decrease was blunted by chronic treatment with 
the ARB losartan. Also mitochondrial AT2 was 
shown to be coupled to mitochondrial nitric oxide 
production. This report demonstrated a canonical 
action of angiotensin II at mitochondria and sug-
gests a pathological mechanism by which angio-
tensin II can produce mitochondrial and cellular 
damage. This report is also consistent with other 
studies showing an increase in AT1R/AT2R ratio 
in sheep proximal tubule cell nuclei with age and 
this changed was accompanied by enhanced ROS 
generation by these nuclei following angiotensin 
II treatment [ 64 ]. The observation that high glu-
cose up-regulates intracellular angiotensin II in 
both cardiomyocytes and vascular smooth mus-
cle cells, at least partially in an AT1R-dependent 
fashion, suggests the possibility that canonical 
angiotensin II intracellular action plays a role in 
the cardiovascular pathologies associated with 
diabetes [ 57 ]. 

 At the same time, our group continued its 
studies of intracrine angiotensin action through 
the production of cell lines expressing a non- 
secreted angiotensinogen which served as the 
substrate for the production in a hepatoma cell 
line of intracellular angiotensin II by an endoge-
nous intracellular renin; these cells proliferated 
in response to the up-regulation of angiotensino-
gen in the absence of secreted angiotensin. 
Knockdown of endogenous renin with renin anti-
sense eliminated the proliferation [ 65 ]. Also, we 
showed that a fl uorescent fusion protein consist-
ing of Angiotensin II fused downstream and in- 
frame with cyan fl uorescent protein ECFP, when 
transfected into a variety of cell lines, stimulated 
cell proliferation, CREB stimulation, and redis-
tribution of the Angiotensin II receptor AT 1  [ 41 , 
 66 ]. The angiotensin II encoded by this construct 
was not secreted and therefore the proliferation 
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was the result of angiotensin II acting within the 
cell. Thus, these studies collectively defi ned 
some of the pathways by which intracellular 
angiotensin II can alter cellular physiology. 

 More recently we extended this work by 
developing a transgenic mouse line expressing an 
intracellular angiotensin II/cyan fl uorescent 
fusion protein (that is not secreted) driven by a 
metallothionein promoter [ 67 ,  68 ]. Whereas, in 
most of the transfected cell lines we had studied 
the nucleus was the intracellular organelle most 
heavily labeled by the fusion protein, in these 
transgenic animals, labeling was most prominent 
over the mitochondria with lesser labeling of the 
nuclei. These animals developed hypertension 
and, in time, thrombotic microangiopathy. 
Remarkably, they also displayed clear mitochon-
drial pathology with loss of cristae. Moreover, 
direct binding of angiotensin II to electron trans-
port chain proteins with effects on ATP synthesis 
and reactive oxygen species (ROS) generation 
were observed. Given the importance of oxida-
tive stress in mediating the pathological actions 
of angiotensin II, these fi ndings suggest that non- 
canonical angiotensin II action at the mitochon-
dria could be an important determinant of 
pathology. It is important to note that if this is the 
case, angiotensin receptor blockers could not 
produce maximal protection against pathological 
angiotensin actions. Rather a new class of agents 
directed at non-canonical binding targets would 
be required [ 69 ].  

    Conclusion 

 The biology of the heart and vasculature is 
now seen to be extremely complex with a 
wide variety of factors regulating cardiovascu-
lar function and structure. As has been shown 
here, angiotensin II is one such factor---one 
that regulates cardiovascular function and 
structure in multiple ways. However, it also 
must be noted that other components of the 
RAS also infl uence the development of pathol-
ogy. The benefi cial effects of ARBs and 
ACEIs on cardiovascular structure suggest 
that a better understanding of angiotenin II 
and other RAS components function could 
lead to improved therapeutics. There is no 

shortage of experimental leads in that angio-
tensin (1–7), the (pro)renin receptor, receptor 
crosstalk, ACE2,  mas , and other RAS compo-
nents all offer therapeutic targets. Moreover, 
given the fact that renin, angiotensinogen, 
angiotensin, and ACE are intracrines, the 
intracellular actions of these RAS components 
must be considered. It may well be that thera-
pies targeting only cell surface hormone/
receptor interactions are inadequate to com-
pletely block the deleterious effects of 
 angiotensin II and other intracrines, and only 
combined cell surface and intracellular block-
ade will provide complete protection from the 
deleterious actions of the peptides. But the 
complexity may go even further. There is 
compelling support for both canonical and 
non-canonical RAS action and so traditional 
RAS blockers such as ARBs may be incapable 
of blocking all pathologic intracellular mecha-
nisms. This then implies that atypical binding 
partners for RAS components like angiotensin 
II will have to be identifi ed before the work-
ings of the RAS will be established suffi -
ciently to optimally convert current knowledge 
to useful therapies for the prevention of vascu-
lar pathologies including arterial stiffening.     
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  14      Arterial Stiffness 
and the Sympathetic 
Nervous System 
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    Abstract  

  This chapter addresses the complex relationship between sympathetic activity 
and the main factors affecting arterial distensibility. Sympathetic nervous sys-
tem is considered one of the major elements involved in the regulation of mean 
arterial pressure, affecting heart rate, left ventricular contractility, and systemic 
vascular resistance. Actually, in hypertensive patients a permanent increase in 
mean arterial pressure may cause structural changes in viscoelastic properties 
of arterial wall, causing a permanent reduction in arterial distensibility. 
Moreover, heart rate, left ventricular function, and mean arterial pressure can 
also be considered major functional factors which can cause transient changes 
in arterial viscoelastic properties. Evidence is available that sympathetic activ-
ity plays a major role in modulating the mechanical properties of muscular 
arteries. This explains the reduction in distensibility of muscular arteries 
shown under particular conditions of stress, such as exposure to high altitude 
and, in general, to hypoxia. Changes in sympathetic activity may be infl u-
enced by barorefl ex regulation of cardiovascular homeostasis. Refl ex changes 
of arterial tone and modifi cations of cardiac output are the result of this regula-
tion. A carotid and aortic stiffness may be associated with reduced cardiovagal 
barorefl ex sensitivity, with a consequent increase in blood pressure variability, 
and also with a higher speed of changes in beat-to-beat systolic blood pressure 
fl uctuations typical of hypertension.  
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        Sympathetic Nervous System, 
Pulsatile Blood Pressure, 
and Arterial Distensibility 

 Sympathetic nervous system (SNS) is known to 
be one of the major factors involved in the regula-
tion of blood pressure and cardiovascular hemo-
dynamics, extensively affecting mean arterial 
pressure. Indeed, SNS activation is responsible 
for an increase in heart rate, an increase in ven-
tricular contractility, and peripheral vasoconstric-
tion, that can selectively or diffusely increase 
peripheral vascular resistances, leading to a mean 
arterial pressure increase. 

 However, blood pressure cannot be character-
ized only in terms of mean arterial pressure. 
Actually two distinct but interdependent compo-
nents defi ne arterial blood pressure: a steady state 
component, namely, mean arterial pressure, and a 
pulsatile component, defi ned as pulse pressure, 
which represents the fl uctuation in blood pres-
sure around its mean value throughout the car-
diac cycle [ 1 ] (Fig.  14.1 ).

   While the modulation exerted by SNS on 
mean arterial pressure is well known, the role of 

SNS activation in modulating changes in the vari-
ables determining pulse pressure, such as arterial 
distensibility, left ventricle-aorta interaction, and 
refl ection of pulse waves in the aorta, is still less 
clearly defi ned. The action of SNS on pulse pres-
sure is complex, and there are numerous and 
complex interactions between the factors affect-
ing mean arterial pressure and those affecting 
pulse pressure. 

 The main parameter determining pulse pres-
sure values is the distensibility of the aorta and 
large arteries, due to the viscoelastic properties of 
the arterial wall. Aortic distensibility can be eas-
ily evaluated by measuring the carotid-femoral 
pulse wave transit time. Indeed, carotid to femo-
ral pulse wave velocity (PWV) is the acknowl-
edged gold standard method to assess arterial 
distensibility. 

 Large artery distensibility depends on struc-
tural characteristics and on transient functional 
changes in the arterial wall. 

 Structural characteristics are relatively stable 
and depend on the elastin/collagen fi ber ratio in 
the arterial wall. The increase of arterial stiffness 
with age is a well-established phenomenon which 
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depends on alterations in such a ratio. The aging 
process causes histological alterations in the arte-
rial wall, and the degeneration of elastin fi bers is 
accompanied by a boost in collagen fi bers. Also a 
condition characterized by steady increase in 
blood pressure values causes structural altera-
tions in the arterial wall. The arterial wall tends to 
increase biosynthesis of collagen fi bers in order 
to face increasing pressures in the vascular 
lumen, and further changes of the elastin/colla-
gen ratio occur. Structural alterations in the wall 
of large elastic arteries have been described even 
in metabolic diseases such as diabetes, kidney 
failure, liver failure, and alterations in calcium 
metabolism. Some metabolic disorders can 
indeed be accompanied by an increase in oxida-
tive stress, by appearance of areas of arterial wall 
calcifi cations and by infl ammation of the arterial 
wall. Infl ammation may cause both arterial stiff-
ening and endothelial dysfunction. 

 The role of factors affecting functional and 
transient changes in arterial distensibility is less 
clearly defi ned. We can identify three major func-
tional factors which can cause transient changes 
in arterial viscoelastic properties: (1) heart rate 
and left ventricular function, (2) mean arterial 
pressure level, and (3) tonic activity of smooth 
muscle cell within the arterial wall. All these 
parameters can be affected by SNS. Even if the 
role of functional factors in determining distensi-
bility of large arteries may be weaker as compared 
to organic, structural alterations, however the 
relationship between PWV (i.e., arterial distensi-
bility) and functional changes in arterial wall 
properties could affect the reproducibility and, in 
the end, the reliability of the PWV values. 

    Heart Rate and Left Ventricular 
Function 

 Left ventricular function affects the forward 
pulse waveform, originating from the interaction 
between the left ventricular ejection activity and 
the mechanical properties of large arteries. Thus 
SNS activation, increasing ventricular contractil-
ity, makes changes in forward waveforms, deter-
mining a steeper slope in the protosystolic phase 

of aortic pulse waveform. In order to better 
understand the role of ventricular function in 
affecting blood pressure waveform, it is suffi cient 
to consider the well-known typical changes in 
arterial pulse waveform occurring in subjects 
affected by aortic stenosis or insuffi ciency. 

 A number of cross-sectional studies showed a 
signifi cant association between heart rate and PWV 
(commonly assumed as an index of aortic distensi-
bility), independent of blood pressure levels [ 2 – 6 ]. 
On the background of the evidence that heart rate 
is, at least in part, an index of sympathetic activity 
and, to some extent, also of renin-angiotensin-aldo-
sterone system activity [ 7 ], it has been suggested 
that both sympathetic activation and activation of 
the renin-angiotensin- aldosterone system could 
contribute to increase both heart rate and arterial 
stiffness in parallel. This hypothesis, however, has 
been challenged by Mircoli et al. [ 8 ] and Mangoni 
et al. [ 9 ], who showed that the reduction in arterial 
distensibility associated with tachycardia occurred 
even in the absence of a sympathetic activation. 
Moreover, the results obtained in subjects with per-
manent cardiac pacing suggest that the association 
between PWV and heart rate is at least partially 
related to a direct mechanical effect of heart rate on 
PWV. Another possible explanation for the rela-
tionship between PWV and heart rate comes from 
the viscous and inertial properties of arterial wall: 
an increase in heart rate shortens the time available 
for recoil, which results in arterial stiffening [ 10 , 
 11 ]. In spite of these observations, however, the 
actual mechanisms responsible for the relationship 
between heart rate and arterial stiffness are still 
largely unknown [ 12 ]. 

 Recently a signifi cant and inverse association 
between carotid-femoral PWV and left ventricular 
ejection time was found [ 13 ]. The shorter the left 
ventricular ejection time, the higher the aortic 
PWV. Left ventricular ejection time is a composite 
index of left ventricular performance affected by 
cardiac inotropic function and infl uenced by pre-
load and afterload [ 14 ,  15 ] and it seems to be more 
closely and inversely associated with PWV than 
R-R interval (the inverse of heart rate). This strong 
inverse link between PWV and left ventricular 
ejection time can be in part explained by a simple 
energetic model. At a given heart rate, in case of 
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reduction in systolic ejection time, mechanical 
work of left ventricle is carried out in a shorter 
time, thus with a greater power. Power ( P ) repre-
sents the work ( W ) of blood pressure on the arterial 
wall during a given time ( t ) interval ( P  = Δ W /Δ t ). 
Given that power is proportional to mean arterial 
pressure and to velocity of traveling waves, an 
increase in power corresponds to an increase in 
PWV. Thus, for a given value of heart rate, a reduc-
tion in left ventricular ejection time determines an 
increase in PWV. Conversely, since left ventricular 
ejection time depends on the capability of the left 
ventricle to eject blood, and thus on left ventricular 
inotropic function and loading conditions [ 16 ], an 
alteration in any of these variables may infl uence 
the left ventricular ejection time. Taking into 
account both these two plausible mechanisms, the 
relationship between left ventricular ejection time 
and PWV should not be considered only as a result 
of a direct modulation of arterial distensibility 
induced by changes in heart rate, but could rather 
be the result of a mutual interaction between left 
ventricular ejection function and aortic and large 
arteries distensibility [ 13 ]. Thus it can be hypoth-
esized that in young people with distensible arter-
ies, PWV shows a prevalent association with mean 
arterial pressure and left ventricular ejection time, 
suggesting a stronger dependence of aortic PWV 
on left ventricular performance than on vascular 
distensibility. On the contrary, with advancing age, 
when age progressively becomes the most power-
ful predictor of PWV, the inverse relation between 
left ventricular ejection time and PWV may be an 
epiphenomenon of an age- related increase in large 
artery stiffness contributing to an increased aortic 
impedance which ultimately tends to limit ejection 
duration [ 13 ]. 

 The SNS activation, raising heart rate and 
increasing left ventricular contractility, may 
therefore cause a decrease in arterial distensibil-
ity also through these mechanisms, thus resulting 
in an increase in pulse pressure. This implies that, 
under specifi c conditions characterized by sig-
nifi cant changes in heart rate, the changes in heart 
rate should be taken into serious consideration 
when analyzing aortic PWV values. For example, 
exposure to high altitude or sport activity may 
cause considerable increase in heart rate and may 
signifi cantly affect PWV values. 

 Nevertheless, the effects of increasing heart rate 
on refl ected waves cause an opposite result on 
pulse pressure. Even if heart rate is directly related 
to PWV, and an increased PWV causes an acceler-
ate return of refl ected waves in the ascending aorta, 
however, there is a predominant action of heart rate 
which is not due to the early arrival of refl ected 
wave but rather due to the complex relationship 
between the forward waveform and the timing of 
the backward wave. An increase in heart rate is 
accompanied by a relative decrease in diastolic 
time of the cardiac cycle and a small change in sys-
tolic time. The main consequence of the decrease 
in diastolic time, therefore, will be a decrease in left 
ventricular diastolic fi lling time. The result is a 
change in pulse waveform, characterized by a 
quick systolic peak followed by a sharp and shorter 
lasting fall in blood pressure values. When the 
backward wave travels to the center, it will tend to 
superimpose onto the forward wave in its “descend-
ing phase.” Thanks to this process and to the high 
heart rate, the refl ected wave does not participate 
much in defi ning aortic systolic blood pressure val-
ues. As a consequence, we do not have an increase 
in pulse pressure, as expected. On the contrary, for 
low heart rate, the decrease in pulse wave velocity, 
and therefore the delay in refl ected wave, is coun-
terbalanced by the complete superimposition of the 
backward wave on the systolic peak of the forward 
wave. As a result, there is an increase in pulse pres-
sure at low heart rates in ascending aorta. This phe-
nomenon which occurs with low heart rate is 
considered to be the main (but not the only) cause 
of the lower decrease in central arterial pressure 
with β-blocker treatment.  

    Mean Arterial Pressure 

 As we have highlighted above, SNS is considered 
one of the major elements in the regulation of mean 
arterial pressure, affecting heart rate, left ventricu-
lar contractility, and systemic vascular resistance. 

 In hypertensive patients a permanent increase 
in mean arterial pressure may cause structural 
changes in viscoelastic properties of arterial wall. 
An increased biosynthesis of collagen occurs in 
order to counterbalance the increase in transmural 
pressure. This process can be associated with 
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alterations in the endothelial function and with a 
remodeling process of the arterial wall, character-
ized by hypertrophy and hyperplasia of smooth 
muscle cells. These alterations in mechanical 
properties of arterial wall cause a permanent 
reduction in arterial distensibility, and the PWV 
values are increased independently of the blood 
pressure values recorded at the moment of the test. 

 However also blood pressure values during the 
test may contribute to change arterial distensibil-
ity, by means of a functional modulation in vascu-
lar properties. The relative weight of mean arterial 
pressure and other functional parameters in deter-
mining pulse wave velocity values at different 
ages is shown in Fig.  14.2  [ 1 ,  13 ]. Mean arterial 
pressure explains up to 13 % of the variance in 
aortic PWV in young adults, and its contribution 
decreases with age to nearly 4 % in the elderly. 
Left ventricular ejection time explains between 2 
and 5 % of the variance in PWV values. Actually, 
with the exception of age and hypertension, it is 
very unusual to detect functional variables that 
have a stronger effect on variations of aortic PWV.

        Sympathetic Nervous System 
and Arterial Function 

 We may identify two types of arteries, in rela-
tion to the prevalence of elastic fi bers or smooth 
muscle cells, respectively, in their walls: (1) the 

elastic arteries, including the large vessels 
emerging from the heart ventricles, such as 
aorta, pulmonary artery, brachiocephalic trunk, 
common carotid, and subclavian arteries, and 
(2) the muscular arteries, including the main 
branches of the arterial tree, like radial, femo-
ral, and cerebral arteries. 

 The shift between these types of arterial ves-
sels is gradual, rather than abrupt. The amount 
of elastic tissue decreases from the center to 
the periphery of the arterial tree, whether the 
smooth muscle component assumes gradually 
more and more prominence in the peripheral 
arteries. Through the controlled variation in 
the diameter of the peripheral arteries, these 
arteries distribute blood fl ow to different parts 
of the body according to regional needs. This 
function is performed by modulation of the 
smooth muscle cells circumferentially arranged 
within the vessel walls and is principally under 
the control of the SNS. 

    Action on Muscular Arteries 

 Several studies showed that in humans the SNS 
exerts a pronounced restraint on distensibility of 
medium-size and large muscular arteries not only 
when its activity is phasically increased in a short 
term by behavioral infl uences or emotional stim-
uli [ 17 – 19 ], but also when the vessel is exposed 

Heart rate

Left ventricular
ejection time

Mean
arterial
pressure

Age 20

0

2

4

6

8

10

12

14 R2 (%)

40 60 80 100 years

  Fig. 14.2    Contribution of mean arterial 
pressure and other functional parameters 
in determining pulse wave velocity values 
at different ages (From Salvi [ 1 ], modifi ed 
by permission)       

 

14 Arterial Stiffness and the Sympathetic Nervous System



168

to long-term modulation of the smaller degree of 
existing sympathetic tone [ 20 ,  21 ]. 

 Procedures or situations that acutely increase 
sympathetic activity are associated with reduc-
tion in distensibility of muscular arteries, such 
as brachial, radial, or femoral arteries [ 20 ,  17 ]. 
This explains the presence of high carotid-
radial PWV values under particular conditions 
of stress, such as altitude or hypoxia.  

    Action on Elastic Arteries 

 Whether the sympathetic activity plays a major 
role in modulating the mechanical properties of 
muscular arteries, the activity of SNS on visco-
elastic properties of central arteries remains still 
widely unknown. 

 Actually, some studies showed that mechan-
ical properties of the human abdominal aorta 
remain unaltered during sympathetic stimula-
tion [ 22 ,  23 ]. The pressure-diameter relation-
ship and the distensibility indices, stiffness 
(beta), and pressure strain elastic modulus of 
the abdominal aorta were widely studied by 
Sonesson et al. [ 22 ]. Sympathetic stimulation 
induced by lower body negative pressure did 
not change aortic wall mechanics. The authors 
concluded that sympathetic modulation of the 
aortic smooth muscle contractile activity seems 
to be unimportant in the blood pressure regula-
tion [ 22 ]. Similarly Lydakis et al. did not dem-
onstrate any change in measures of central 
large artery stiffness and wave refl ection 
caused by SNS activation during lower body 
negative pressure [ 23 ]. 

 However even if the role of SNS on aortic 
stiffness is weak, we should not conclude that 
SNS has not any effect on pulse pressure. 
Actually it is necessary to highlight how high 
sympathetic activity may also affect pulse pres-
sure by increasing systemic vascular resistance, 
thus modifying amplitude and distribution of 
refl ected pressure waves [ 24 ,  25 ]. An increase in 
backward pressure waves can increase central 
systolic blood pressure and reduce blood pres-
sure amplifi cation in the periphery even without 
change in aortic distensibility.   

    Different Meaning of Upper Limb 
and Aortic Pulse Wave Velocity 

 Probably functional factors, including SNS 
activity, play a signifi cant role in affecting arte-
rial stiffness in muscular arteries, whereas struc-
tural factors play the major role in modulating 
the elastic properties of large arteries [ 1 ]. This 
different contribution by functional and struc-
tural factors in affecting arterial distensibility in 
muscular and elastic arteries may help explain 
the different behavior of arterial distensibility 
and PWV during life. 

 Carotid-femoral PWV, marker of the disten-
sibility of the aorta (an elastic artery), increases 
with age. Actually the aging process causes 
well- known histological alterations in the elas-
tic large arteries. An increased elastase activity 
and a reduced elastin synthesis cause thinning 
and breakage of elastin fi bers, and the result is a 
decrease in the elastin/collagen ratio. However, 
the relationship between age and PWV is not 
linear. PWV values change insignifi cantly in 
the fi rst decades of life, and then they tend 
to increase as age advances, by an average of 
70 mm/s per year from 45 to 65 years and of 
200 mm/s per year after 65 years. On the con-
trary, the PWV in upper limb muscular arteries 
(axillo-brachial- radial axis) does not signifi -
cantly change with age [ 1 ] (Fig.  14.3 ). Young 
adults have the same mean values of carotid-
radial PWV than subjects over 80 years old. Most 
likely, upper limb PWV refl ects the functional 
condition of the arterial tree, which is closely 
related to the modulation by the SNS. Thus it 
is not surprising that carotid- radial PWV values 
generally increase together with diastolic blood 
pressure, mean arterial pressure, and heart rate, 
whereas carotid-femoral PWV values are more 
closely associated with systolic blood pressure.

   As an example of these different modulations, 
we mention below two situations in which the 
dissociation in PWV changes between elastic and 
muscular arteries is particularly evident: namely, 
the infl uence of birth weight and postnatal growth 
on hemodynamic parameters assessed in adult 
age and the changes in mechanical properties of 
arteries after acute exposition at high altitude. 
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    SNS Activity: Relationship with Birth 
Weight and Postnatal Growth 

 Low birth weight and accelerated postnatal 
growth are known to be associated with impair-
ment of endothelial function [ 26 ,  27 ] and insu-
lin resistance [ 28 ]. Moreover, the association 
between low birth weight related to gesta-
tional age and increased sympathetic activity is 
 consistent with several clinical [ 29 ] and experi-
mental studies [ 30 ,  31 ]. All these factors can 
infl uence arterial tone and distensibility of large 
muscular arteries [ 32 ,  33 ]. Low birth weight is 
also associated with high resting heart rate in 
adult life, in middle-aged individuals [ 34 ]. 

 Recently our research group evaluated if birth 
weight and postnatal growth may affect hemody-
namic parameters in adolescents and young adults 
[ 35 ]. Several factors were evaluated, including 
birth weight, postnatal growth, timing of adipos-
ity rebound, lifestyle, anthropometric characteris-
tics, and hemodynamic parameters. No association 
between low birth weight or accelerated postna-
tal growth and carotid-femoral PWV was found. 
Conversely, carotid-radial PWV, mean arterial pres-
sure, diastolic blood pressure, and heart rate were 
signifi cantly higher in adolescents characterized by 
a birth weight ≤2 kg (Fig.  14.4 ). Moreover, a strong 
association between accelerated growth from 0 to 12 
months and carotid-radial PWV in adolescent age 
was also found, and the weight gain in the fi rst year 
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of age was shown as an independent  determinant 
of carotid-radial PWV. On the contrary, no signifi -
cant changes in carotid-femoral PWV were found 
in association with postnatal growth [ 35 ].

       SNS and Arterial Distensibility 
at High Altitude 

 At high altitude, an activation of peripheral che-
morefl ex by hypoxia leads to an SNS activation 
which increases blood pressure, heart rate, and, at 
least in the early phases, cardiac output counter-
acting the direct systemic vasodilator effect of 
hypoxia [ 36 – 40 ]. An increased sympathetic activ-
ity, refl ected by changes in blood pressure variabil-
ity spectral indices, has been shown to characterize 
also subjects with acute mountain sickness, sug-
gesting a potential role of an exaggerated individ-
ual chemorefl ex vasoconstrictive response to 
hypoxia also in the genesis of this condition [ 41 ]. 

 The HIGHCARE (HIGH altitude CArdio-
vascular REsearch) Alps Project studied the effects 
of acute exposure to hypobaric hypoxia at altitude 
on the main hemodynamic parameters in a group of 
normotensive volunteers. The results of this study 
showed a signifi cant increase in SNS activity dur-
ing exposure to high- and very-high-altitude hypo-
baric hypoxia [ 42 ]. The SNS activation induced by 
acute high- altitude exposure was associated not 
only with a signifi cant increase in mean arterial 
pressure, diastolic blood pressure, and heart rate, as 
expected, but also with an increase in carotid-radial 
PWV. On the contrary, no signifi cant changes in 
carotid-femoral PWV were found (Fig.  14.5 ) [ 42 ].

   Actually, hypoxia might also have a direct 
effect on renin-angiotensin-aldosterone system 
(RAAS), and retention of fl uid and sodium has 
been proposed as one of the mechanisms involved 
in the pathogenesis of high-altitude pulmonary 
edema [ 43 ]. One of the aims of the HIGHCARE 
Himalaya Project was to evaluate the hemody-
namic effects of RAAS at high altitude. This was 
a randomized, double-blind, parallel group, 
placebo- controlled study which had among its 
aims the investigation of the hemodynamic 
effects at high altitude of RAAS and of its block-
ade by telmisartan, an angiotensin II receptor 
AT1 blocker. This study, however, did not show 

any role of RAAS on hemodynamic changes dur-
ing acute and prolonged exposition at very high 
altitude, where renin and angiotensin II levels 
were signifi cantly reduced. In spite of this, after 
2 weeks of very-high-altitude exposure, not only 
carotid-radial but also carotid-femoral PWV and 
augmentation index were signifi cantly increased. 

 Taking into account the results of these two 
studies (HIGHCARE Himalaya and HIGHCARE 
Alps), we may hypothesize that the changes in dis-
tensibility of muscular arteries observed after 
acute exposure to very high altitude were second-
ary to a direct SNS activation. Also in this case 
SNS affects blood pressure and vascular hemody-
namics modulating diastolic blood pressure, mean 
arterial pressure, and heart rate together with mus-
cular arteries distensibility, without any direct 
action on mechanical properties of elastic arteries, 
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if not under more prolonged exposure to hypo-
baric hypoxia.   

    Arterial Stiffness, Barorefl ex 
Sensitivity, and Blood Pressure 
Variability 

 Changes in sympathetic activity [ 44 ] may be also 
infl uenced by barorefl ex regulation of cardiovascu-
lar homeostasis. Refl ex changes of arterial tone and 
modifi cations of cardiac output (including vagally 
mediated changes in heart rate) are the result of this 
regulation. Barorefl ex infl uences stemming from 
stretch receptors located mainly in the carotid arter-
ies and in the aortic arch are triggered by changes 
in transmural pressure of these vessels. 

 The overall barorefl ex modulation of cardio-
vascular parameters has two distinct components. 
The fi rst one is the relationship between changes 
in carotid/aortic transmural pressure and the cor-
responding changes in carotid/aortic diameter. 
This component depends on arterial wall stiff-
ness, which represents one of the principal deter-
minants of the degree of baroreceptor stretching/
relaxation in response to a given pressure change 
(mechanical component). The second one is the 
link between changes in carotid/aortic diameter 
and the subsequent refl ex changes in cardiac and 
vascular responses, which depend on the features 
of afferent neural inputs to brain stem centers, on 
the central integration of these inputs, and on the 
efferent neural fi ring to cardiac and vascular tar-
gets (neural component). 

 Recently the development of noninvasive tech-
niques for the study of arterial properties has made it 
possible to investigate more in depth the relationship 
between the arterial wall stiffness and barorefl ex 
function [ 45 ]. In fact, given that baroreceptors 
respond to the extent of stretching/relaxation of 
carotid/aortic arterial walls rather than to blood pres-
sure, per se, one may expect that, in subjects with 
stiff arteries, which distend less than more elastic 
vessels in response to blood pressure changes, baro-
refl ex responsiveness will be reduced. This reason-
able pathophysiological hypothesis was supported 
by studies showing that, in humans, increased local 
carotid stiffness may be associated with reduced car-
diovagal barorefl ex sensitivity [ 46 ,  47 ]. 

 Okada et al. [ 48 ] clearly demonstrated a sig-
nifi cant inverse correlation between the sympa-
thetic barorefl ex sensitivity and degree of carotid 
stiffness and between sympathetic barorefl ex 
sensitivity and carotid-femoral PWV. 

 A signifi cant relation between large artery stiff-
ness, as assessed by carotid-femoral PWV, and 
short-term SBP variability over the 24 h was clearly 
shown, independent of the infl uence of age, aver-
age BP, and other variables [ 49 ]. Short- term blood 
pressure variability refl ects sympathetic nerve acti-
vation [ 50 ], impaired barorefl ex sensitivity [ 44 , 
 51 ], and other intrinsic and environmental factors 
[ 52 ,  53 ]. The favoring effect of aortic stiffness in 
determining an increased short- term blood pres-
sure variability might be mediated by a reduced 
arterial barorefl ex sensitivity, a rigid carotid and 
aortic wall being responsible for a reduced stimula-
tion of arterial baroreceptors located in these vas-
cular areas by pulsatile blood pressure, with a 
consequent reduced sensitivity of the barorefl ex 
and its resulting reduced effi cacy in buffering blood 
pressure fl uctuations [ 46 ,  54 ] (Fig.  14.6 ). Such a 
reduced barorefl ex sensitivity, which is a character-
istic feature of autonomic cardiac modulation in 
hypertension, might be one of the factors, together 
with the accompanying increase in arterial stiff-
ness, responsible not only for the increased blood 
pressure variability typical of hypertension [ 55 ], 
but also for the higher speed of changes in beat-to-
beat systolic blood pressure fl uctuations reported to 
occur in hypertensive patients as compared with 
normotensive individuals [ 56 ].

Cardiovascular
events

ΔBRS

Δ Blood
pressure
variability

Δ Arterial
stiffness

  Fig. 14.6    Schematic drawing illustrating the complex 
links between arterial stiffness, barorefl ex sensitivity 
(BRS), blood pressure variability, and the associated risk 
of cardiovascular events       
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        Introduction 

    In    the past 20 years, it has become clear that 
reactive oxygen species (ROS) contribute to 
the development of hypertension via myriad 
effects. While ROS are essential for normal 
cell function, they mediate pathological 
changes in the brain, the kidney and blood ves-
sels associated with the genesis of chronic 
hypertension.  

    Reactive Oxygen Species 

 Reactive oxygen species are intermediates in 
oxidation-reduction reactions in which an elec-
tron from one molecule is removed (oxidation) 
and transferred to a recipient molecule (reduc-
tion). ROS are generally recognized as two 
major groups: free radicals and non-radical 

derivatives. The former possess an unpaired 
electron in their outer orbital, which is highly 
reactive. These include superoxide (O 2  .− ), the 
hydroxyl radical (HO . ), lipid peroxy-radicals 
(LOO . ) and alkoxy- radicals (LO . ). Nitric oxide 
(NO) is also a free radical, and often referred to 
as a reactive nitrogen species (RNS) (Fig.  15.1 ). 
The non-radical derivatives are more stable 
with a longer half-life but can have strong oxi-
dant properties, these include hydrogen peroxide 
(H 2 O 2 ), peroxynitrite (ONOO − ), hypochlorous 
acid (HOCl − ). These reactions have been 
reviewed previously [ 1 ].

       Normal Cell Function 

 Although originally considered toxic by-prod-
ucts of cellular metabolism, ROS are now recog-
nized to have signaling roles that are critical for 
normal cell function, including proliferation, dif-
ferentiation, aging, defense and repair processes 
[ 2 ]. Physiological levels of ROS are required for 
the maintenance of hematopoietic stem cell 
function and therefore hematopoiesis. Recent 
studies show that ROS, including H 2 O 2 , may 
drive pro-survival signaling and protect from the 
aging process. ROS also contribute to the innate 
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immune response via respiratory the bursts in 
phagocytes [ 3 ], and also by signaling chemo-
taxis of infl ammatory cells to sites of infection 
or injury. ROS also participate in tissue repair 
and remodeling by inducing expression of matrix 
metalloproteinases (MMPs). These responses, 
which are vital for normal cell function, become 
exaggerated in disease states and promote patho-
logical processes.  

    Oxidative Stress 

 The term oxidative stress has traditionally 
referred to an imbalance between the produc-
tion of reactive oxygen species and antioxidant 
defenses [ 4 ]. This can lead to an increase in 
ambient levels of ROS that can damage various 
cellular components including DNA, protein 
and lipids. It is now clear that this imbalance 
can be localized to subcellular compartments 
such the mitochondria, the nucleus or localized 
at the cellular membrane [ 5 ]. This localized 
ROS generation might not be refl ected by total 
cellular oxidant levels but functionally affect 
redox signaling specifi c to these domains. 
Thus, localized alterations of ROS production 
in the mitochondria can affect energy homeo-
stasis, while localized ROS production in the 
nucleus can affect transcriptional events and 
epigenetic control.  

    Major ROS Molecules 

    Superoxide Radical 

 Superoxide (O 2  ·– ), produced by 1-electron reduc-
tion of molecular oxygen, can act both as an oxi-
dant and as a reductant in biological systems, 
depending on the redox potential of the molecule 
with which it is reacting [ 1 ]. Superoxide is impor-
tant as it serves as the progenitor for many other 
biologically relevant ROS, including hydrogen 
peroxide (H 2 O 2 ), the hydroxyl radical (HO · ) and 
peroxynitrite (OONO − ) (Fig.  15.1 ). Importantly, 
OONO −  is formed by the diffusion-limited reac-
tion of O 2  ·–  with nitric oxide (NO).  

    Hydrogen Peroxide 

 Hydrogen peroxide is formed by dismutation of 
O 2  ·– , which can occur either spontaneously or can 
be catalyzed by the superoxide dismutases. In 
contrast to O 2  ·– , H 2 O 2  is relatively stable under 
physiological conditions. Because it is uncharged 
and lipophilic, H 2 O 2  can readily diffuse across 
membranes and thus can react with targets in 
organelles and cells apart from where it is formed. 
In this regard, H 2 O 2  has been implicated as a sig-
naling molecule that can, among other actions, 
promote vasodilatation, activate gene transcrip-
tion, modify phosphatase activity, and activate 
other sources of ROS. H 2 O 2  is formed by the 
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  Fig. 15.1    Pathways for production of 
ROS in mammalian cells. Shown are 
enzymes thought important in hyperten-
sion, which can donate electrons to 
oxygen to form O 2  ·– . H 2 O 2  can be formed 
by a two electron donation to oxygen 
and also be formed by the action of 
(SOD) on O 2  ·– . H 2 O 2  is further reduced to 
water by either catalase or glutathione 
peroxidases (Gpx). O 2  ·–  and H 2 O 2  can 
undergo reactions with transition metals 
to form OH. ROS can react with lipids to 
form biologically active lipid radicals. 
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 dismutation of O 2  ·– , which can occur spontane-
ously but is catalyzed by the superoxide dis-
mutases. The antioxidants enzymes catalase and 
glutathione peroxidase (Gpx) can further reduce 
H 2 O 2  to H 2 O (Fig.  15.1 ). Myeloperoxidase cata-
lyzes the reaction of H 2 O 2  with the chloride ion to 
generate hypochlorous acid (HOCl − ), which is a 
strong oxidant with high reactivity. The eosino-
phil peroxidase utilizes bromide in a similar reac-
tion to form HOBr − .  

    Hydroxyl Radical 

 The hydroxyl is formed O 2  .−  donates one electron 
to H 2 O 2  in a reaction classically referred to as the 
Haber Weiss Reaction (Fig.  15.1 ). Hydrogen per-
oxide can also accept one electron from the fer-
rous cation (Fe 2+ ) in the Fenton reaction to 
generate OH .  and a ferric cation (Fe 3+ ). The 
hydroxyl radical is a highly reactive oxidant that 
can attack a variety of biomolecules including 
lipids, proteins and DNA.  

    Peroxynitrite 

 As mentioned above, OONO −  is the product 
of the spontaneous reaction between O 2  ·–  and 
NO (Fig.  15.1 ). This reaction is essentially dif-
fusion limited, and its rate has been estimated 
to be 9 × 10 9  mol × s −1 , which is faster than that 
of the reaction of O 2  ·–  with the superoxide dis-
mutases. At physiological pH, OONO −  exists 
in the protonated form, HOONO or peroxyni-
trous acid, which is uncharged and can diffuse 
across cell membranes. Moreover, HONOO 
undergoes homolysis to yield hydroxyl, and in 
fact might serve as a more important source of 
this radical that the Fenton reaction mentioned 
above. Like hydroxyl, OONO −  is a very strong 
oxidant and can react with lipids, DNA and 
proteins. It is also considered a reactive nitro-
gen species (RNS) that are closely relevant to 
ROS. Peroxynitrite often reacts and modify 
proteins and other cellular structures caus-
ing oxidative damage to these molecules. In 
particular, OONO −  modifi es protein tyrosine 

 residues to form 3-nitrotyrosine, a biomarker 
for OONO −  in tissues and blood. These proper-
ties of OONO −  have been reviewed in depth [ 6 ].   

    Sources of ROS 

    NADPH Oxidase 

 The NADPH oxidases are major sources of ROS 
in mammalian cells [ 7 ]. The catalytic subunits of 
these enzyme complexes are the NOX proteins. 
Seven Nox proteins have been identifi ed with dif-
ferential tissue distribution, diverse function and 
regulation mechanisms. Nox1 is known to exist 
in colon, muscle, prostate, uterus and blood 
 vessels and plays important roles in host defense 
and blood pressure regulation. Nox2 is found in 
phagocytes, where it is responsible for the oxida-
tive burst. It is also present in endothelial cells 
and the tubular cells of the kidney. Nox3 is pres-
ent in fetal tissue and inner ear and is essential for 
vestibular function. Nox4, expressed in kidneys, 
vessels and bone, is involved in vasoregulation 
and erythropointin synthesis. Nox5, not present 
in rodents, is a Ca 2+ -dependent homolog that pro-
duces O 2  .−  in response to intracellular Ca 2+  mobi-
lization in lymph nodes, testes and blood vessels. 
Nox5 is also expressed in atherosclerotic lesions 
and seems to be higher in more complex lesions 
[ 8 ]. Duox1/2 are Nox homologues involved in 
thyroid hormone biosynthesis. 

 The NADPH oxidases are activated by a vari-
ety of physiological and pathophysiological stim-
uli, including infl ammatory cytokines, growth 
factors, mechanical forces and various G protein 
coupled receptor agonists. The manner in which 
the Nox isoforms are activated varies and often 
involves translocation of the cytoplasmic sub-
units to the membrane Nox proteins. Of particu-
lar importance to cardiovascular disease, 
angiotensin II activates the NADPH oxidases via 
the AT1 receptor and stimulation of a signaling 
pathway involving c-Src, protein kinase C (PKC), 
phospholipase D (PLD) and phospholipase A 2  
(PLA 2 ). As mentioned, NOX5 is activated by cal-
cium, and thus can be activated by signals that 
increase this divalent cation [ 9 ].  
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    Nitric Oxide Synthase Uncoupling, 
Tetrahydrobiopterin and Arginine 

 The nitric oxide synthase (NOS) enzymes are the 
endogenous sources of NO in mammalian cells. 
By producing NO, these enzymes have myriad 
effects on cardiovascular function, including 
modulation of vascular tone, blood pressure, 
sympathetic outfl ow, renal renin release and renal 
sodium excretion [ 10 ]. In the absence of their 
critical cofactor tetrahydrobiopterin (H 4 B), or 
their substrate L-arginine, the NOS enzymes 
become uncoupled, such that they produce 
O 2  .−  rather than NO. NOS uncoupling has been 
documented as a source of ROS in diseases such 
as hypertension, atherosclerosis, diabetes and 
following ischemia and reperfusion injury. In 
several of these diseases, oral supplementation of 
H 4 B reverses NOS uncoupling, and improves 
endothelial function. Importantly, oral H 4 B blunts 
the elevation of blood pressure in angiotensin 
II- and salt-induced hypertension in animals 
and has been shown to lower blood pressure in 
humans with hypertension [ 11 ]. Moreover, 
administration of H 4 B also prevents the develop-
ment of endothelium dysfunction, vascular 
infl ammation and atherosclerosis induced by dis-
turbed fl ow. Thus, reversing NOS uncoupling is 
an attractive approach to improve endothelium 
function and prevent the pathogenesis of vascular 
diseases. 

 A major cause of NOS uncoupling is oxida-
tion of tetrahydrobiopterin by oxidants such as 
peroxynitrite [ 12 ]. Interestingly, ROS produced 
by the NADPH oxidase play a role in this pro-
cess, and mice lacking the NADPH oxidase are 
protected against tetrahydrobiopterin oxidation 
in the setting of hypertension [ 12 ].  

    Xanthine Oxidase 

 Xanthine oxidoreductase (XOR) is another 
important source of ROS in mammalian cells 
[ 13 ]. XOR exists in two forms, including xan-
thine dehydrogenase (XDH), and xanthine oxi-
dase (XO). XDH transfers electrons from 
hypoxanthine and xanthine to NAD +  yielding 

NADH and uric acid, whereas XO transfers elec-
trons to oxygen from these same substrates to 
generate O 2  .−  and H 2 O 2 . The cellular ratio of XO 
to XDH is therefore critical in modulating ROS 
production by these enzymes. XDH is converted 
to XO when a critical cysteine residue is oxidized 
by peroxynitrite. This conversion is also favored 
in several pathophysiological settings including 
infl ammation, hypoxia, and radiation exposure, 
and likely contributes to increased ROS produc-
tion and in these situations. Interestingly, 
although XO has been shown to contribute to 
experimental hypertension in animal models, 
there is no evidence supporting a role of xanthine 
oxidase in human hypertension [ 14 ].  

    Mitochondria 

 The mitochondria are responsible for the major-
ity of ATP production in the cell. These organ-
elles contain 5 enzyme complexes that comprise 
the electron transport chain. Electrons are trans-
ported sequentially from NADH through com-
plexes I to V, the site of ATP generation. During 
normal mitochondrial function, this electron 
transfer from one complex to the next is effi cient 
and there is minimal loss or leak from electron 
transport, however in various disease states, elec-
tron leak is increased and can lead to reduction of 
oxygen and formation of O 2  ·–  and H 2 O 2 . Electron 
leak can occur at complexes I to IV, but occurs 
predominantly at complexes I and III, due to 
defects in these complexes. A recurring paradigm 
is that oxidative damage to mitochondrial DNA 
promotes defi ciency in components of the elec-
tron transport chain, promoting electron leak. An 
important phenomenon is reverse electron trans-
port, which occurs particularly in complex I in 
various pathophysiological states. Mitochondrial 
dysfunction has arisen as a major source of cel-
lular ROS production in various pathophysiologi-
cal states. Importantly, ROS from the NADPH 
oxidase have been shown to enter the mitochon-
dria and promote electron leak and ROS produc-
tion from the electron transport chain in 
hypertension [ 15 ]. Of note, antioxidants have 
been engineered that are targeted to the mito-
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chondria and have proven effective in both pre-
venting and reversing experimental hypertension 
[ 16 ]. The reader is referred to an excellent com-
prehensive review of mitochondrial function and 
ROS production for in depth details of mitochon-
drial function [ 17 ].   

    Antioxidant Defense Mechanisms 

 Because of our oxygen rich atmosphere, all liv-
ing organisms, including bacteria, plants and ani-
mals have adapted and developed enzymatic and 
non-enzymatic defenses against chronic oxida-
tive stress. In mammalian cells, the major intra-
cellular antioxidant enzymes include superoxide 
dismutase, catalase and glutathione peroxidase. 
As mentioned above, SOD catalyzes the dismuta-
tion of O 2  .−  to H 2 O 2  and molecular O 2 . Catalase 
and glutathione peroxidase further decompose 
H 2 O 2  into H 2 O and O 2 . Glutathione peroxidase 
requires glutathione as a co-substrate, yielding 
oxidized GSSG upon reaction. In addition to 
H 2 O 2 , glutathione peroxidase also reduces lipid 
hydroperoxides to their respective alcohols and 
thus protects the cell membrane from lipid per-
oxidation. Glutathione peroxidase also is protec-
tive against OONO − , which it effi ciently reduces 
to nitrite [ 18 ]. Unlike O 2  .−  or H 2 O 2 , the there are 
no enzymatic antioxidants that scavenge 
hydroxyl, but a variety of non-enzymatic antioxi-
dants including vitamin C (ascorbic acid), vita-
min E (α-tocopherol) and glutathione react with 
and eliminate this radical. 

 Mammalian cells have the capacity to modu-
late their antioxidant levels by transcriptional 
modulators such as Nrf2 and DJ-1. The former is 
a transcription factor that binds to the antioxidant 
response element of many genes, including the 
glutathione-S transferases, heme oxygenase 1 
and glutamate-cysteine ligase which controls 
glutathione synthesis. Nrf2 is activated in the set-
ting of oxidative stress, and moves to the nucleus 
to induce these and other important antioxidant 
genes. DJ-1 is a recently discovered protein that 
has antioxidant properties, and translocates to 
either the nucleus or the mitochondria upon oxi-
dative stress. As discussed below, DJ-1 plays a 

major role in the response of proximal tubular 
cells to dopamine, and ultimately regulates blood 
pressure [ 19 ].  

    Limitations of Antioxidant Therapy 

 Although basic studies have strongly supported a 
role of ROS in cell dysfunction and animal mod-
els of disease, clinical trials with high dose anti-
oxidants have been disappointing. Several large 
clinical trials have failed to show benefi cial 
effects of either vitamin C or vitamin E 
 supplementation in cancer, cardiovascular dis-
ease and neurodegenerative diseases. A recent 
meta- analysis of 50 randomized trials including 
almost 300,000 patients confi rmed the futility of 
treatment with a variety of antioxidants in cardio-
vascular disease [ 20 ]. In hypertensive subjects, a 
few small trials initially showed benefi t, but later 
large clinical trials, including the SU.VI.MAX 
study, showed no improvement in blood pressure 
with antioxidant therapy [ 21 ]. Surprisingly, large 
doses of beta-carotene, vitamin A and vitamin E 
have paradoxically worsened cardiovascular out-
comes in some studies [ 22 ]. The failure of anti-
oxidants in humans might refl ect the low rate 
constant of vitamins such as E and C with super-
oxide and related ROS, the inability to target sub-
cellular sites where ROS are formed, and the fact 
that some ROS have benefi cial effects. Prevention 
of ROS generation by inhibiting specifi c enzy-
matic sources might be more effi cient than non-
specifi c antioxidants such as vitamin C and E. In 
this regard, a recent study showed that a Nox 1 
inhibitor is effective in reducing atherosclerosis 
in mice with experimental diabetes [ 23 ]. It is also 
possible that these trials were negative because 
they did not target patients that actually have oxi-
dative stress. As an example, the effect of vitamin 
E vs. placebo was studied on cardiovascular out-
comes in almost 1,500 middle-aged diabetic 
patients with the haptaglobin 2/2 genotype [ 24 ]. 
The 2/2 genotype is associated with a reduction 
of haptaglobin’s antioxidant properties and there-
fore these patients were deemed to be at risk for 
oxidative stress. Vitamin E reduced all cardiovas-
cular events, myocardial infarction and stroke by 
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50 % in this population. Because of this striking 
benefi t of vitamin E, the study was stopped pre-
maturely. It is also possible that more potent, 
catalytic agents such as tempol or targeted agents 
such as mitoTempol, which scavenges radicals 
specifi cally in the mitochondria, would have 
greater effi cacy. This topic has been reviewed 
previously [ 25 ].  

    Role of Reactive Oxygen Species 
in Hypertension 

 A large body of literature has shown that exces-
sive production of ROS contributes to hyperten-
sion and that scavenging of ROS decreases blood 
pressure. In an initial study, Nakazono and col-
leagues showed that bolus administration of a 
modifi ed form of SOD acutely lowered blood 
pressure in hypertensive rats. Membrane-targeted 
forms of SOD and SOD mimetics such as tempol 
lower blood pressure and decrease renovascular 
resistance in hypertensive animal models. There 
is ample evidence suggesting that ROS not only 
contribute to hypertension but that the NADPH 
oxidase is their major source. Components of this 
enzyme system are up-regulated by hypertensive 
stimuli, and NADPH oxidase enzyme activity is 
increased by these same stimuli. Moreover, both 
angiotensin II-induced hypertension and deoxy-
corticosterone acetate (DOCA)-salt hypertension 
are blunted in mice lacking this enzyme. 

 Despite the evidence that oxidative stress con-
tributes to hypertension, the mechanisms involved 
are not well understood. Hypertension is associ-
ated with increased ROS production by multiple 
organs, including the brain, the vasculature, and 
the kidney, all of which are likely important. A 
major problem is that we currently lack a com-
plete understanding of which of these organs or 
cell types predominate in the genesis of hyperten-
sion or if there is important interplay between 
them that causes this disease. In the next sections, 
we discuss evidence that hypertension is associ-
ated with oxidative stress that occurs in the cen-
tral nervous system (CNS), the kidney, and the 
vasculature and attempt to provide evidence for 
how this contributes to hypertension.  

    Renal Oxidative Stress 
and Hypertension 

 There is ample evidence supporting that ROS 
generated in the kidney and its blood vessels con-
tribute to the development and maintenance of 
hypertension. Virtually all cells in the kidney, 
including vessels, glomeruli, podocytes, intersti-
tial fi broblasts, the medullary thick ascending 
limb (mTAL), the macula densa, the distal tubule, 
and the collecting duct express components of 
the NADPH oxidase, and various stimuli have 
been shown to activate these. Several of the 
effects of ROS in the kidney are summarized in 
Fig.  15.2 . For purposes of discussion, we fi rst 
focus on oxidative events in the renal cortex and 
then in the medulla.

   Several studies have examined the effect of 
various hypertensive stimuli on the renal cortex 
and how these are modulated by ROS. The struc-
tures that are targets of oxidant stress include the 
afferent arteriole, the glomerulus, the proximal 
tubule, and the cortical collecting duct (CCD). 
As with other vessels, an increase in O 2  .−  in 
the afferent arteriole can oxidatively degrade 
NO, which would enhance afferent arteriolar 
vasoconstriction and reduce glomerular fi ltra-
tion rate (GFR). Indeed, studies in rabbits have 
shown that angiotensin II-induced hypertension 
increases expression of the NADPH oxidase 
subunit p22 phox , activates the NADPH oxidase, 
and causes endothelial dysfunction in afferent 
arterioles [ 26 ]. Studies of isolated afferent arte-
rioles have also shown that O 2  .−  generated by the 
NADPH  oxidase potentiates intracellular cal-
cium [ 27 ]. ROS are also generated in the affer-
ent arterioles of spontaneous hypertensive rats 
and in the kidney of animals in response to other 
vasoconstrictors such as endothelin-1 (ET-1) and 
thromboxane prostanoids [ 28 ]. Intrarenal and 
afferent arteriolar ROS promote vasoconstric-
tion, reduces GFR and contribute to hyperten-
sion. These effects are markedly augmented by 
genetic deletion of SOD-1 and are ameliorated 
by administration of polyethylene glycol (PEG)-
SOD or efforts to block NADPH oxidase [ 29 ]. 
Therefore, the benefi cial effects of O 2  .−  scaveng-
ing in hypertensive animals have, at least in part, 
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been attributed to alleviation of renal vasocon-
striction and improved renal perfusion. 

 Podocyte injury, a precursor to glumeruloscle-
rosis and proteinuria, occurs early after salt load-
ing in Dahl salt-sensitive rats. There is up-regulation 
of glomerular p22 phox  and Nox2 in the glomeruli of 
these animals. The antioxidant tempol reduces 
glomerular sclerosis and proteinuria in Dahl salt-
sensitive rats, further supporting a role for ROS in 
glomerular injury [ 30 ]. In addition, angiotensin II 
also causes podocyte injury by stimulating mito-
chondria ROS generation and inducing podocyte 
autophagy [ 31 ]. Increased ROS in podocytes dis-
rupt the crosstalk between nephrin and caveolin-1, 
which is required for maintenance of the glomeru-
lar fi ltration barrier [ 32 ]. ROS also mediate mesan-
gial cell proliferation, migration and extracellular 
matrix deposition, which are characteristic of glo-
merulosclerosis induced by angiotensin II or aldo-
sterone [ 33 ]. Thus, glomerular oxidative stress is a 
common occurrence in several forms of experi-
mental hypertension and a likely cause of protein-
uria and renal failure in this disease. 

 Cells of the proximal tubule also contain com-
ponents of the NADPH oxidase, particularly in 
lipid rafts, where they are maintained in an inac-
tive state. Dopamine-1 (D 1 ) receptor agonists 
inhibit, whereas disruption of lipid rafts and 
angiotensin II stimulate the proximal tubule 
NADPH oxidase. An important role of ROS and 
the NADPH oxidase in the proximal tubule is 
modulation of sodium transport via altering Na/K 
ATPase and Na/H exchange-3 (NHE-3) function 
on the basal and apical membranes of the proxi-
mal tubular cells, respectively [ 34 ]. Sodium 
transport is stimulated by angiotensin II and 
inhibited by dopamine, and oxidant stress 
enhances the effect of angiotensin II and disrupts 
dopamine signaling, thus increasing proximal 
tubular sodium transport. In keeping with these 
observations, Cuevas et al. recently showed that 
stimulation of the Dopamine D 2  receptor (D 2 R) 
inhibits ROS production in renal proximal tubu-
lar cells and that mice lacking one D 2 R allele 
have increased ROS in the proximal tubule and 
are hypertensive [ 19 ]. These authors also showed 
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  Fig. 15.2    Schematic representation of a juxtamedullary 
glomerulus showing sites of ROS production and potential 
roles in sodium transport, reabsorption, and blood pressure 

regulation.  D1  Dopamine type 1 receptor,  GFR  glomerular 
fi ltration rate,  mTAL  medullary thick ascending limb,  Na  
sodium,  NO  nitric oxide,  ENaC  epithelial Na channel       

 

15 Oxidative Stress and Hypertension



182

that an antioxidant protein, known as DJ-1 asso-
ciates with D 2 R and that if either D 2 R or DJ-1 is 
knocked down, proximal tubule ROS are 
increased. This is at least in part due to increased 
expression of Nox4, but DJ-1 is an antioxidant 
transcriptional regulator that also modulates 
expression of many antioxidant proteins, includ-
ing the superoxide dismutases [ 35 ]. 

 One of the important mechanisms by which 
ROS in the cortex modulate sodium handling and 
ultimately blood pressure is via tubuloglomerular 
feedback. This is a phenomenon mediated by the 
interaction of the macula densa of the thick 
ascending limb as it makes contact with its own 
glomerulus in the cortex. The macula densa 
senses sodium concentration in the proximal 
tubule via its apical Na/K/2Cl co-transporter, 
which in turn stimulates signaling molecules, one 
of which is NO produced by the neuronal nitric 
oxide synthase. This dilates afferent arterioles 
and increases glomerular fi ltration [ 36 ]. An 
increase in O 2  .−  within or in the vicinity of the 
macula densa likely inactivates NO, leading to 
afferent arteriolar vasoconstriction and a reduc-
tion of GFR [ 37 ]. In this regard, an elegant study 
of isolated, single nephrons by Nouri and col-
leagues showed that in vivo silencing RNA of the 
NADPH oxidase subunit p22 phox  enhances single 
tubular glomerular fi ltration in angiotensin 
II-treated rats but not in control rats. By either 
including or excluding the distal tubule, these 
authors showed that this effect was likely medi-
ated by ROS produced in the macula densa [ 38 ]. 

 The epithelial Na +  channel (ENaC) is respon-
sible for the fi nal tubular adjustment of Na +  reab-
sorption in the cortical collecting duct (CCD). 
Angiotensin II activates the NADPH oxidase in 
the CCD, and this stimulates ENaC activity [ 39 ]. 
This is likely mediated by aldosterone, the prin-
ciple regulator of ENaC activity. Aldosterone 
induces superoxide generation in A6 epithelial 
cells, which in turn reduces the inhibitory effect 
of NO on the ENaC [ 40 ]. In addition, angiotensin 
II-induced H 2 O 2  diminishes the ability of arachi-
donic acid (AA) to inhibit ENaC in the CCD [ 39 ]. 

 There is ample evidence linking oxidative 
stress in the renal medulla with sodium reabsorp-
tion and modulation of blood pressure. As in the 

blood vessel, there is a balance between O 2  .−  and 
NO produced by cells within the medulla, includ-
ing the epithelial cells of the mTAL and the peri-
cytes of the vasa recta. Interestingly, there is 
markedly more NO synthase activity in the renal 
medulla compared with that in the cortex. This 
likely contributes to independent regulation of 
medullary and cortical perfusion. Elegant studies 
by Cowley’s group have shown that cells of the 
mTAL release NO that diffuses to nearby peri-
cytes of the adjacent vasa recta to promote dila-
tion of these vessels. This increases medullary 
fl ow, and by increasing interstitial Starling forces, 
promotes sodium movement to the tubule and 
thus natriuresis and diuresis. Inhibition of NO 
synthase in the medulla with L-nitroarginine 
methyl ester (L-NAME) markedly reduces med-
ullary perfusion and promotes sodium reabsorp-
tion without changing cortical fl ow [ 41 ]. As 
discussed earlier, all of the components of the 
NADPH oxidase are present in the renal medulla 
and can be activated by either systemic or locally 
produced angiotensin II. The consequent increase 
in medullary O 2  .−  leads to vasoconstriction of the 
vasa recta and reduces Starling forces such that 
sodium movement into the vasa recta is favored, 
reducing natriuresis and increasing blood pres-
sure. Another important mechanism whereby 
medullary O 2  .−  could affect renal sodium relates 
to changes in medullary sodium transport [ 42 ]. 
Direct exposure of mTAL preparations to O 2  .−  
enhances Na/K/2Cl cotransporter activity via a 
protein kinase C activation [ 43 ]. Infusion of 
angiotensin II in vivo mimics this effect and is 
prevented by administration of the O 2  .−  scavenger 
tempol. Nitric oxide also regulates NaCl trans-
port in the mTAL. In isolated thick ascending 
limb, NO generated by NOS3 inhibits the 
Na/K/2Cl cotransporter and NHE-3 [ 44 ]. The 
inhibitory effect on Na/K/2Cl cotransporter is 
mediated by phosphodiesterase-mediated degra-
dation of cyclic AMP while NHE-3 is directly 
inhibited by NO. 

 These considerations regarding the role of 
ROS in the control of renal function emphasize 
an important function of these molecules in that 
they seem to play a critical role in normal renal 
physiology and are not simply mediators of 
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pathophysiological events. The ability of the kid-
ney to retain sodium and water during times of 
salt restriction is an extremely important function 
in land-dwelling mammals, without which sur-
vival would be impossible. It is likely that O 2  .−  
and other ROS are generated as needed to 
modulate sodium balance.  

    Reactive Oxygen Species, 
the Central Nervous System 
and Hypertension 

 It is well established that the CNS is necessary 
for production and maintenance of most forms of 
experimental hypertension, principally by sym-
pathetic efferent nerves, and that even hormones 
like angiotensin II and aldosterone, which have 
myriad systemic effects, causes hypertension via 
action on central sites [ 45 ]. The most compelling 
evidence supporting this is that destruction of a 
region of the forebrain surrounding the antero-
ventral third cerebral ventricle (AV3V) prevents 
development of many forms of experimentally 
induced hypertension in rodents [ 46 ]. This region 

of the forebrain includes the median preoptic 
eminence, the organum vasculosum of the lateral 
terminalis, and the preoptic periventricular 
nucleus (Fig.  15.3 ). Following disruption of this 
region of the brain, virtually all of the central 
actions of angiotensin II, including drinking 
behavior, vasopressin secretion and increased 
sympathetic outfl ow, are abrogated. These 
 portions of the brain are also reciprocally con-
nected to other regions involved in central cardio-
vascular regulation. Important among these is the 
subfornical organ (SFO), a circumventricular 
organ (CVO) lacking a blood-brain barrier, 
allowing peripheral hormonal signals sent to the 
AV3V to be translated into increased sympathetic 
outfl ow and hypertension [ 47 ]. This region also 
communicates with other important cardiovascu-
lar control centers in the mid- and hindbrain, 
including the parabrachial nucleus, the nucleus 
tractus solitarius (NTS) and the rostral ventral 
lateral medulla (VLM) (see Fig.  15.3 ).

   In the past several years, a convincing body 
of evidence has emerged suggesting that sig-
naling in these brain centers is modulated by 
local  production of ROS and can contribute to 

Anterior cingulate

cortex

SFO

Ang II

MPOInsula

OVLT

Ang II

SFO, MPO, PVN, OVLT
Ang II → NADPH oxidase
Adenoviral Rac1 or SOD

↑ BP

Rostral VLM
↑ NO decreases BP

↑ ROS increases sympathetic
outflow and BP

NTS
↑ NADPH oxidase in SHR
Dominant negative Rac1

or SOD ↓ BP

Carotid baroreceptor
ROS inhibits nerve firing
Decreases input to NTS

Ang II

Area postrema

Posterior
pituitary

SON

PVN

Thalamus
PAG

PBN

NTS

VLM
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 hypertension [ 48 ]. As an example, intracere-
broventricular (ICV) injection of an adenovirus 
encoding SOD markedly attenuates the hyperten-
sion caused by either local injection or systemic 
infusion of angiotensin II [ 49 ]. Zimmerman 
and colleagues have shown that angiotensin II 
increases  . O 2  −  production and intracellular cal-
cium in cultured  neurons [ 50 ]. An important 
regulator of the NADPH oxidase is the small G 
protein Rac-1, and these investigators showed 
that the increase in neuronal intracellular calcium 
caused by angiotensin II was blocked by adminis-
tration of adenoviruses expressing either a domi-
nant negative form of Rac-1 or SOD. Moreover, 
these investigators have also shown that dominant 
negative Rac1 gene transfer in the CNS prevents 
the acute hypertensive response to angiotensin 
II [ 51 ]. Recently, Peterson et al., using selective 
siRNA- expressing adenoviruses, have shown 
that Nox2 and Nox4 have different roles in the 
SFO, such that both are linked to blood pressure 
regulation, but only Nox2 modulates drinking 
behavior [ 52 ]. A very recent study by Lob et al. 
has shown that Cre-Lox deletion of p22  phox   in the 
SFO completely abrogates the long-term hyper-
tensive response to angiotensin II [ 53 ]. 

 As mentioned here, projections from the circum-
ventricular organ interact with centers in the hypo-
thalamus. There is evidence that ROS derived from 
the NADPH oxidase enhances nerve traffi c in this 
region. Erdos and colleagues have shown that ICV 
injection of angiotensin II increases NADPH oxi-
dase-mediated O 2  .−  production not only in the SFO 
but also in anterior hypothalamic nuclei such as the 
median preoptic eminence and in the paraventricu-
lar nucleus of the hypothalamus [ 54 ]. These effects 
were blocked by the NADPH oxidase inhibitor 
apocynin as were the hemodynamic effects of cen-
trally administered angiotensin II. Thus, angioten-
sin II and its effects on the NADPH oxidase seem to 
coordinate activation of several forebrain centers to 
promote a hypertensive response. 

 There is also important signaling between the 
forebrain and pontomedullary cardiovascular 
control centers in the hindbrain. An important 
nucleus in the hindbrain that regulates blood 
pressure is the NTS, which receives input from 
the CVO and relays inhibitory stimuli from baro-
receptors. Angiotensin II inhibits the negative 

feedback from the baroreceptors to the NTS. In 
studies of neurons from the NTS, angiotensin II 
has been shown to augment L-type calcium chan-
nel activity via ROS generated by the NADPH 
oxidase [ 55 ]. Nozoe and colleagues showed that 
the activities of NADPH oxidase and Rac1 are 
increased in the NTS of stroke-prone, spontane-
ously hypertensive rats. These investigators fur-
ther showed that injection of an adenovirus that 
inhibits Rac-1 or an adenovirus to increase SOD 
into the NTS reduced blood pressure, heart rate, 
urinary norepinephrine, and a marker of oxida-
tive stress in these animals [ 56 ]. This elegant 
study provides strong evidence for oxidative 
stress in the NTS in this model of hypertension. 

 An important consequence of increased O 2  .−  
production is a loss of NO, which has a critical 
role in the central regulation of blood pressure. 
A site that has been studied in this regard is the 
ventral lateral medulla (VLM). The VLM lies 
below the NTS and receives and sends signals to 
the NTS and, as a result, importantly regulates car-
diovascular sympathetic tone. NO in this region 
stimulates release of the inhibitory neurotransmit-
ter γ-amino butylic acid (GABA) while a reduction 
of NO bioavailability in the VLM causes sympa-
thoexcitation [ 57 ]. Experimental interventions that 
increase NO in the rostral VLM lower blood pres-
sure, whereas increased in oxidative stress in this 
region raises blood pressure [ 58 ]. 

 There is also evidence that ROS modulate baro-
refl ex function, which is routinely abnormal in the 
setting of chronic hypertension. Normally, an 
increase in blood pressure activates the carotid 
barorefl ex, resulting in bradycardia and sympathetic 
withdrawal. This response is blunted in chronic 
hypertension, a phenomenon referred to as barore-
fl ex resetting. Elegant studies by Li and colleagues 
have shown that ROS generated in the carotid bulb 
of atherosclerotic rabbits reduce carotid sinus nerve 
responses to elevations of pressure and that this 
could be mimicked by exogenous administration of 
ROS and prevented by ROS scavenging [ 59 ]. 

 The efferent sympathetic renal nerves govern 
both the vasculature and tubular segments of the 
kidney. Renal sympathetic stimulation promotes 
afferent arteriolar vasoconstriction, renin release 
and increases Na + reabsorption [ 60 ]. ROS gener-
ated in response to α1 adrenergic receptor activation 
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enhance constriction of the afferent arterioles and 
reduce renal blood fl ow (RBF) in angiotensin 
II-infused rabbits. In contrast, β1 adrenergic 
receptor activation inhibits ROS generation and 
promotes vasodilation. In keeping with these 
important roles of renal sympathetic nerves in 
controlling renal ROS production, renal denerva-
tion blunts blood pressure elevation in multiple 
experimental hypertensive models, including 
angiotensin II-induced, DOCA-salt and two kid-
ney one clip hypertension as well as SHR and 
SHRSP rats [ 61 ]. Moreover, renal denervation 
has recently become widely employed to treat 
resistant hypertension in humans [ 62 ]. 

 A consequence of renal denervation is abla-
tion of the renal afferent nerves. These are mainly 
located in the renal pelvis and are activated by 
various physical and chemical stimuli. During 
kidney injury, increased input from these affer-
ent nerves activates central sympathetic nuclei 
in a ROS-dependent manner [ 63 ]. For instance, 
renal denervation prevents release of norepineph-
rine from the posterior hypothalamic nuclei and 
the elevation of blood pressure following kid-
ney injury induced intrarenal injection of phenol 
[ 64 ]. These changes are mediated by increased 
NADPH oxidase expression in the central nuclei 
but are prevented by intracerebroventricular 
(ICV) injection of the SOD mimetic tempol or 
PEG-SOD. Interestingly, a vitamin E-fortifi ed 
diet blunts the increase of sympathetic nerve 

activity and hypertension in response to inter- 
renal phenol injection [ 65 ]. These data indicate 
that ROS modulate activity of both efferent 
and afferent renal nerves and therefore promote 
development of hypertension.  

    Vascular Oxidative Stress 
and Hypertension 

 Elevated vascular ROS promotes the develop-
ment of hypertension in various animal models, 
including angiotensin II-induced and DOCA-salt 
hypertension, Dahl salt-sensitive hypertension 
and the spontaneous hypertensive rat (SHR). 
Humans with hypertension have alterations of 
vascular reactivity [ 66 ]. 

 The endothelium regulates vascular tone via 
releasing of endothelium-derived relaxing factors 
(EDRFs) and endothelium-derived contractile 
factors (EDCFs). Oxidative stress causes imbal-
anced production and bioavailability of these 
molecules leading to endothelial dysfunction. NO 
is one of the most important mediators of endo-
thelium-dependent relaxation in blood pressure 
regulation. The major mechanism for alteration of 
NO bioavailability when superoxide is increased 
is that this radical reacts with NO at an extremely 
rapid rate, as discussed above (see Fig.  15.4 ).

   As mentioned above, uncoupling of endothe-
lial nitric oxide synthase (eNOS), due to  deprivation 
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of cofactor tetrahydrobiopterin, results in 
reduced NO release, increased superoxide pro-
duction, impaired endothelium-dependent relax-
ation and elevated arterial pressure. Similarly, 
lack of eNOS substrate L-arginine also reduces 
NO bioavailability and impairs NO-induced dila-
tion. L-arginine is the substrate for both eNOS 
and arginase, and increased arginase activity 
reduces the local bioavailability of L-arginine. 
Interestingly, peroxinitrite and hydrogen per-
oxide have recently been shown to increase the 
expression and activity of arginase in endothelial 
cells, potentially contributing to endothelial dys-
function [ 67 ]. 

 Oxidation of membrane fatty acids and in par-
ticular arachidonic acid can lead to formation of 
F2-isoprostanes, which are present in the blood 
of patients with oxidative stress (e.g. those with 
hypercholesterolemia, diabetics, and cigarette 
smokers). Importantly, plasma F2-isoprostanes 
are increased in animals with experimental 
hypertension and in humans with renovascular 
hypertension [ 68 ]. These oxidatively modifi ed 
fatty acids act on prostaglandin H/thromboxane 
receptors to enhance vasoconstriction. 

 Superoxide and other ROS can also affect the 
structure and function of the vascular media. An 
important consequence of ROS formation is vas-
cular smooth muscle hypertrophy. In particular, 
H 2 O 2  has been implicated in the hypertrophic 
effect of angiotensin II in cultured cells and vas-
cular smooth muscle hypertrophy is strikingly 
increased in mice overexpressing the NADPH 
oxidase in the vascular smooth muscle [ 69 ]. The 
hypertrophic response of vascular smooth muscle 
is a critical component of vascular remodeling in 
hypertension. Vascular ROS also stimulate the 
production of collagen and fi bronectin both 
in vitro and in vivo [ 70 ], and removal of vascular 
ROS prevents these fi brotic changes. Structural 
changes such as these in resistance vessels could 
add to the increased systemic vascular resistance 
that occurs in established hypertension and, 
therefore, worsen the disease. 

 Endothelium-dependent hyperpolarization is 
an NO-independent mechanism of vasodilata-
tion in resistance vessels, involving opening of 
vascular smooth muscle potassium channels and 

a reduction of intracellular calcium concentra-
tions. The nature of the endothelium-derived 
hyperpolarizing factor (EDHF) remains a topic 
of study, but H 2 O 2  produced by the mitochondria 
is likely one EDHF that acts by activating the 
Ca 2+ -dependent potassium (BK) channel. This 
seems to be an important mechanism of fl ow 
mediated vasodilatation in human coronary arte-
rioles. The production of H 2 O 2  seems to be medi-
ated by calcium entry into endothelial cells 
through the TRP vanilloid type 4 (TRPV4) chan-
nel in several vascular beds [ 71 ]. Another EDHF 
is likely a cytochrome p450 epoxide metabolite 
of arachidonic acid, which also opens the TRPV4 
channel [ 72 ]. 

 H 2 O 2  also affects the NO-cGMP pathway. 
H 2 O 2  acutely stimulates NO production and over 
the long term induces expression of the endothe-
lial nitric oxide synthase (eNOS) [ 73 ]. H 2 O 2  also 
activates protein kinase G (PKG) by inducing 
cross-linking two alpha subunits of this enzyme 
via disulfi de bond formation, and therefore pro-
motes vasodilation independent of NO.  

    Reactive Oxygen Species, 
Infl ammation and Hypertension 

 Diverse stimuli common to the hypertensive 
milieu, including angiotensin II, aldosterone, cat-
echolamines, increased vascular stretch, and 
endothelin promote ROS production, which then 
increases expression of proinfl ammatory mole-
cules that cause rolling, adhesion, and transcyto-
sis of infl ammatory cells. As a result, there is a 
striking accumulation of infl ammatory cells in 
the vessel and kidney. In keeping with this, there 
is an increase in plasma markers of infl ammation 
in hypertensive humans [ 74 ]. 

 Although macrophages are commonly consid-
ered important in the genesis of cardiovascular 
disease, increasing evidence has accumulated 
suggesting that the adaptive immune response 
and, in particular, T lymphocytes are important in 
hypertension. Mice and rats lacking the RAG-1 
gene are partly protected against the blood pres-
sure elevation and renal damage caused by angio-
tensin II or salt [ 75 – 77 ]. Effector T cells enter the 
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kidney and the perivascular fat, where they 
release cytokines that promote salt retention and 
vasoconstriction, ultimately promoting hyperten-
sion. An important cytokine seems to be interleu-
kin 17a. Mice lacking this are protected against 
angiotensin II-induced hypertension, and infu-
sion of the IL17 soluble receptor C lowers blood 
pressure and prevents oxidative stress in rats with 
experimental pre-eclampsia [ 78 ,  79 ]. Moreover, 
IL17 induces endothelial dysfunction and ROS 
production in isolated vessels and raises blood 
pressure when infused in mice [ 80 ]. 

 The observation that a circulating cell, such as 
the T cell, is important in the genesis of hyperten-
sion might help provide a unifying link between 
oxidative events in the CNS, the vasculature, 
and the kidney. These interactions, illustrated 
in Fig.  15.5 , are dependent on activation of the 
NADPH oxidase in all of these sites. Centrally, in 
the SFO, and other CVOs, NADPH oxidase acti-
vation increases neuronal fi ring increases sympa-
thetic nerve stimulation of peripheral lymphoid 
tissues, leading to T cell activation. The NADPH 
oxidase is essential for T cell activation in hyper-
tension, as T cells lacking this enzyme mediate 
this response in an incomplete fashion [ 81 ]. The 
NADPH oxidase in the kidney and vessels initiates 
signals that cause T cell homing and infi ltration 
[ 82 ]. Finally, cytokines released by T cells  diffuse 

to renal and vascular cells, promoting further 
NADPH oxidase activation, sodium retention, and 
vasoconstriction, leading to overt hypertension.

       Summary 

 This review has summarized some of the data 
supporting a role of ROS and oxidant stress in the 
genesis of hypertension. There is evidence that 
hypertensive stimuli, such as high salt and angio-
tensin II, promote production of ROS in the brain, 
the kidney, and the vasculature and that each of 
these sites contributes either to hypertension or to 
the untoward sequelae of this disease. Although 
the NADPH oxidase in these various organs is a 
predominant source, other enzymes likely con-
tribute to ROS production and signaling in these 
tissues. A major clinical challenge is that the 
 routinely used antioxidants are ineffective in pre-
venting or treating cardiovascular disease and 
hypertension. This is likely because these drugs 
are either ineffective or act in a non-targeted fash-
ion, such that they remove not only injurious 
ROS but also those involved in normal cell sig-
naling. A potentially important and relatively 
new direction is the concept that infl ammatory 
cells such as T cells contribute to hypertension. 
Future studies are needed to understand the 
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 interaction of T cells with the CNS, the kidney, 
and the vasculature and how this might be inter-
rupted to provide therapeutic benefi t.     
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    Abstract  

  Of the millions of heart failure heart failure patients worldwide, approxi-
mately half present with preserved left ventricular ejection fraction 
(HFPEF). HFPEF has high rates of morbidity and mortality, yet therapy 
remains empirical due to incomplete understanding of disease pathophysi-
ology. Systemic hypertension is the most prominent risk factor for 
HFPEF. Patients often have multiple other comorbid conditions, which 
may contribute to symptom burden and the HFPEF syndrome itself. The 
classic paradigm of ventricular diastolic dysfunction has expanded, and 
vascular dysfunction likely contributes to HFPEF in many patients. 
Pressure-volume loop analysis identifi es three distinct hemodynamic phe-
notypes for HFPEF, a fi nding which may have signifi cant implications for 
clinical trial enrollment and individual patient treatment.  
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        Introduction 

 Over fi ve million Americans currently have heart 
failure, and of these approximately half have pre-
served left ventricular ejection fraction (HFPEF) 
[ 1 ]. The clinical signs and symptoms, substantial 
morbidity burden, and long-term mortality rates 
in HFPEF patients are similar to those observed 

in heart failure with reduced ejection fraction 
(HFREF). Over 50 % of HFPEF patients die within 
5 years after diagnosis [ 1 ,  2 ], and over a third of 
patients hospitalized for decompensated HFPEF 
die or are readmitted within 90 days of discharge 
[ 3 ]. Mortality rates in HFREF have decreased in 
recent years with the advent of evidence- based 
medication and device therapies. In contrast, large 
clinical trials in HFPEF have not clearly estab-
lished evidence-based treatments, therapy remains 
empirical, and outcomes have not improved [ 1 ]. 

 Systemic hypertension is a major risk factor 
for the development of HFPEF, but the specifi c 
aspects of hypertension that promote HFPEF are 
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still undefi ned. The epidemiology of HFPEF dif-
fers from that of HFREF in several notable ways, 
including female predominance, older age, and 
a lower prevalence of known coronary artery 
disease [ 3 ,  4 ]. Patients with HFPEF commonly 
have multiple comorbidities such as obesity, 
sleep apnea, anemia, diabetes, and chronic renal 
insuffi ciency. These conditions make diagnosis 
challenging as they can mimic heart failure signs 
and symptoms (e.g. fatigue, edema, dyspnea), but 
also may contribute directly to the pathophysiol-
ogy of HFPEF [ 5 ,  6 ]. 

 Some question the concept of HFPEF as a dis-
tinct clinical disorder, but overall mortality and 
hospitalization for decompensated heart failure is 
clearly higher than in age-matched patients with 
similar comorbidities who do not have heart fail-
ure [ 7 ]. Clinical trials in HFPEF have typically 
defi ned the threshold for ‘preserved’ left ventricu-
lar ejection fraction as 40–45 %, primarily due to 
the exclusion of such patients from HFREF trials. 
Due to the bimodal distribution of ejection fraction 
in large heart failure registries [ 3 ], current diagnos-
tic guidelines for HFPEF mandate left ventricular 
ejection fraction ≥50 %. Early HFPEF guidelines 
required invasive confi rmation of left ventricular 
diastolic dysfunction. The 2007 European Society 
of Cardiology criteria also allow for echocardio-
graphic determination of diastolic dysfunction, as 
well as the diagnosis of HFPEF with indeterminate 
diastolic function but other supportive structural 
(e.g. left ventricular hypertrophy, left atrial enlarge-
ment) or neurohormonal evidence [ 8 ]. The classic 
paradigm of ‘diastolic’ heart failure [ 9 ] has recently 
been expanded to incorporate additional mecha-
nisms. The importance of vascular structural and 
functional abnormalities in HFPEF is increasingly 
recognized, and the HFPEF syndrome provides an 
opportunity to integrate several topics described 
elsewhere in this book.  

    Pressure-Volume Loop Analysis 
in HFPEF 

 The hemodynamic contributors to HFPEF may 
be explored through considering the cardiac 
pressure- volume loop (Fig.  16.1 ), which pro-

vides important information on ventricular 
performance and ventricular-arterial interac-
tions. The arterial elastance (Ea; green line in 
Fig.  16.1 ), is a lumped arterial afterload param-
eter that combines the net effects of steady and 
pulsatile components. The Ea is defi ned as the 
central end-systolic pressure divided by the ven-
tricular stroke volume (SV) and is dependent on 
arterial resistance, proximal aortic stiffness, and 
heart rate. The ventricular end-systolic elastance 
(Ees; red line in Fig.  16.1 ) is defi ned as the central 
end- systolic pressure divided by the end-systolic 
volume (ESV) minus the ‘unstressed’ ventricu-
lar volume (V O , generally considered negligible 
under physiologic loading conditions). The Ees 
is classically assessed by constructing multiple 
pressure-volume loops with a conductance 
catheter while varying ventricular preload, but 
single- beat echocardiographic methods have 
been devised and invasively validated [ 10 ]. The 
Ees intersects with Ea at the central end-systolic 
pressure, defi nes the end-systolic pressure-
volume relationship (ESPVR), and governs the 
systolic contours of the cardiac pressure-volume 
loop along with the end- diastolic volume (EDV) 
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and ESV. The ratio Ea/Ees describes ventricular- 
arterial ‘coupling,’ a measure of how effi ciently 
ventricular work transfers blood volume to the 
arterial system during systole. The non-linear 
end-diastolic pressure-volume relationship 
(EDPVR; blue dotted line in Fig.  16.1 ) is defi ned 
by the pressure required to fi ll the ventricle to a 
given volume.

   The traditional paradigm of diastolic heart 
failure is characterized by a leftward and upward 
shift of the EDPVR and increased left ventricular 
end-diastolic pressure in the setting of concentric 
left ventricular hypertrophy, ‘trouble fi lling the 
heart,’ and resultant small EDV and SV [ 9 ]. The 
presence of diastolic dysfunction increases con-
comitantly with age and hypertension, and over 
one-quarter of American adults over the age of 45 
have echocardiographic evidence of left ventricu-
lar diastolic dysfunction [ 11 ]. In longitudinally 
followed community cohorts, the presence of 
even mild diastolic dysfunction independently 
increases long-term mortality [ 11 ]. Diastolic dys-
function predicts incident heart failure across 
diverse U.S. populations, including the primarily 
Caucasian Olmstead County, Minnesota commu-
nity cohort [ 12 ], the African American Study of 
Kidney Disease and Hypertension cohort [ 13 ], 
and the Cardiovascular Health Study of 
community- living older adults [ 14 ]. 

 However, it is crucial to note that diastolic 
dysfunction overlaps signifi cantly between 
HFPEF patients and asymptomatic hypertensives 
with left ventricular hypertrophy [ 15 ]. The pres-
ence of ventricular diastolic dysfunction does not 
necessarily signify HFPEF, which remains a clin-
ical diagnosis requiring the specifi c signs and/or 
symptoms of heart failure. Interestingly, in the 
archetypal model of diastolic heart failure, 
described above and shown in Fig.  16.2a , the con-
straints of the pressure-volume loop dictate 
 normal or reduced systolic blood pressure. 
The observation that most HFPEF patients have 
systemic hypertension [ 1 ,  4 ], rather than low 
blood pressure, suggests that additional mecha-
nisms beyond ventricular diastolic dysfunction 
contribute to HFPEF.

   Maurer and colleagues used the pressure- 
volume loop concept to propose two additional 

possible hemodynamic phenotypes for HFPEF, 
assuming ventricular SV ≥50 % of EDV and 
normal or increased ESPVR slope (i.e., left 
ventricular ejection fraction ≥50 % and normal 
ventricular contractile function). One model 
includes tandem increases in Ea and Ees, lead-
ing to elevated end-systolic pressure, and con-
centric left ventricular remodeling with diastolic 
dysfunction and upward/leftward shift of the 
EDPVR (Fig.  16.2b ). Another proposed pheno-
type involves ventricular ‘overfi lling,’ with ele-
vated systemic and left ventricular end-diastolic 
pressures despite normal Ea, Ees, and EDPVR in 
the setting of elevated EDV (Fig.  16.2c ). Using 
sophisticated three-dimensional echocardio-
graphic analysis, their group noninvasively con-
fi rmed these three phenotypes in a small group of 
HFPEF patients [ 16 ].  

    Mechanistic Studies 
in Human HFPEF  

 While diastolic dysfunction may not be the sole 
mechanism in all patients with HFPEF, several 
contemporary studies do validate its importance. 
Lam and colleagues, evaluating the Olmstead 
County echocardiographic cohort, noted that 
HFPEF patients had delayed ventricular relax-
ation and increased ventricular stiffness when 
compared with hypertensives without heart fail-
ure [ 17 ]. Westermann et al. studied 70 HFPEF 
patients using conductance catheters to construct 
pressure-volume loops. In comparison to con-
trols, HFPEF patients had increased left ventricu-
lar stiffness and an upward and leftward shifted 
EDPVR at rest and during rapid atrial pacing 
[ 18 ]. Borlaug’s group studied HFPEF patients 
during cycle ergometry, a more physiologic exer-
cise stimulus. They also linked increased fi lling 
pressures and an upward shift of the EDPVR to 
intrinsic ventricular stiffness and reduced dia-
stolic fi lling time at higher heart rates [ 19 ]. 

 The effects of hypertension and arterial 
 afterload on ventricular diastolic function are 
often underappreciated. Ventricular relaxation is 
an energy-dependent process that requires calcium 
re-sequestration and uncoupling of myosin-actin 
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cross-bridges. Not only are more cross-bridges 
engaged during systole to generate pressure in 
patients with uncontrolled hypertension, such 
patients may have prolonged cross-bridge attach-
ment time due to altered phosphorylation of 
troponin [ 20 ]. Gandhi et al. studied 38 patients 
with hypertensive pulmonary edema (presenting 
systolic blood pressure >160 mmHg), fi nding 
that 18 had normal left ventricular ejection frac-
tion and mitral valve function during and after 
the episode. The authors of this report hypoth-
esized that in these patients, acute increases in 
blood pressure exacerbated diastolic dysfunction 
[ 21 ]. This concept is supported by the work of 

Leite- Moreira and colleagues, who altered ven-
tricular preload (via caval occlusion or dextran 
infusion) and afterload (by graded aortic occlu-
sion) in rabbits. They found that acute increases 
in afterload delayed ventricular relaxation and 
shifted the EDPVR upward, i.e. induced ven-
tricular diastolic dysfunction. These effects were 
particularly evident under conditions of high ven-
tricular preload, as would be expected in volume- 
expanded HFPEF patients [ 22 ]. Westermann and 
colleagues invasively studied HFPEF patients 
during handgrip exercise, and confi rmed that this 
acute afterload stimulus increased left ventricular 
end-diastolic pressure [ 18 ]. 
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 Systemic hypertension and aging are com-
monly associated with increased proximal arte-
rial stiffness, but HFPEF patients have markedly 
reduced aortic distensibility [ 23 ] even after 
adjustment for these factors. Redfi eld and col-
leagues observed that Ea and Ees both increased 
with age in the Olmstead County cohort, particu-
larly in women. They hypothesized that age-and 
gender-related arterial stiffening contributed to 
incident HFPEF and might explain its female 
predominance [ 24 ]. However, subsequent analy-
sis of the same cohort revealed that the magni-
tude of increase in Ea and Ees was similar among 
HFPEF patients and hypertensives without heart 
failure even after adjustment for age, gender, and 
body size. Noting impaired ventricular relaxation 
and increased ventricular stiffness, the authors 
concluded that diastolic dysfunction, rather than 
arterial stiffness, was the key determinant of pro-
gression from compensated hypertensive heart 
disease to HFPEF [ 17 ]. 

 Combined increases in Ees and proximal arte-
rial stiffness amplify the effects of small changes 
in ventricular preload, as shown in Fig.  16.2b , 
and markedly increase the energy cost for cardiac 
output [ 25 ]. While Ees is often described as a 
measure of ventricular contractile function, it is 
important to remember that this parameter also 
incorporates intrinsic ventricular stiffness (e.g. 
due to fi brosis and myocyte hypertrophy) [ 26 ]. A 
‘normal’ Ees may not actually refl ect normal 
ventricular contractile reserve. Indeed several 
studies demonstrate that echocardiographic indi-
ces of whole-chamber and mid-myocardial con-
tractility are decreased in HFPEF [ 26 ,  27 ]. 
Moderate-intensity and peak cycle ergometry 
exercise clearly illustrate the disproportionate 
impact of proximal arterial stiffness on ventricu-
lar afterload and cardiac output in patients with 
HFPEF [ 28 ,  29 ]. Part of the mechanism for exer-
tional limitations, particularly in hypertensive 
HFPEF, may be an inability to augment left ven-
tricular contractile function to match arterial load 
during exercise [ 25 ,  28 – 30 ]. 

 With normal aging, conduit artery endothelial 
function declines in tandem with exercise capac-
ity. Reduced vasodilator reserve contributes to 
exercise intolerance in HFREF, but the additive 

role of endothelial dysfunction in HFPEF is cur-
rently controversial. Haykowsky and colleagues 
studied 48 older HFPEF patients during upright 
cycle ergometry, and noted that the arterio- 
venous oxygen difference from rest to peak exer-
cise was the strongest predictor of peak oxygen 
consumption. They suggested that peripheral, 
non-cardiac factors partially govern exercise 
intolerance in HFPEF [ 31 ]. However, the same 
group later found that brachial and femoral fl ow- 
mediated dilation did not differ between HFPEF 
patients and age-matched controls [ 32 ,  33 ], lead-
ing them to conclude that conduit artery endothe-
lial dysfunction did not relate to reduced exercise 
capacity. 

 Several lines of evidence suggest that micro-
vascular endothelial dysfunction contributes 
signifi cantly to HFPEF. Aging, hypertension, 
and left ventricular hypertrophy are associ-
ated with decreased coronary fl ow reserve in 
the absence of epicardial coronary artery dis-
ease [ 34 ]. Endomyocardial biopsy specimens 
in human HFPEF show robust expression of 
endothelial adhesion molecules in the coronary 
microvasculature [ 35 ]. Using laser Doppler 
imaging, Balmain and colleagues found that 
HFPEF patients had cutaneous microvascular 
endothelial dysfunction equivalent to HFREF 
subjects and beyond that seen in controls with 
coronary artery disease [ 36 ]. Borlaug et al. stud-
ied HFPEF patients and age-matched hyperten-
sives, and noted that both groups had similarly 
impaired reactive hyperemic blood fl ow follow-
ing arm occlusion when compared with controls. 
However, HFPEF patients alone had a blunted 
increase in digital pulse amplitude (i.e. impaired 
vasodilation) during cycle exercise [ 30 ]. Finally, 
in a large prospective Japanese HFPEF cohort, 
the reactive hyperemia index strongly predicted 
cardiovascular events, independent of other tra-
ditional risk factors [ 37 ]. 

 At least some patients with clinical HFPEF 
have normal EDPVR curves and elevated ven-
tricular end-diastolic pressure due to increased 
EDV (Fig.  16.2c ) [ 5 ,  16 ]. Large cohort studies 
confi rm that a proportion of HFPEF patients has 
eccentric, rather than concentric, left ventricular 
hypertrophy and increased, rather than decreased, 

16 Heart Failure with Preserved Ejection Fraction



198

EDV [ 38 ]. This ventricular ‘overfi lling’ often 
occurs in the setting of comorbidities that increase 
plasma volume (e.g., anemia, chronic kidney dis-
ease, obesity) [ 5 ,  6 ]. Moreover, patients with 
HFPEF have reduced peripheral venous capaci-
tance even when compared with HFREF subjects 
[ 36 ]. In humans with HFREF [ 39 ] and dogs with 
normal ejection fraction undergoing volume 
loading [ 40 ], venous stretch is associated with 
oxidative stress, pro-infl ammatory gene expres-
sion, and endothelial dysfunction. Since the 
peripheral venous reservoir contains over 70 % of 
the systemic blood volume, even a small redistri-
bution of blood to the central circulation could 
have amplifi ed effects on cardiac fi lling pressure 
and systemic blood pressure lability (e.g., 
Fig.  16.2b ), greatly increasing the risk for heart 
failure decompensation [ 41 ]. 

 In addition to the mechanisms described 
above, many other potential contributors to the 
HFPEF syndrome have recently been explored 
(Fig.  16.3 ); a partial list includes pulmonary 

hypertension with or without right heart failure 
[ 42 ], chronotropic incompetence [ 30 ,  43 ] as well 
as inappropriate tachycardia during exercise [ 44 ], 
left atrial contractile dysfunction [ 45 ], impaired 
natriuretic peptide function [ 46 ], anemia [ 47 ], and 
skeletal muscle metabolic dysfunction [ 48 ,  49 ].

       Implications for HFPEF 
Management 

 Given the phenotypic heterogeneity outlined 
above, it is perhaps unsurprising that HFPEF 
remains without universal, evidence-based treat-
ment. Clinical treatment trials in HFPEF have 
been reviewed elsewhere [ 50 ,  51 ], and extensive 
discussion is beyond the scope of this chapter. 
However, several general principles can be out-
lined based on this experience. 

 First, systemic hypertension is clearly a strong 
risk factor for adverse cardiovascular remodeling 
and subsequent HFPEF. Treatment of systolic 
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hypertension, even in very elderly subjects, 
markedly reduces incident heart failure [ 52 ]. 
Blood pressure reduction, regardless of agent or 
mechanism, improves ventricular diastolic func-
tion [ 53 – 55 ]. Pharmacological blood pressure 
treatment also reduces Ea and Ees, improves 
ventricular-arterial coupling, and increases ven-
tricular systolic performance [ 55 ]. Current guide-
lines recommend aggressive control of systolic 
blood pressure to prevent and manage HFPEF 
[ 56 ,  57 ], although this must be balanced against 
the likelihood of orthostatic hypotension, reduced 
coronary perfusion, and other concerns in the set-
ting of advanced age and combined ventricular- 
vascular stiffening with attendant blood pressure 
lability (e.g. Fig.  16.2b ). 

 The rationale for blockade of the renin-
angiotensin- aldosterone system (RAAS) in 
HFPEF is strong based on data from numerous 
HFPEF animal models and studies demonstrating 
benefi ts in human HFREF. Unfortunately, large 
clinical trials of angiotensin-converting enzyme 
inhibition (ACEI) and angiotensin-receptor 
blockade (ARB) failed to improve mortality or 
cardiovascular morbidity, although these studies 
were plagued by a lower-than-expected event rate 
and a high rate of crossover to open-label agents 
[ 58 – 60 ]. Aldosterone blockade reduces collagen 
production and diastolic dysfunction in animal 
models and humans, but did not affect exertional 
capacity or quality of life in the 450-patient 
ALDO-DHF study [ 54 ]. Moreover, the multina-
tional Treatment Of Preserved Cardiac function 
heart failure with an Aldosterone anTagonist 
(TOPCAT) study recently demonstrated a neu-
tral effect of spironolactone on combined death 
and heart failure hospitalization in 3,445 HFPEF 
patients    [ 61 ]. 

 Of note, HFPEF patients with eccentric ven-
tricular hypertrophy have reduced contractility 
and increased ventricular compliance when com-
pared to those patients having concentric hyper-
trophy [ 62 ]. These characteristics (e.g., Fig.  16.2c  
vs. Fig.  16.2b ) are more similar to those seen in 
HFREF, and suggest a potential subgroup that 
could benefi t from RAAS inhibition. In support 
of this concept, a recent propensity-adjusted 
analysis of the Swedish Heart Failure Registry 

suggested that ACEI/ARB modestly reduce mor-
tality in HFPEF, particularly in patients with 
ejection fraction 40–49 % [ 63 ]. However, this 
favorable signal was not seen in a propensity- 
matched analysis of hospitalized HFPEF patients 
from the Organized Program to Initiate Lifesaving 
Treatment in Hospitalized Patients with Heart 
Failure (OPTIMIZE-HF) study, in which aldoste-
rone antagonists had no effect on all-cause mor-
tality or hospitalization [ 64 ]. Further subgroup 
analysis of TOPCAT may reveal specifi c pheno-
types of HFPEF that are more likely to benefi t 
from RAAS blockade. 

 Other small, mechanism-oriented stud-
ies further highlight the importance of physi-
ological phenotyping in HFPEF. For example, 
 phosphodiesterase- 5 inhibition with sildenafi l had 
neutral effects on quality of life and functional 
capacity in 216 HFPEF patients [ 65 ]. In contrast, 
Guazzi et al. found that in 44 HFPEF patients 
with pulmonary hypertension and hemodynamics 
consistent with right heart dysfunction, sildenafi l 
markedly improved left ventricular diastolic func-
tion, right heart pressures, and quality of life over 
12 months of therapy [ 42 ]. Studying 17 previ-
ously hospitalized HFPEF patients, Borlaug and 
colleagues observed that chronotropic incompe-
tence was a major factor limiting cardiac output 
and maximal exertional capacity [ 43 ]. However, 
Kosmala et al. recently treated 61 less ill HFPEF 
patients with exercise-induced diastolic dysfunc-
tion to 7 days of placebo or ivabradine, which 
reduces heart rate without impairing contractile 
function, and found that peak treadmill oxygen 
consumption increased by more than 20 % in the 
ivabradine group [ 44 ]. Data from HFREF patients 
suggest that at least part of this effect may have 
been due to reductions in Ea and improved ven-
tricular-arterial coupling [ 66 ]. 

 The disappointment of large pharmacological 
trials to date in HFPEF has nonetheless enabled 
a rethinking of treatment strategies and underly-
ing mechanisms. Intriguing early data suggest 
that skeletal muscle metabolic abnormalities are 
present in HFPEF [ 49 ], and medically-supervised 
exercise training increases peak exercise oxy-
gen uptake, 6-min walk distance, and physical 
quality- of-life scores in HFPEF patients [ 67 ,  68 ]. 
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Chronic oxidative stress and vascular dysfunc-
tion are key driving mechanisms for HFPEF in 
‘salt-sensitive’ animal models [ 69 – 71 ]. In a recent 
pilot study in 13 hypertensive HFPEF patients, 
Hummel and colleagues found that the sodium-
restricted DASH diet reduced blood pressure 
and oxidative stress while improving ventricular 
diastolic function and ventricular- arterial cou-
pling [ 72 ,  73 ]. Systemic infl ammatory mark-
ers strongly predict HFPEF in cohort studies of 
older adults [ 74 ,  75 ], and some propose coronary 
microvascular infl ammation, driven by multiple 
pro-oxidant comorbidities, as the central defect in 
HFPEF [ 71 ]. This paradigm could lead to innova-
tive anti-infl ammatory or anti-oxidant therapeutic 
strategies.  

    Conclusions 

 A growing body of evidence portrays HFPEF 
as a heterogeneous and multifactorial syn-
drome which may have similar clinical mani-
festations but quite different underlying causes 
depending on the patient (Fig.  16.3 ). Recent 
studies indicate that HFPEF patients often 
have failure of cardiovascular reserve in multi-
ple domains beyond diastolic function [ 26 ,  29 , 
 30 ], and non-cardiac factors are likely impor-
tant in some patients [ 47 – 49 ]. Physiological 
phenotyping may help choose the proper treat-
ment regimen for a given HFPEF patient as 
well as guide the selection of appropriate par-
ticipants for future HFPEF clinical trials.     
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        Introduction 

 Increased arterial stiffness is a hallmark of the 
aging process and the consequence of many 
 disease states such as hypertension,  diabetes, 

 atherosclerosis, 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 pres-
sure and isolated systolic hypertension, with age 
and these associated conditions [ 1 – 5 ]. Arterial 
stiffness is also a marker for increased cardiovas-
cular risk, including myocardial infarction, heart 
failure, and total mortality, as well as stroke, 
dementia, and renal disease [ 6 – 14 ]. Arterial stiff-
ness is a multifactorial phenotype and as such 
is the fi nal result of changes in functional and 
structural properties of the arterial wall that are 
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    Abstract  

  The structural changes involved in arterial stiffness include cellular 
changes (namely, smooth muscle cell differentiation) and noncellular 
changes affecting the extracellular matrix (namely, increased collagen 
deposition leading to fi brosis of the arterial wall or arteriosclerosis). By 
altering the geometry and the biomechanical properties of the arterial wall, 
these changes will contribute to arterial stiffness. A number of pathophysi-
ologic processes develop within the arterial wall that is responsible for its 
altered structure and stiffening. For instance, increased activity of fi bro-
genic neurohormones and proinfl ammatory cytokines and oxidative stress 
have been shown to play a role in arterial stiffening through mechanisms 
that affect the metabolism and function of vascular collagen. The possibil-
ity is emerging to target the vascular collagen matrix for future pharmaco-
logical interventions on arterial stiffness.  
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infl uenced by multiple factors, including hemo-
dynamic forces [ 15 ], as well as by genetic deter-
minants [ 16 ], humoral factors such as vasoactive 
substances, hormones, salt, lipids and glucose 
[ 17 ], and the process of aging [ 18 ]. Beyond 
changes in vascular smooth muscle tone [ 19 ] and 
endothelial function [ 20 ], it is classically recog-
nized that structural alterations within the arterial 
wall are major determinants of arterial stiffness 
[ 16 ]. This chapter is focused on the role of one of 
these alterations, the fi brosis of the arterial wall 
(i.e., arteriosclerosis), in arterial stiffness.  

    Histological Features of Arterial 
Stiffness 

    Histological examination of the stiffened vessel 
wall reveals a number of morphological altera-
tions (Fig.  17.1 ): abnormal and disarrayed endo-
thelial cells; infi ltration of the subintimal space 
by macrophages, mononuclear cells, and vascu-
lar smooth muscle cells (VSMCs); frayed, bro-
ken, and frequently calcifi ed elastin fi bers of the 

elastic lamina; increased number of VSMCs 
within the media; enhanced deposition of colla-
gen type I fi bers in the intima and of collagen 
type III fi bers in the media and the adventitia; 
increased deposition of fi bronectin in the media 
and the adventitia; and diminution of the vasa 
vasorum network [ 21 ]. Collectively, these 
changes will result in remodeling of arterial 
geometry (i.e., enlargement of the wall mostly 
due to intima-media thickening).

   More in detail, the above alterations are the 
result of the phenotypic differentiation of VSMCs 
(a process characterized by increased prolifera-
tion, migration, and ECM synthesis) and of alter-
ations in the regulation of the ECM (resulting in 
increased deposition of highly cross-linked fi bril-
lar collagens type I and type III leading to fi brosis 
of the arterial wall, reduction in the elastin/colla-
gen ratio, and altered spatial organization of col-
lagen fi bers within the vascular wall) [ 22 ,  23 ]. 

 These alterations are nonuniformly dissemi-
nated throughout the vascular tree but are often 
patchy [ 24 – 26 ] occurring in central and conduit 
arteries while sparing more peripheral arteries [ 27 ,  28 ]. 
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  Fig. 17.1    Histological alterations associated with arterial stiffness.  VSMCs  means vascular smooth muscle cells       
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On the other hand, since ECM volume in large 
arteries is roughly 40–50 %, whereas in resistance 
arteries more than 70 % of the tissue volume is 
occupied by VSMCs, cellular changes are likely to 
have more impact on stiffness of resistance arteries 
[ 15 ]. In contrast, stiffness of large arteries is more 
likely infl uenced by ECM, namely, fi brosis [ 15 ].  

    Arterial Fibrosis and Stiffness 

 Arterial fi brosis is the result of the excessive 
accumulation of collagen type I and type III 
fi bers within the arterial wall due to the predomi-
nance of their synthesis over their degradation. 
Beyond this quantitative defi nition of fi brosis, it 
is now accepted that the fi brotic tissue is also 
functionally abnormal due to qualitative altera-
tions of its composition and physicochemical 
properties. Thus, arterial fi brosis must be 
approached in terms of the metabolic and func-
tional alterations of its major constituent (i.e., the 
fi brillar collagen). 

    Metabolism of Vascular Collagen 

 Fibrillar collagens type I and type III are the major 
collagens detectable in vessels, representing more 
than 60 and 30 % of vascular collagens, respectively 
[ 29 ,  30 ]. The regulation of fi brillar collagen deposi-
tion and turnover in tissue is complex. Firstly, the 
amount of procollagen precursors secreted by the 
fi brogenic cells is controlled at the level of transcrip-
tion [ 31 ] and by regulating intracellular degradation 
[ 32 ]. While most of the collagens in the vascular 
intima and media are synthesized by VSMCs, fi bro-
blasts are responsible for collagen synthesis in the 
adventitia. VSMCs are, however, phenotypically 
plastic and can differentiate from a contractile phe-
notype to a synthetic phenotype. These cells resem-
ble the more immature fetal or neonatal cells and are 
commonly found in secondary culture and in the 
arterial intima; they migrate, divide, and produce 
ECM, namely, fi brillar collagen. Thus, a number of 
chemical and physical factors infl uence collagen 
production by VSMCs through their phenotypic dif-
ferentiation [ 33 ]. 

 After secretion of procollagen molecules in 
the extracellular compartment, the carboxy- and 
amino-terminal non-collagenous domains are 
removed by specifi c proteinases. The resulting 
collagen triple helices aggregate in quarter- 
staggered fi brils   . Newly formed collagen fi brils 
are soluble in salt solutions and dilute acid and 
have no tensile strength. During the formation of 
intermolecular cross-linking, collagen fi bers 
become increasingly insoluble and stiff. The 
cross-linking process is initiated by the enzyme 
lysyl oxidase (LOX), through the oxidation of 
specifi c lysine or hydroxylysine residues in the 
telopeptide regions. The resulting aldehydes 
undergo a series of reactions with adjacent reac-
tive residues to give both intermolecular and 
intramolecular cross-links [ 34 ]. 

 The metabolic turnover of mature collagen 
in adult animals is relatively slow. In fact, only 
small amounts of these proteins are degraded nor-
mally by collagenolytic enzymes. Collagenolytic 
enzymes are mainly matrix metalloproteinases 
(MMPs) [ 35 ,  36 ]. The substrate specifi city differs 
for the various MMPs present in the vascular wall 
with MMP-1 (or collagenase) degrading collagens 
type I and type III [ 37 ]. The proteolytic activity 
of each MMP is tightly regulated at three levels: 
fi rst, gene expression and protein secretion levels; 
second, activation of the inactive proenzyme; and, 
third, inhibition by the tissue inhibitors of MMPs 
(TIMPs) or other inhibitors (α 2 -macroglobulin). 
The activation of MMPs and their inhibition by 
TIMPs are the main regulatory mechanisms of 
MMP activities in the vascular wall [ 35 ,  36 ].  

    Functional Properties of Vascular 
Collagen 

 The biomechanical properties of the large arter-
ies are mostly dependent not only on the quantity 
of collagen fi bers but also on the quality of the 
different types of fi brillar collagen (e.g., type I 
versus type III and highly cross-linked versus 
non-highly cross-linked), their spatial distribu-
tion within the arterial wall, and their relation to 
the quantity and quality of elastin and other com-
ponents of the ECM [ 23 ,  38 ] (Table  17.1 ).
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   The larger diameter of collagen type I fi bers is 
believed to confer high tensile strength while the 
thinner collagen type III fi bers are associated 
with increased tissue fl exibility [ 39 ]. With the 
increase in cross-links between collagen fi brils, 
the resulting collagen fi ber is characterized by an 
increased tensile strength, an increased resistance 
against enzymatic degradation, a higher shrink-
age temperature, a lower swelling rate, and an 
increased diameter [ 40 ]. 

 The organization of the vessel wall is charac-
terized by circumferentially oriented collagen 
fi bers/cells and lamellar elastin. Collagen fi bers 
run longitudinally in the intima and adventitia 
and run spirally between muscle layers in the 
media [ 41 ]. The functional properties of the wall, 
including stiffness, depend critically on the main-
tenance of this structural organization [ 42 ]. The 
collagen orientation and location are tightly regu-
lated by other components of the ECM, namely, 
proteoglycans [ 43 ]. In fact, the sulfated saccha-
ride domains of proteoglycan molecules provide 
numerous docking sites for a multitude of protein 
ligands, including structural collagens and other 
ECM molecules [ 43 ]. 

 Elastin is an insoluble protein due to the cross- 
links existing between its lysine residues [ 34 ]. 
This cross-linking confers to elastin its function, 
i.e., elasticity, essential in large arteries which 
distend during systole and recoil during diastole. 
Elastic fi bers are degraded and fragmented with 
age and disease, leading to increased stiffness of 
the arterial wall [ 18 ,  44 ]. Therefore, the predomi-
nance of fi brillar collagen over elastin facilitates 
arterial stiffening [ 45 ]. On the other hand, ample 

evidence (i.e., animal data and studies of diabetes 
and chronic kidney disease) has demonstrated 
that medial calcifi cation of elastic fi bers contrib-
utes to increased arterial stiffness [ 46 ]. 

 In order to explain the respective role of col-
lagen and elastin on the stiffness of the vessel 
wall, Burton [ 21 ] assessed 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 ves-
sel wall. These data were expanded in the experi-
ments of Dobrin et al. [ 47 ] in which human 
isolated arterial vessels were studied in the pres-
ence of elastase and collagenase. With elastase, 
the pressure-volume relationship of the arterial 
vessel was shifted towards higher values of arte-
rial diameter and volume, indicating that the loss 
of elastin greatly infl uenced the geometry of the 
vessel without changing its mechanical proper-
ties (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.  

    Mechanisms of Arterial Fibrosis 

 As mentioned before the relative content of fi bril-
lar collagen in the vascular wall is normally held 
stable by a slow, but dynamic, process of synthe-
sis and degradation. Dysregulation of this bal-
ance due to the predominance of collagen 
synthesis over its degradation results in over-
abundance of collagen type I and type III fi bers 
and thus fi brosis [ 23 ] (Fig.  17.2 ). A number of 
mechanical and humoral factors may facilitate 
collagen synthesis in the vascular wall, namely, 
through the stimulation of the differentiation of 
VSMC to the synthetic phenotype. For instance, 
increased luminal and transmural pressure stimu-
late collagen synthesis and deposition in the vas-
cular wall [ 48 ]. In addition, several neurohormonal 
factors, particularly those related to the renin-
angiotensin- aldosterone system [ 49 ], and fi bro-
genic cytokines such as transforming growth 
factor-β (TGF-β) [ 50 ] may also induce collagen 

   Table 17.1    Factors facilitating the functional impact of 
arterial fi brosis on arterial stiffness   

 Increased cross-linking among collagen molecules 
integrated into collagen fi bers 
 Relative excess of collagen type I fi bers over collagen 
type III fi bers 
 Altered spatial orientation of collagen fi bers within the 
arterial wall 
 Increased ratio collagen fi bers/elastin fi bers 
 Excess of other extracellular matrix components (e.g., 
fi bronectin, proteoglycans, glycosaminoglycans) 
 Altered expression of integrins (e.g., increased expression 
of α 2b  and α 6 , reduced expression of β 3  and β 5 ) 
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accumulation within the vessel wall. In fact, arte-
rial stiffness is associated with the increased sig-
naling activity of angiotensin II leading to 
activation of MMPs which degrade TGF-β pre-
cursors to produce active TGF-β, which then 
results in increased arterial fi brosis [ 51 ]. 
Angiotensin II signaling also activates cytokines, 
including monocyte chemoattractant protein-1, 
TNF-α, interleukin-1, interleukin-17, and inter-
leukin- 6, thus facilitating a proinfl ammatory 
milieu that, in turn, will enhance fi brosis [ 51 ,  52 ]. 
Finally, increased angiotensin II results in 
increased vascular NADPH oxidase activity and 
increased production of reactive oxygen species 
(ROS) that also facilitate fi brogenesis [ 51 ,  53 ]. 
More recently, cardiotrophin-1 (CT-1), a member 
of the inteleukin-6 family of cytokines, has 
emerged as a potential mediator of arterial fi bro-
sis and stiffness. In fact, chronic exposure of rats 
to an excess of exogenous CT-1 was associated 
with intima-media thickening and fi brosis of 
large arteries that was accompanied by increased 
arterial stiffness in the absence of changes in 
blood pressure [ 54 ]. Furthermore, it has been 

reported that the absence of CT-1 translated into 
a marked reduction in arterial stiffness associated 
with aging [ 55 ]. CT-1 null mice developed less 
arterial fi brosis with aging than did wild-type 
mice. In addition, compared to wild-type mice, 
CT-1 null mice exhibited decreased arterial stiff-
ness and prolongation of the life span [ 55 ].

   The expression and activity of the LOX 
enzyme, responsible for the enzymatic cross- 
linking of collagen molecules, have been reported 
to be decreased in the arterial wall of animals and 
humans with arterial stiffness [ 56 ,  57 ]. Thus, 
nonenzymatic processes may be determinant of 
the formation of highly cross-linked collagen in 
arterial stiffness (Fig.  17.2 ). The advanced glyca-
tion end products (AGEs) formed during the 
Maillard nonenzymatic reaction of reducing sug-
ars with lysine residues of proteins which occurs 
slowly in vivo with normal aging and at an accel-
erated rate in diabetes, hypertension, and chronic 
kidney disease are able to cause cross-linking of 
collagen molecules to each other [ 58 ]. 
Interestingly, it has been shown that the age- 
related increase of AGEs in aorta correlated 

Increased luminal and
transmural pressure

Increased blood and wall
pro-fibrotic humoral factors

Signaling activation
of VSMCs

Activation of
inflammatory
and oxidant
mechanisms

Insufficient
degradation

by MMPs

Increased local
availability
of AGEs

Differentiation of VSMCs
to a synthetic phenotype

Increased synthesis of fibrillar
collagens type I and type III

Increased deposition of cross-linked
collagens type I and type III fibers

Arterial fibrosis

Mechanical stretching
of VSMCs

  Fig. 17.2    Schematic view of 
the mechanisms of arterial 
fi brosis.  VSMCs  means 
vascular smooth muscle cells, 
 AGEs  advanced glycation end 
products,  MMPs  matrix 
metalloproteinases       
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directly with its stiffness in both control subjects 
and diabetic patients [ 59 ]. 

 Since elastin molecules are stabilized by cross-
linking to form desmosine and isodesmosine, 
disruption of these cross-links by mechanisms 
triggered by humoral factors (e.g., angiotensin 
II) and mediated by cytokine- and ROS-mediated 
pathways contributes to weakening of the elas-
tin array with predisposition to mineralization 
by calcium and phosphorus, together increasing 
arterial stiffness [ 60 – 62 ]. In addition, activation 
of various elastases (i.e., serine proteases and 
MMPs) produced by VSMCs generates broken 
and frayed elastin molecules [ 63 ]. In this regard, 
it has been reported recently that aortic stiffness 
is related to serum MMP-9 levels and serum 
elastase activity in patients with isolated systolic 
hypertension and apparently healthy individuals 
[ 64 ]. 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 pro-
moter polymorphism [ 65 ]. Interestingly, both 
MMP-3 gene and protein expression were higher 
in 6A subjects than in 5A subjects [ 65 ]. 

 Finally, it is important to consider that arte-
rial stiffness creates per se a pathological hemo-
dynamic profi le in large arteries that, in turn, 
exacerbates the mechanisms of fi brosis and other 
structural alterations involved in stiffening of the 
vascular wall, thus resulting in a vicious circle. 
In fact, arterial stiffening will result in increased 
pulse wave velocity; the forward traveling wave 

and refl ected wave are summated leading to a 
high pulsatile fl ow in aorta and branching arter-
ies [ 66 ]. High blood pressure pulsatility leads to 
increased mechanical vascular wall stress that, in 
turn, leads to increased stretching of VSMCs and 
elastin fi bers in the arterial wall. Whereas stretch-
ing induces phenotypic differentiation of VSMCs, 
thus facilitating further collagen synthesis and 
deposition, it also contributes to fatigue and accel-
erated degradation of elastin fi bers [ 67 ,  68 ].   

    Perspectives 

 Arterial stiffness is an important, independent pre-
dictor of cardiovascular risk. Therefore, reduction 
in arterial stiffness with drugs is an important end 
point in clinical trials. In this  conceptual frame-
work, the effect of available cardiovascular phar-
macologic agents on arterial stiffness has been 
reviewed recently [ 69 ]. Although it has been sug-
gested that most antihypertensive drugs exert ben-
efi cial effects on arterial stiffness, recent data in 
patients with isolated hypertension challenge this 
notion [ 70 ] (Table  17.2 ), highlighting the urgent 
need for novel strategies to reduce arterial stiffness 
in hypertension. For instance, experimental and 
clinical fi ndings suggest that antihypertensive 
drugs with proven antifi brotic properties beyond 
their hemodynamic effects (e.g., the angiotensin 
type 1 receptor blocker losartan) look promising to 
reduce arterial stiffness [ 71 ,  72 ]. On the other 
hand, drugs targeting glycemic control have also 

   Table 17.2       Effects induced by 10-week treatment with several antihypertensive agents on hemodynamic measure-
ments in patients with isolated systolic hypertension   

 Parameter  Bendrofl uazide  Atenolol  Lercanidipine  Perindopril 

 Peripheral SBP  Signifi cant reduction  Signifi cant reduction  Signifi cant reduction  Signifi cant reduction 
 Peripheral DBP  Signifi cant reduction  Signifi cant  reduction  Signifi cant reduction  Signifi cant reduction 
 Peripheral PP  Signifi cant reduction  Signifi cant  reduction  Signifi cant reduction  Signifi cant reduction 
 Central SBP  Signifi cant reduction  Signifi cant  reduction  Signifi cant reduction  Signifi cant reduction 
 Central PP  Signifi cant reduction  Nonsignifi cant  

reduction 
 Signifi cant reduction  Signifi cant reduction 

 Aortic PWV  Nonsignifi cant 
increase 

 Nonsignifi cant 
reduction 

 Nonsignifi cant 
increase 

 Nonsignifi cant 
increase 

  Modifi ed from Ref. [ 70 ] 
 PWV was assessed as the gold standard measurement of arterial stiffness 
  SBP  means systolic blood pressure,  DBP  diastolic BP,  PP  pulse pressure,  PWV  pulse wave velocity  
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shown to improve aortic stiffness. In particular, 
glitazones decrease aortic stiffness together with 
intima-media thickness, thus meaning a potential 
antifi brotic effect in the arterial wall [ 73 ]. Finally, 
although the effects of statins on arterial stiffness 
are not clinically relevant, it must be mentioned 
that simvastatin has been shown to reduce 
infl ammation- induced aortic stiffening through a 
lipid reduction mechanism [ 74 ].

   Drugs reversing deposits of AGE are good can-
didates as de-stiffening drugs. α-Aminoguanidine, 
a fi rst-line compound for reducing AGE depos-
its, has been shown to reduce arterial stiffness in 
experimental diabetes [ 75 ]. In addition, a thiazo-
lium derivative (ALT- 711), which breaks AGE-
mediated cross-links between collagen proteins, 
has been reported to reduce arterial stiffness in 
hypertensive patients with diabetes [ 76 ,  77 ]. 
Whether de-stiffening drugs are benefi cial in the 
long term remains to be proven. Indeed, threats 
are also expected. Collagen-derived stiffness is 
an important determinant for maintaining wall 
resistance to distension, and inappropriate arte-
rial distensibility may lead to propensity for dila-
tation and rupture [ 78 ]. 

 Besides the advances in the noninvasive assess-
ment of arterial stiffness obtained in the last 2 
decades, the future of this condition must be cov-
ered by advances in its therapeutic handling. In this 
regard, it is probable that structural alterations of 
the arterial wall, such as fi brosis, involved in its 
stiffening constitute new targets for novel therapeu-
tic strategies aimed to reduce the cardiovascular 
risk associated with arterial stiffness. For instance, 
it has been reported recently that the selective 
angiotensin type 2 receptor agonist C21 may 
reduce aortic oxidative stress, infl ammatory cell 
infi ltration, collagen content, and stiffness in 
stroke-prone spontaneously hypertensive rats in the 
absence of any effect on blood pressure [ 71 ].     
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     Since Ambard and Beaujard fi rst introduced the 
concept about the role of dietary salt excess in 
producing hypertension in 1904, most  succeeding 
scientifi c (and the lay) literature continued to 

relate this increasingly important clinical  problem 
primarily to hypertension [ 1 ]. Since then, a volu-
minous literature has amassed including an excel-
lent historical monograph written for broad 
readership dealing with the role of sodium not 
only to hypertension but also to economics, social 
behavior, epidemiology, selected scientifi c contri-
butions, and, of course, the controversy surround-
ing this long-standing interest [ 2 ]. Investigative 
efforts have since continued to focus almost 
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unabatedly and, perhaps without distraction, on a 
singular role that salt has played in the pathogen-
esis of hypertension and, more recently, on car-
diovascular and renal functions. In    our earlier 
review on these relationships over 30 years ago, 
my early attention was focused all too briefl y on 
dietary sodium restriction and its therapeutic 
interrelationship with diuretics. Perhaps this may 
not be surprising since much other interest was 
focused at the time to the number of newer classes 
of pharmacological agents that were being stud-
ied and introduced for antihypertensive therapy. 
Be that as it may, the main purpose therein was 
the biological signifi cance of the sodium ion. 
Furthermore, not surprisingly, less information 
was available on the broader implications of 
the renin-angiotensin system (RAS) and, even 
less, on the local RASs on the structure and func-
tion of the major target organs of hypertensive 
disease [ 3 ]. 

 Over subsequent years, much of the story on 
the role of dietary salt excess and disease became 
related to its pathophysiological relationships 
with volume overload, cardiac failure, and end- 
stage renal disease. During these years, less 
thought was dedicated to the coexistent develop-
ment of specifi c organ involvements that may be 
promoted by a lifetime of dietary salt excess on 
its associated pathophysiological changes that 
are manifested by subclinical promotion of struc-
tural and functional disease of the arteries, heart, 
and kidneys [ 4 ,  5 ]. Much interest in this regard 
must be credited to current information concern-
ing biological mechanisms, techniques for evalu-
ating functional changes, and biological models 
employed in evaluating these newer concepts. 

 Furthermore, less thought has been directed 
toward the interaction of aging, per se, on the bio-
logical processes that may also interact with 
environmental factors, disease, and therapeutic 
interventions [ 6 ,  7 ]. It seems that there is very 
real possibility that the aging process itself could 
be exacerbated or even directly associated with 
the progression of hypertensive disease [ 6 ]. We 
are already keenly aware of the increasing preva-
lence of hypertension in the elderly and the 
effects of sodium that are related to biological 
mechanisms and pathophysiological alterations 
which affect on the target organs of aging and 

disease. For example, in recent years, a variety of 
fundamental laboratory and clinical investigative 
studies have demonstrated progressive cardiovas-
cular and/or renal fi brotic changes that may occur 
and participate (if not produce) in large arterial 
stiffening; in ventricular diastolic dysfunction 
and, later, on systolic cardiac failure; and on sim-
ilar renal structural and functional alterations that 
promote eventual renal failure [ 4 ,  7 ]. Of course, it 
is also reasonable to believe that some of these 
same endpoints of hypertension and aging may 
occur independently. Thus, each of the structural 
and functional changes promoted by sodium, 
aging, and disease(s) may be independent or even 
coincident with each other. Indeed, both may be 
responsible for the coexistence of hypertensive 
cardiovascular and renal diseases as well as with 
their concurrence in normotensive individuals. 
Thus, there seems to be a more complicated and 
intriguing course of events that can be produced 
during a lifetime of dietary salt excess that relates 
to the aging process which may also explain, at 
least in part, why arterial, cardiac, and/or renal 
functional and structural impairment in hyperten-
sive patients may also occur in with normoten-
sive individuals [ 4 – 7 ]. 

 For example, the initial renal vascular and 
parenchymal changes have generally been associ-
ated with diminishing renal function or proteinuria 
in elderly individuals which, in time, may further 
result in end-stage renal disease resulting from 
aging and/or associated hypertension. The caus-
ative mechanisms have generally been attributed to 
the development of nephrosclerosis manifested by 
renal arteriolar, interstitial hyaline deposition or to 
glomerular arteriolar thickening and fi brosis that 
may ultimately result in of end- stage renal disease 
[ 8 ,  9 ]. However, when disease coding is required, 
these clinical consequences have usually been 
ascribed to hypertension in the elderly associated 
diabetes or to the “aging process” itself [ 8 – 10 ]. 

    Background and the “New” Problem 

    The Problem 

 As stated above, an etiological relationship 
between dietary salt excess and hypertension has 
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been well demonstrated alone or in combination 
in the course of events of cardiovascular and renal 
diseases and the aging process itself [ 4 ,  5 ,  7 ]. 
These changes occur primarily in the large arter-
ies manifested by stiffening, development of 
impaired distensibility, and pulse wave propaga-
tion that participate in developing systolic hyper-
tension (particularly in the elderly) [ 9 – 12 ]. In 
addition, they also promote fi brosis, left ventricu-
lar hypertrophy, and, consequently, more complex 
arterial, cardiac, and renal structural and func-
tional impairment [ 4 ,  5 ,  11 ,  12 ]. These earlier and 
independent and/or coexistent events seem to 
have been largely disregarded, and the associated 
long-term pathophysiological effects of pro-
longed dietary salt overload have not been fully 
appreciated until relatively recently. Moreover, 
the functional effects of chronic salt excess have 
been primarily related to volume overload rather 
than to long-term and progressive arterial stiffen-
ing and cardiovascular and/or renal dysfunction 
and failure that occur primarily in patients with 
essential hypertension and, perhaps, the “very 
elderly” normotensive individuals [ 4 ,  9 – 13 ]. On 
the other hand, salt excess may also result in early 
ventricular stiffening and diastolic ventricular 
dysfunction associated with fi brosis and, later, 
with eventual impaired myocardial contractility 
and, eventually, systolic failure [ 13 ]. These com-
mon events have been well recognized epidemio-
logically and clinically [ 9 – 16 ]. They have also 
been associated with a progressively increasing 
number of hospitalizations and end- stage out-
comes (i.e., cardiac and/or renal failure) in 
patients with hypertension or even individuals 
with a normal blood pressure that occurs with 
great cost to human life and disability as well as 
healthcare cost. Indeed, they represent the most 
common causes of hospitalization and death 
in the United States and other industrialized soci-
eties [ 7 ,  9 ,  10 ,  13 ]. 

 We suggest in this discussion that the pro-
longed dietary salt overload which occurs in our 
societies has not remained at the forefront of our 
thinking. Even in the reports of the Joint National 
Committee and in similar national and world 
reports, endpoints have focused primarily on 
improving death rates associated with stroke and 
coronary heart disease related to effective 

 antihypertensive treatment [ 7 ,  9 ,  10 ]. In striking 
contrast, there have been coincident astounding 
and progressive increases in the annual occur-
rences of hospitalizations and deaths associated 
with cardiovascular and renal failure [ 9 ,  13 ]. The 
purpose of establishing these relationships at the 
outset of this discussion is to underscore these 
previously unappreciated relationships. In doing 
so, our purpose is to promote more vigorous 
national and international efforts directed to 
reduce sodium/salt diets. Hopefully, these efforts 
will result in a further reduction in associated 
cardiovascular-renal morbidity and mortality. 
Recent reductions of these end-stage effects of 
salt-related diseases have already been demon-
strated in Great Britain which has been attributed 
to legislated demonstrations of sodium restric-
tions in baked, processed, and frozen foods [ 14 ].  

    Evidence 

 Although much has been written about convinc-
ing evidence associating dietary sodium excess 
with hypertensive disease, much has also been 
written maintaining controversy. In response, 
several well-reference reports have responded 
supporting the relationship of salt and disease 
[ 15 ,  16 ]. The evidence cited includes a large body 
of well-designed and conducted epidemiological 
studies that involve valid statistical design and 
interpretation of the data [ 15 ,  16 ]. Additionally, 
in recent years, there has been increasing empha-
sis demonstrating convincing experimental labo-
ratory and clinical investigative data supporting 
the existence of the strong relationship between 
prolonged dietary salt overload and its multior-
gan life-threatening structural and functional 
consequences [ 7 ]. The following discussion pro-
vides some of that laboratory and clinical 
experience.   

    Laboratory Studies 

 Much of the laboratory and clinical studies have 
been based on the initial establishment of valid 
experimental methodology, established meaning-
ful acceptable animal models, and supportive 
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clinical fi ndings. The experimental studies have 
involved various animal models involving varied 
species produced surgically or by administration 
of specifi c chemical interventions administered 
acutely or chronically. In more recent years well- 
disciplined and carefully designed experimental 
efforts were developed involving confi rmed 
meticulous brother-to-sister inbreeding tech-
niques [ 17 ,  18 ]. Later, more sophisticated meth-
odological methods were developed whereby 
specifi c genes were added or deleted selectively 
involving this approach [ 19 ,  20 ]. Our personal 
studies have involved the spontaneously hyper-
tensive rat (SHR) and have been reported in peer- 
reviewed journals over the past fi ve decades 
involving controlled studies of the SHR com-
pared with their normotensive control rats, the 
Wistar-Kyoto (WKY) rat. Their fi ndings are dis-
cussed below. 

    Genetically Hypertensive Rat Strains 

 In the earlier years, prior to initiation of specifi c 
genetic studies, investigators employed time- 
consuming selective brother-to-sister rat inbreed-
ing. These studies were developed in order to 
provide predictably developed hypertensive or 
normotensive offspring in 100 % of their respec-
tive progenies after many generations; they 
remain available to this date. One early rat strain 
was developed by Professor Louis K. Dahl at the 
Brookhaven National Laboratory, Long Island, 
New York, and was termed the Dahl “salt- 
sensitive” or “salt-resistant” rat strains. They 
have been studied meticulously for over 50 years 
[ 21 ,  22 ]. These strains correctly use their acro-
nyms by virtue of their strict inbreeding over 
these many decades. The other broadly used rat 
strain is that of the spontaneously hypertensive 
rat (SHR) and its related stroke-prone SHR [ 18 , 
 23 – 25 ]. Two of a variety of other inbred strains 
have been studied less extensively [ 17 ,  26 ]. The 
SHR was also bred meticulously, but neither this 
strain nor its normotensive control strain (the 
WKY) was bred for “salt-sensitive” purity. 
However, as its acronym clearly indicates, the 
SHR was bred for its purity in naturally  developed 

hypertension [ 18 ,  23 ]. And, strikingly, it is to the 
benefi t of the SHR that it is very similar in its 
characteristics with essential hypertension in 
man without descriptive nomenclature suggest-
ing “salt sensitivity,” but to its pure characteristic 
of hypertension. These two genetically inbred 
strains (Dahl and SHR) still remain under fre-
quent study throughout the world.  

    Spontaneously Hypertensive Rat 

 The two Kyoto strains that include the SHR and 
the WKY have many characteristics similar to 
the most common form of hypertension that 
occurs in the patient having essential hyperten-
sion [ 18 ,  23 – 25 ]. Their genes are responsible for 
ensuring their respective characteristics in the 
SHR or in most patients (i.e., >85 %) having 
essential hypertension. As suggested above, the 
control group for the SHR and its normotensive 
control strain (the WKY) are unlike the Dahl 
hypertensive and normotensive rats. Thus, the 
Dahl “salt-sensitive” and “salt-resistant” hyper-
tensive rats were each developed simultaneously 
and, unlike the SHR, were bred specifi cally for 
their responses to salt loading. In contrast, the 
SHR was bred for its naturally elevated arterial 
pressure. Several other strains with hypertension 
have not been as broadly studied as these two 
pairs of rat strains (Dahl and SHR) that were 
developed using similar techniques of strict 
brother-to-sister inbreeding. They have been 
studied less frequently and are referenced in the 
peer-reviewed literature. 

 The SHR strain was developed by Professors 
Kozo Okamoto and Kyuzo Aoki [ 18 ,  23 – 25 ] who 
generously made the male and female representa-
tives of their SHR and WKY strains available to 
the National Heart Institute (NHI) of the National 
Institutes of Health (NIH) in Bethesda, Maryland, 
in latter 1968. Soon thereafter, Professor Aoki 
(my friend and colleague with whom I related 
while on the staff of the Research Division, 
Cleveland Clinic) informed me that he had 
recently presented male and female SHR and 
WKY representatives of their strain to the NHI 
from Kyoto University. He informed me that his 
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Kyoto colleague at Professor Okamoto’s labora-
tory, Professor Yukio Yamori, was spending his 
sabbatical leave at the NHI at that time. Dr. 
Yamori, who had continued his SHR studies in 
Kyoto, suggested that I contact him at the NHI so 
that I could obtain several male and female coun-
terparts of the original SHR strains from NHI. I 
promptly did just that and, shortly thereafter, 
came to the NHI where I received my gift of SHR 
and WKY rats. This opened a new chapter of my 
research activities at the University of Oklahoma 
Health Sciences Center where I initiated a long 
history of investigative studies in collaboration 
with my friends and colleagues in Japan as well 
as my forthcoming experimental research with 
my two dear colleagues and doctoral students and 
lifelong friends, Doctors Marc A. Pfeffer and 
Janice M. Pfeffer, who, in subsequent years, were 
on the faculty at Brigham and Women’s Hospital, 
Boston, Massachusetts [ 27 ]. 

 In our extended research studies concerning 
salt loading in the SHR (spanning over 45 years), 
we consistently found that the SHR strain was 
uniformly predisposed to develop severely ele-
vated arterial pressure, left ventricular enlarge-
ment, and hemodynamics that were exacerbated 
by salt loading [ 28 – 42 ]. Thus, the meticulous 
inbreeding of the SHR (and WKY) was similar to 
that of the “salt-sensitive” Dahl rat. It was thus 
possible for us to develop and to exacerbate con-
sistently their increased arterial pressure, hemo-
dynamics, and cardiac mass. However   , as the 
Dahl “salt-sensitive” nomenclature implies, a 
clear-cut nomenclature of “salt sensitivity” is not 
possible for the inbred SHR. To date, we have 
continuously studied the Okamoto- Aoki SHR 
and WKY rat (and the American normotensive 
Wistar model) and found that they consistently 
demonstrated signifi cantly elevated arterial pres-
sure from the fi rst time that we were able to mea-
sure it directly (i.e., intra-arterially) within days 
after their birth [ 18 ]. Thus, we have favored and 
continued to use the SHR model. Moreover   , 
when given a dietary salt load chronically (the 
details are specifi cally spelled out in each of our 
reports) for time periods ranging from 3 to 12 and 
as long as 73 or more weeks. They all demon-
strated severely elevated arterial pressure and 

associated pathophysiological characteristics 
[ 18 ,  31 – 42 ] that are very similar to those reported 
for essential hypertensive patients. 

 (Parenthetically, and in a very practical and 
pragmatic sense, the only way to defi ne whether 
the essential hypertensive patient is or is not truly 
“salt sensitive” is to have that specifi c patient dis-
continue the salt from the diet (and any antihy-
pertensive therapy) to demonstrate that his/her 
pressure returns to hypertensive levels [ 4 ]. It then 
is possible to know whether the blood pressure of 
that patient demonstrated pretreatment “salt- 
sensitive” hypertension. The clinical study to 
arrive at this necessary conclusion has not yet 
been reported and, most likely, will not be per-
formed for ethical reasons. Hence, we remain 
convinced that the SHR is “hypertension” spe-
cifi c, although we have not yet experienced fail-
ure for its arterial pressure to increase and, then, 
to increase further following a prolonged dietary 
salt load.)   

    Experimental SHR Studies 

 At this time, many compelling experimental lab-
oratory studies have accumulated and continue to 
provide clear-cut evidence that prolonged salt 
loading has produced structural and functional 
increasingly more severe hemodynamics, and 
clear-cut evidence of target organ involvement 
from hypertension. As indicated above, this 
chapter focuses on our long-standing and current 
laboratory studies using strict SHR and WKY 
brother-to-sister inbreeding of SHR and WKY 
rats of the same age and gender in each of our 
specifi c studies [ 31 – 42 ]. We have previously 
shown (and have consistently confi rmed) studies 
from the Kyoto group of Professor Okamoto that 
contrary to some reports, the SHR arterial pres-
sures are always increased signifi cantly with 
respect to their appropriate normotensive WKY 
controls. The major condition for our assertion is 
that the SHR and their WKY controls must be 
matched for identical age, gender, and laboratory 
conditions in each study. Several reports from 
other laboratories have expressed otherwise sug-
gesting that the expected increase of the SHR 
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arterial pressure increases at later ages. Their 
increased pressures were defi ned as an arterial 
pressure level increase to a level usually greater 
than 150 mmHg (or otherwise specifi ed) systolic 
rather than comparing with pressure of control 
WKY rats of the same age and gender. 

 Thus, over these many years, our studies have 
continued to provide strong pathophysiological 
evidence demonstrating that the resulting hemo-
dynamics are common to cardiac, vascular, and 
renal structural and functional damage that was 
identical to those fi ndings observed in patients 
with essential hypertension [ 43 ]. (However, 
unfortunately, none were focused on brain 
involvement.) Additionally, the specifi c age, gen-
der, and experimental conditions for each popula-
tion of rats studied were specifi cally stated and 
involved administration of excess dietary salt 
loading (usually by mouth) to SHR and WKY 
rats of identical ages and sex specifi cally indi-
cated in their respective publications. Further, for 
each of these studies that included normotensive 
WKY control rats, the methods used in each pub-
lication provide detailed evidence related to arte-
rial pressure, gender, and cardiovascular or renal 
fi ndings. Furthermore, each salt-loading study 
from our laboratory demonstrated severe perivas-
cular and extravascular parenchymal changes in 
the target organs that mimic those changes that 
have been so stated in those patients having 
essential hypertension with biopsy and postmor-
tem study [ 33 – 42 ]. These changes had been dem-
onstrated in an earlier study in 1998 by Yu et al. 
clearly demonstrating fi brosis in the coronary 
and renal circulations [ 44 ]. 

    Cardiovascular Involvement 

 In the above-cited studies, we have consistently 
demonstrated that prolonged dietary loading of 
salt was maintained for at least 3 weeks (or up to 
12 and to 73 weeks). The directly measured arte-
rial pressures were consistently elevated (systolic, 
diastolic, and mean arterial pressure) and were 
directly related to respective increased total 
peripheral and organ vascular resistances and 
increased left ventricular masses [ 35 – 42 ]. In 

 addition, we have also found abnormal hemody-
namic and cardiac changes demonstrating that left 
ventricular and cardiac masses increased further 
with salt loading. Moreover, they developed 
abnormal coronary vascular hemodynamics 
(including the left and right ventricular baseline, 
coronary blood fl ow and resistance, and respec-
tive minimal coronary blood fl ow and resistance) 
after dipyridamole administration. These abnor-
mal coronary (and renal) hemodynamic changes 
were complicated further by fi brosis that occurred 
surrounding the arterioles of the cardiac and renal 
parenchyma within the extracellular tissue of both 
ventricles, large vessels, and kidneys that signifi -
cantly impaired their respective structure and 
function [ 34 – 36 ]. These changes were also 
revealed on myocardial biopsies of patients with 
essential hypertension which was not complicated 
by occlusive atherosclerotic coronary artery dis-
ease [ 43 ]. Moreover, the affected cardiac altera-
tions were associated with signifi cant ischemia of 
both the hypertrophied left ventricle and the non-
hypertrophied right ventricle [ 35 ]. Furthermore, 
the ventricular functional changes were initially 
manifested by impaired diastolic dysfunction 
(with preserved systolic function) in all older 
adult SHR rats although younger adult rats also 
developed impaired systolic ventricular function 
that was complicated by overt cardiac failure and 
death in approximately one-fourth of these 
younger rats [ 32 ,  35 ,  37 ]. A number of specifi c 
diastolic and systolic functional determinations 
have been defi ned in advance of these studies and 
were specifi cally identifi ed and related to these 
ventricular function studies for the SHR [ 34 ]. Of 
importance, the fi ndings obtained were strikingly 
similar to the most common cause of heart failure 
and hospitalization encountered in Medicare-aged 
patients with hypertension (and normotensive 
patients) in the United States and in most other 
industrialized nations. Additionally, there was 
evidence of signifi cant structural and functional 
changes in the aorta and large arteries that 
included diminished distensibility and pulse wave 
propagation, fi brosis, and decreased elasticity 
which have also been reported in elderly patients 
with systolic hypertension [ 11 ,  12 ,  32 ,  34 , 
 44 – 48 ].  
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    Clinical Cardiovascular Studies 

 In recent years, a number of salt-loading investi-
gative studies have been reported involving 
essential hypertensive individuals who developed 
increased left ventricular mass [ 15 ,  16 ,  43 – 51 ]. 
Importantly, impaired left ventricular diastolic 
function with preserved normal systolic ventricu-
lar contraction was demonstrated in those with 
left ventricular hypertrophy [ 52 – 55 ]. Recently 
these abnormal functions were reversed in a care-
fully studied group of hypertensive patients with 
impaired diastolic ventricular function who were 
treated with a monitored DASH diet [ 54 ]. Other 
studies demonstrated that a salt surfeit diet 
increased systolic pressure and was associated 
with diminished large artery distensibility and 
decreased forward generation of the large arterial 
pulse wave [ 11 ,  12 ,  46 – 48 ].  

    Experimental and Clinical Renal 
Involvement 

 Much experimental evidence has accumulated 
over the years demonstrating evidence that pro-
longed salt loading promotes renal control of 
fl uid balance that leads to fl uid retention. 
However, more recently laboratory investigators 
also have provided compelling results demon-
strating specifi c adverse effects of salt loading on 
renal structure and function that leads progres-
sively to end-stage renal failure even before these 
experimental models did not demonstrate reduced 
blood fl ow or functional impairment before salt 
loading [ 56 – 59 ]. These fi ndings have been shown 
to be consistent with pathophysiological fi ndings 
in man [ 8 ,  60 – 63 ]. 

 In our laboratory, we have demonstrated that, 
in as short time period as 3 weeks of dietary salt 
excess, end-stage renal failure was produced that 
was associated with massive proteinuria and sig-
nifi cantly impaired function (hypercreatinemia, 
hyperuricemia, and reduced glomerular fi ltration 
rate) [ 36 ,  38 – 42 ]. These profound renal and 
intrarenal changes were manifested pathologi-
cally by interstitial and perivascular fi brosis of 
the larger renal and intrarenal arteries and 

 arterioles. In addition, major structural and func-
tional alterations also were demonstrated using 
direct renal micropuncture [ 36 ]. The end-stage 
renal pathophysiological changes were charac-
terized by signifi cantly increased glomerular 
hydrostatic and stop-fl ow pressures, afferent and 
efferent arteriolar constriction, and reduced total 
renal and single nephron glomerular fi ltration 
rate [ 36 ]. Histological studies demonstrated 
marked arteriolar thickening and damage and 
severe hyalinization of the tubules and glomeruli 
[ 36 ]. Further, in another study there was dramatic 
evidence of increased intrarenal production of 
angiotensinogen by the distal tubules and/or col-
lecting ducts which strongly suggested active 
stimulation at the distal nephron level (and/or 
collection duct) by a local renal renin-angioten-
sin system (RAS) [ 40 ]. This local renal RAS is in 
addition to the classical intrarenal juxtaglomeru-
lar (JG) apparatus which may be stimulated or 
inhibited by specifi c systemic or local mecha-
nisms responsible for modulation of the initiation 
or inhibition of the local RAS [ 40 ,  64 ]. These 
changes appeared to be strikingly similar to those 
occurring during development of end-stage renal 
disease in patients with essential hypertension 
having structural and functional impairment [ 8 ]. 
Finally, those pathophysiological and biological 
changes have been shown not only experimen-
tally in long-term SHR studies but in normoten-
sive, pre- hypertensive, and established essential 
hypertensive and diabetic patients who were 
exposed to a lifetime of a potentially salt surfeit 
diet [ 65 – 67 ].  

    Cardiovascular and Renal 
Pharmacological Studies 

 The above-cited reports demonstrated that 
 prolonged dietary salt loading impaired 
cardiovascular- renal structural and functional 
alterations (Fig.  18.1 ). In addition, pharmacolog-
ical intervention studies have recently shown that 
angiotensin II (type 1) receptor inhibitory agents 
(ARBs) prevented (or inhibited) those cardiovas-
cular and/or renal structural and functional 
changes without necessarily changing arterial 
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pressure [ 4 ,  36 – 42 ,  67 ]. Thus, with respect to 
 cardiac or ventricular function, these agents pre-
vented (or inhibited) the increased ventricular 
mass as well as hydroxyproline content and fi bro-
sis. These changes were demonstrated by any one 
of several ARBs, thereby strongly suggesting 
that their chemical effects were mediated, at least 
in part, through their local actions expressed 
through angiotensin type 1 receptors. They were 
also produced by different beta-adrenergic recep-
tor blocking agents [ 41 ,  68 ] and by one ARB that 
may act through possibly different mechanisms 
without affecting arterial pressure [ 42 ]. Those 
fi ndings provide strong evidence that each of 
these agents operated locally by intervening in 
the expression of angiotensin II directly or indi-
rectly. Thus, for example, eplerenone (an aldoste-
rone receptor blocking agent) may also operate 
on the ventricle through local ventricular produc-
tion of aldosterone and secondarily on the local 
cardiac RAS system [ 39 ]. Furthermore, similar 
actions in the kidney also suggest inhibition of a 
local renal angiotensin and/or aldosterone 

 participation in the RAS (RAAS). These local 
cardiovascular- renal actions suggest a far more 
complicated action than heretofore conceived; 
and that they may operate on subsequent more 
specifi c biological actions [ 43 ,  69 ]. Further inves-
tigation into these possibilities only promotes 
new and more complicated actions by the RAAS, 
thereby expanding current considerations of drug 
actions that may be premature at present.

       Epidemiological Trials 

 A number of prospective epidemiological and 
clinical trials involving single and multiple cen-
ters demonstrated that high-salt diets resulted in 
elevated arterial pressure and various additional 
manifestations of cardiovascular and renal func-
tional impairment. Several    reports presented pro 
or con arguments that supported or denied the 
salt (or sodium) excess responsible for end-stage 
events in patients with cardiovascular diseases 
including cardiac failure [ 15 ,  16 ]. Certainly, 
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complicating this controversy have been several 
reports of therapeutic interventions in patients 
with cardiac failure who were treated with diuret-
ics, potassium supplements or retaining agents, 
ACE inhibitors, and other agents that demon-
strated impaired or improved cardiac function 
morbidity.  

    Therapeutic Inhibition (Prevention 
or Remodeling) of Target Organ 
Stiffening 

 An increasing number of clinical trials have 
detailed pharmacological cardiovascular reversal 
of target organ mass, collagen deposition with 
fi brosis; and this is not a new clinical fi nding. The 
value of ACE inhibition in promoting ventricular 
remodeling and prevention of heart failure or 
myocardial infarction (in patients with a prior 
myocardial infarction) was initially demonstrated 
by Pfeffer and Braunwald [ 70 ,  71 ]. Subsequent 
multiple confi rmations of this innovation were 
demonstrated using other ACE inhibitors or 
angiotensin II (type 1) receptor blocking drugs 
(ARBs) that inhibited systemic and/or local 
RASs [ 72 ]. The precise biological mechanisms 
whereby these effects were achieved are pres-
ently unresolved although a number are presently 
under intense study. Included among other phar-
macological agents that prevent these actions are 
certain beta-adrenergic receptor blocking agents 
although their inhibition of the RAS has been 
employed for many years. Understanding of the 
actions whereby pharmacological agents of those 
drug classes that inhibit or prevent cardiovascular 
and renal stiffening (or remodeling) while not 
necessarily reducing arterial pressure remain 
under intense study. Follow-up of these recent 
observations, investigations should provide fur-
ther insight into this important question of target 
organ cardiovascular stiffening or remodeling.  

    Recent Clinical Experience 
and the Future 

 As with any new clinical investigative concept, 
investigators of an experimental or clinical 

 problem are stimulated by questions generated 
by ongoing experimental data for further contin-
ued research. To this end, well-designed clinical 
trials have been conducted that raise new ques-
tions. Among those that stand out most in my 
mind relate to the biological mechanisms 
whereby angiotensin II, produced by salt excess, 
may stimulate local RASs in the target organs of 
hypertension to promote adverse clinical 
endpoints. 

 In one recent multicenter clinical trial involv-
ing volunteer pre-hypertensive subjects in the 
large multicenter NIH-sponsored, TOPH study 
[ 73 ], one-half of these volunteer subjects agreed 
to remain on their usual (high-salt) diet. The 
other half received a prescribed low-salt diet 
administered by the investigators. After a pro-
longed and careful follow-up period, the investi-
gators broke the trial’s double-blinded protocol. 
The resulting data demonstrated a highly sig-
nifi cant reduction in the number of patients 
receiving the sodium- restricted diet that resulted 
in a remarkable and signifi cant number of car-
diovascular deaths and endpoints [ 73 ]. This was 
the fi rst prospectively conducted controlled trial 
that involved individuals with a long-term salt-
restricted diet resulting in a signifi cantly 
decreased number of cardiovascular endpoints 
of all participants. Results from other similarly 
designed prospective and controlled clinical tri-
als (as cited by the TOPH investigators) raised 
certain possible valid reasons that may have 
negated clear-cut conclusions. Hence, TOPH 
was the fi rst prospectively conducted clinical 
trial that demonstrated a reduced cardiovascular 
morbidity and mortality resulting from a salt-
restricted diet. 

 Hopefully, the long-standing salt controversy 
will soon abate. However, from my personal 
view the age-old biblical statement that Lot’s 
wife died from the observation that her heart 
turned into salt may be corrected. However, it 
seems clear to me that her heart, vessels, and 
kidneys may have been severely stiffened by 
fi brosis and collagen- related biological interme-
diary effects. There is no doubt in my mind that, 
following the history of advancing science, this 
latter conclusion will generate further questions 
and controversy.  
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    Other Pharmacological 
and Biological Studies 

 As stated above, structural and functional patho-
physiological alterations involving prolonged 
salt excess in the SHR and patients on the 
cardiovascular- renal systems were signifi cantly 
prevented or improved by several classes of phar-
macological agents (e.g., angiotensin-converting 
enzyme (ACE) inhibitors, ARBs, or beta- 
adrenergic receptor blocking agents) that inhibit 
(at the least, in part) systemic or local RASs. 
These reversals of the pathological, infl amma-
tory, and biological changes strongly suggest a 
role of local tissue RASs that are apparently pro-
moted by sodium even while, contemporane-
ously, the renal JG apparatus is suppressed. 
Indeed, such local biological changes within 
these organs have been reported to result in stiff-
ness and impaired distensibility of the arteries, 
ventricular chambers, and kidneys. These    fi nd-
ings suggest that the local RASs promote bio-
logical events that promote fi brosis within the 
target organs through local production of colla-
gen or collagen cross-linking fi bers through lysyl 
oxidase and other products within the ventricles, 
arteries, and kidneys [ 69 ]. That these changes 
were apparently related to specifi c local RASs is 
supported by the fact that these changes were 
locally inhibited (or prevented) pharmacologi-
cally within the heart, arteries, or kidneys.   

    The Mosaic of Salt, Hypertension, 
and Cardiovascular-Renal Diseases 
and Stiffness 

    The Mosaic 

 As already stated, we have been studying the 
relationship of dietary salt excess with hyperten-
sion, cardiovascular-renal diseases, other compli-
cating clinical problems, and their management 
for many years. As with many multifactorial and 
complicated problems, this problem, no doubt, 
will continue to challenge answers and raise 
undreamed future questions. It, therefore, was of 
little surprise to me, upon refl ection, that one of 

my academic role models stimulated my thinking. 
Thus, I was confronted by Doctor Irvine H. Page 
about this problem in my reverie, and he promptly 
responded to my refl ection: “Ed, you know just 
how I would answer. Like any  multifactorially 
complex problem that besets the committed inves-
tigator, he/she should return to the laboratory (or 
patient) and search for answers to those questions 
that have been raised. Study the answers, and you 
will fi nd new questions that will continue to chal-
lenge you. This is the story of science; and this is 
the excitement that captured your attention in the 
fi rst place. I refl ected on his response from his 
mental echo; and, once again, I returned to his 
Mosaic (Fig.  18.1 ). 

 Yes, this is the “stuff” that captures students 
of medicine, its diseases and problems that 
constantly beset us. These are the questions 
that came to mind as I refl ected on the problem 
as to why prolonged dietary salt excess pro-
duces increasing morbidity and mortality. How 
does salt excess account for disease or its exac-
erbation? What factors, other than hyperten-
sion, may account for the production of similar 
outcomes and hospitalizations even in normo-
tensive individuals? How does a prolonged 
lifetime of dietary salt excess account for 
increased vascular stiffness and cardiac and/or 
renal failure? Why does prolonged dietary salt 
excess seem to be addictive? And so I charted 
the salt mosaic and thought – and thought more 
about this puzzlement over these past four and 
more decades.  

    Irvine Page 

 Irvine    Page was stimulated by mathematics and 
chemistry when he was a young boy. He was a 
member of the American Chemical Society long 
before he thought about his future in college and 
a medical career. Indeed, his father Lafayette 
Page (a well-known otolaryngologist) insisted 
that Irvine should fi rst pursue a medical career. 
He could think later about chemistry and mathe-
matics once he learned a profession that would 
support him and his family. So young Page went 
to Cornell University Medical School, graduated, 
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spent 2 years in postgraduate medicine, and then 
was accepted on the staff of the Kaiser Wilhelm 
Institute in Germany. He was assigned to a labo-
ratory and program focused on brain chemistry. 
(Incidentally, he subsequently published on that 
topic which was the fi rst textbook written on this 
subject.) However, this young investigator con-
tinued to refl ect on his primary preoccupation of 
mathematics and about Josiah Willard Gibbs’ 
(Professor of Chemistry at Yale University) mass 
system of phases which Gibbs demonstrated to 
be dependent on the sum total of each of the com-
ponent masses of that system. It was that very 
line of thinking that was responsible for Page’s 
Mosaic Theory of Hypertension which, when 
stated simply, suggested to him that the underly-
ing causation of hypertension was the sum total 
of underlying mechanisms responsible for the 
disease [ 74 ,  75 ]. In many discussions with Page, 
I have thought much about his concept that the 
causation of any complex (i.e., multifactorial) 
problem may be explained as a mosaic of inter-
acting factors or mechanisms that are responsible 
for its causation and maintenance. So   , to return to 
the Mosaic of Salt and the Mosaic Theory of 
Hypertension.  

    The Salt Mosaic 

 We are keenly aware that hypertensive disease is 
dependent hemodynamically on the product of 
the height of arterial pressure and on the degree 
of arterial constriction (i.e., vascular resistance or 
total peripheral resistance) or the size of the vas-
cular “container” (i.e., its intravascular volume or 
its “stiffness”). The two factors that are related 
primarily to its volume are adrenergic input to the 
cardiovascular system (i.e., the stiff “container”) 
and its intravascular volume (i.e., the “content”) 
which, in turn, is also dependent upon sodium 
retention or volume expansion, renal function, 
and their hormonal controls. Cardiac output, in 
addition, is dependent upon the heart rate and 
systolic and diastolic ventricular function. Each 
of the myriad of factors (including sodium or 
salt) comprise the mosaic result in hypertension 
(its “Pagean Mosaic”). 

 Page’s additional major landmark discoveries 
include his discovery of angiotensin II and sero-
tonin which he related, in part, determines the 
state of constriction of the vessels and other sys-
tems that account for the increased arterial pres-
sure [ 75 ]. Subsequent to Page’s death, a number 
of new humoral factors and hormones were iden-
tifi ed that control vascular diameter and volume 
and, therefore, participate in its mosaic. Among 
these are the role of oxidative stress and related  to 
reactive oxygen species   , infl ammation, and other 
mechanisms under study which may be related to 
the other underlying mechanisms of hypertension 
[ 69 ]. This, then, brings us to a new multifactorial 
schema (or mosaic) that permits a revision of our 
thinking about a Pagean Salt Mosaic.   

    Conclusion 

 This discussion has focused on some newer 
factors underlying salt-induced cardiovascular-
renal stiffening including the local renin-
angiotensin systems in the arteries, heart, and 
kidneys. The data presented suggests that 
stimulation of certain cardiovascular and renal 
sites may be responsible for the untoward and 
adverse cardiovascular and renal effects of 
chronic salt excess. Presented in this discus-
sion are a mosaic of factors that interact with 
other biological (RAS) systems that may be 
responsible for the ultimate production of 
 collagen and its cross-linking and fi brosis 
resulting in reduced cardiovascular elasticity 
and renal stiffening. These concepts were 
related to earlier thoughts of Irvine Page’s 
concept of mosaic multifactorial causation of 
disease. The reader now may understand how 
the generation of simple questions in earlier 
investigative processes can lead to more 
 complex problems that maintain an active 
investigative career. And, so, once again I 
extend my appreciation to a role model!     
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     Hypertension as a consequence of both its high and 
increasing prevalence with aging and strong inher-
ent linkage to several adverse  pathophysiologic 

pathways, is undoubtedly the major population 
attributable risk factor for developing overt cardio-
vascular morbidities [ 1 ]. One third of the adult 
population of the US has elevated blood pressure or 
requires antihypertensive agents to control their 
blood pressure [ 2 ]. The adverse impact of chronic 
hypertension has been demonstrated across the 
gamut of cardiovascular and renal disorders such as 
heart failure, stroke, myocardial infarction, aortic 
aneurysm and/or dissection, peripheral vascular 
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disease, atrial fi brillation, renal failure and sudden 
death [ 3 – 5 ]. Although the actuarial data from life-
insurance companies had originally shown the 
negative impact of hypertension on lifespan, the 
full extent of the morbidity associated with chroni-
cally elevated blood pressure from these multiple 
debilitating and nonfatal as well as fatal events was 
initially highlighted for the medical community by 
the Framingham Study [ 6 ]. In their now classic 
paper “Factors of Risk” these pioneering cardio-
vascular epidemiologists provided data on the inci-
dence of developing coronary heart disease during 
their initial 6 years of observation, which under-
scored the importance of elevated blood pressure, 
serum cholesterol, blood glucose and electrocar-
diographic left ventricular hypertrophy as indepen-
dent and additive contributors to manifesting heart 
disease ([ 6 ]; Fig.  19.1 ).

   Confi rmation of the Framingham fi ndings 
has been consistently forthcoming from other 
even larger emerging major databases, which 
collectively have solidifi ed the linkage between 
elevated blood pressure and impaired prognosis. 
The screening for the Multiple Risk Factor 
Intervention Trial (MRFIT) created an active 
registry of approximately 348,000 men between 
the ages of 35 and 57 years who were then fol-
lowed for over a decade [ 7 ]. This extensive 
experience generated highly quantitative esti-
mates of the graded adverse impact of blood 

pressure  elevation on the rates of cardiovascular 
and renal diseases [ 8 ]. These risks of both sys-
tolic and diastolic blood pressure elevations for 
experiencing ischemic heart disease deaths were 
not however, isolated to middle age men. In the 
Prospective Studies Collaboration, this associa-
tion between higher blood pressure and greater 
event rates (all deaths, deaths attributed to stroke 
or ischemic heart disease) was apparent in 
women as well as men within each decade of 
age  examined from 40 to 80 years ([ 9 ]; 
Fig.  19.2 ). The National Health and Nutrition 
Examination Survey (NHANES) extended this 
data on hypertension and risks of cardiovascular 
death across multiple cohorts of race and 
 ethnicity [ 10 ].

   These and other international epidemiologic 
studies also produced defi nitive evidence that 
hypertension, though an independent hazard, 
adversely and additively impacts the prognosis of 
those with other now established classical risk 
factors such as diabetes, cholesterol and smok-
ing. Indeed, the cumulative adverse outcome 
from multiple risk factors has reinforced the 
more holistic approach currently used for a more 
global overall risk assessment [ 11 – 13 ]. However, 
estimating an individual’s cardiovascular risk 
would be a clinically shallow activity without the 
ability to lower their anticipated rates of morbid-
ity and mortality. 
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 With the establishment that hypertension 
 augmented rates of adverse cardiovascular 
events, it remained to be established whether 
lowering this elevated blood pressure would 
result in improved prognosis. It is quite fi tting that 
the fi rst major randomized  placebo-controlled 
clinical outcome trials in all of cardiovascular 
medicine, specifi cally addressed this issue of 
determining whether use of antihypertensive 
therapies could prevent the adverse clinical out-
comes observed in the epidemiological studies. 
Dr. Edward D. Freis accepted this challenge and 
established and led the Veterans Administration 
Cooperative Study Group, who then performed 
the fi rst two major randomized placebo con-
trolled trial testing the effectiveness of antihyper-
tensive agents in altering clinical outcomes not 
just blood pressure [ 14 ,  15 ]. Utilizing at the time 
the newly emerging tool of the randomized pla-
cebo controlled multicenter trial, the VA 
Cooperative Study Group on Antihypertensive 
Agents demonstrated for the fi rst time that lower-
ing blood pressure would result in a reduction in 
the number of adverse cardiovascular events [ 14 ]. 
By showing that pharmacologic therapy, which 
reduced blood pressure (combined therapy with 
hydrochlorothiazide, reserpine and hydralazine) 
in subjects with marked hypertension (diastolic 
blood pressure 115–129 mmHg) resulted in lower 
rates of cardiovascular events and death  compared 

to placebo, the VA investigators provided the fi rst 
proven rationale to use drugs to treat this risk fac-
tor to actually improve prognosis [ 14 ]. This 
blinded trial was stopped prematurely after only 
18 months of follow-up at which time 27 of the 
70 placebo patients (39 %) had experienced an 
adverse cardiovascular event or death compared 
to only 2 of the 73 (3 %) assigned to the active 
therapy (Table  19.1 ). In my opinion, the publica-
tion of the results of this original VA trial in 1967, 
represents a watershed moment in cardiovascular 
medicine. They effectively used the randomized 
controlled trial to prove that pharmacologic treat-
ment of elevated blood pressure could lower the 
risk of subsequent major cardiovascular events 
attributed to hypertension. For the fi rst time, 
there was evidence that strokes, myocardial 
infarctions, aortic dissections and heart failure 
could be prevented! The VA Cooperative Study 
Group set the stage for the accumulating decades 
of data justifying the use of antihypertensive 
therapies in asymptomatic individuals to reduce 
their risk for subsequent adverse cardiovascular 
events [ 14 ].

   On the heels of this ground breaking study, the 
VA Cooperative Study Group completed a sec-
ond trial using a similar design but enrolling 
patients with less severe hypertension (diastolic 
pressure 90–114 mmHg). With larger numbers of 
participants and longer follow-up, they again 

Ischemic heart disease Stroke

Age at
risk (years)

40–49 Male 1,202
Female
Both

120
1,322

40–49 Male 279
Female
Both

135
414

0.33 (0.29–0.38)
0.41 (0.34–0.49)
0.36 (0.32–0.40)

0.34 (0.32–0.37)
0.45 (0.40–0.50)
0.38 (0.35–0.40)

0.41 (0.39–0.44)
0.47 (0.43–0.51)
0.43 (0.41–0.45)

0.48 (0.46–0.51)
0.53 (0.49–0.56)
0.50 (0.48–0.52)

0.68 (0.63–0.75)
0.65 (0.60–0.71)
0.67 (0.63–0.71)

50–59 Male 989
Female
Both

383
1,372

60–69 Male 2,116
Female
Both

823
2,939

70–79 Male 2,599
Female
Both

1,728
4,327

80–89 Male 1,238
Female
Both

1,398
2,636

0.50 (0.46–0.54)
0.40 (0.32–0.49)
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10,450

70–79 Male 7,384
Female
Both

3,468
10,852

80–89 Male 2,932
Female
Both
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lower usual systolic blood pressure
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  Fig. 19.2    Epidemiologic importance of having lower blood pressure for both risk of ischemic heart disease ( left  panel) 
and stroke ( right  panel) in both men and women across fi ve decades (Reproduced with permission of Ref. [ 9 ])       
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demonstrated that the risk attributed to hyperten-
sion could be attenuated by pharmacologic ther-
apy [ 15 ]. This additional proof that the ravages of 
hypertension, so well delineated in prior epide-
miologic studies, could be attenuated by 
 pharmacologic antihypertensive therapy became 
the foundation for our current evidenced-based 
approach to preventive medicine. By demonstrat-
ing an improvement in prognosis with the lower-
ing of blood pressure, Freis and his coworkers 
provided the fi rst proof that the poor outcomes 
observed in clinical hypertension, considered 
inevitable, was amenable to therapy and no lon-
ger had to be accepted. This turning point for car-
diovascular medicine was achieved with one of 
the earliest applications of the randomized 
placebo- controlled trial testing clinical endpoints 
of morbidity and mortality in cardiovascular 
medicine [ 14 ,  15 ]. 

 Of interest, Dr. Freis, the leader of these fi eld 
altering clinical trials also conducted an analo-
gous antihypertensive study in an animal model – 
the spontaneously hypertensive rat. Employing 

the same cocktail of pharmacologic agents that 
the VA study group used in the clinical trials, he 
and coworkers demonstrated that the lifespan of 
these genetically hypertensive animals was 
increased by lowering elevated blood pressure 
[ 16 ]. This study in an animal model of genetic 
hypertension provided a vivid illustration that it 
was the elevated blood pressure rather than some 
other genetic problem producing the negative 
impact of hypertension since pharmacologic con-
trol of elevated blood pressure prolonged life 
without altering their genetic condition. That 
pharmacologic blood pressure lowering pro-
longed survival in this animal model of genetic 
hypertension reinforced the message that the 
negative impact of hypertension could be miti-
gated by control of elevated blood pressure. 

 With over four decades of additional clinical 
trial evidence consistently strengthening the 
importance of treating hypertension to lower car-
diovascular event rates, the results of the fi rst two 
VA studies may now seem intuitive. However, the 
results of the fi rst two VA antihypertensive trials 

 Placebo (n = 70) 
 HCTZ + Reserpine + Hydralazine 
HCI (n = 73) 

 CV Death  4  0 
 CVA-Hemorrhage  1  0 
 CVA-Ischemic  2  1 
 TIA  1  0 
 MI  2  0 
 CCF persisting despite 
digitalis and mercurial 

 2  0 

 CCF responding to digitalis 
and mercurial 

 2  0 

 Worsening renal function  3  0 
 Hospitalization for 
Diastolic BP >140 mmHg 

 3  0 

 Hypertensive Retinopathy 
Grade III and IV 

 10  0 

 Depression  0  1 
 Total number of events  30  2 
 Number of patients with 
events 

 27  2 

  Table constructed from Information from Tables 4, 5 and 6 from  JAMA . [ 14 ] 
 CV deaths: 2 died of dissecting aortic aneurysm, 1 from ruptured abdominal aortic 
aneurysm and 1 from sudden cardiac death 
 Worsening renal function defi ned as doubling of blood urea nitrogen to levels above 
60 mg/100 cc 
  BP  Blood pressure,  CCF  congestive cardiac failure,  CV  cardiovascular  

  Table 19.1    VA cooperative 
study group on 
 antihypertensive agents  
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did not result in a prompt sea change in medical 
practice. Overcoming inertia and motivating both 
patients and physicians to initiate and continue 
early generation antihypertensive agents of the 
treatment of a generally asymptomatic condition 
for the elusive promise of reducing future risk, 
represented a formidable challenge. The impor-
tance of acting on the fi ndings from the VA trials 
to improve public health was however, readily 
apparent to the then Secretary of Health, Elliot 
Richardson and Mary Lasker a prominent philan-
thropist. Together, they led the efforts to launch 
the National High Blood Pressure Education 
Program (NHBPEP) with the intent of informing 
the medical community as well as the general 
public concerning both the ravages of hyperten-
sion and the importance of blood pressure control 
[ 17 ]. This currently existing educational program 
was established in 1972 by the National Institutes 
of Health “to reduce death and disability related 
to high blood pressure through programs a pro-
fessional, patient and public education [ 18 ].” The 
NHBPEP used the power of emerging multi- 
media advertising industry to generate, popular-
ize and link terms like “silent killer” to 
hypertension. The combination of quality data 
and effective education were needed to initially 
implement preventive measures. Although prog-
ress has been steady, there is still a long road to 
meet the national and international objectives of 
reducing premature morbidity from hypertension 
as the number of untreated and undertreated indi-
viduals remain excessive [ 10 – 13 ,  19 ,  20 ]. 

 Since the groundbreaking VA Cooperative 
Studies, there have been over 30 major random-
ized controlled clinical trials (RCTs) of antihy-
pertensive agents involving over 200,000 
participants. The overall results are generally 
best summarized by the cooperative publications 
of the Blood Pressure Lowering Treatment 
Trialist Collaboration (BPLTTC) [ 21 – 23 ]. 
Collectively, the benefi ts of treating elevated 
pressure versus placebo in reducing the incidence 
of vascular diseases and deaths has been clearly 
and reproducibly established. As such, many of 
the more recent RCTs have, for ethical reasons, 
shifted from use of placebo to comparisons of 
different active antihypertensive compounds 

[ 24 – 27 ]. These even larger RCTs are generally 
designed to attempt to provide evidence of an 
incremental advantage beyond blood pressure 
lowering between agents to justify improved 
market share. The BPLTTC has also conducted 
several analyses for these comparator trials [ 22 , 
 28 ]. The major message for the practitioner is 
that the extent of sustained blood pressure control 
is the fi rst and foremost factor in reducing the 
cardiovascular risks attributed to hypertension 
[ 13 ]. In practical terms, since effective control of 
arterial pressure commonly requires concurrent 
use of more than one drug, the potential distinc-
tions on event rates between specifi c antihyper-
tensive agents is diminished. 

 Since hypertension is such a widespread con-
dition and affected individuals frequently have 
other comorbidities, therapeutic decisions regard-
ing choice of antihypertensive agents are also 
infl uenced by data on the established effects of the 
therapy on the other conditions. Some of the per-
ceived benefi ts of one class of antihypertensive 
relative to another are derived from data on the 
favorable actions on morbidity and mortality 
demonstrated in other cardiorenal disorders com-
monly coexisting in patients with hypertension. 
This so called “halo effect” of projecting a benefi t 
shown in another population has infl uenced key 
recommendations from authoritative committees 
[ 13 ,  29 ,  30 ]. For example, the recommendations 
for the preferential use of an angiotensin convert-
ing enzyme inhibitor (ACE I) or an angiotensin 
receptor blocker (ARB) as opposed to other 
classes of antihypertensive agents, are not based 
predominantly on data from randomized trials in 
patients with hypertension. In both cases, the 
direct comparator trials provided confl icting and 
not convincing information regarding specifi c 
clinical outcome advantage versus other classes 
of drugs to control elevated blood pressure [ 25 , 
 27 ,  31 ,  32 ]. In the Antihypertensive and Lipid-
Lowering Treatment to Prevent Heart Attack Trial 
(ALLHAT), one of the largest randomized clini-
cal outcome trials, patients assigned to the diuretic 
chlorthalidone had lower event rates compared to 
an ACE I as well as a calcium channel blocker 
[ 27 ]. The most recent recommendations stress the 
importance of the control of elevated blood 
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 pressure rather than the specifi c class of antihy-
pertensive agents to use to lower blood pressure 
[ 13 ,  30 ]. Despite the lack of direct comparator 
evidence for superiority in clinical outcomes in 
patients with hypertension both ACE I and ARBs 
are often preferentially used in the treatment of 
patients with hypertension and coexisting diabe-
tes as well as those with hypertension and either 
left ventricular dysfunction or heart failure [ 29 ]. 
In patients with diabetes and chronic kidney dis-
ease, randomized trials of both ACE I and ARBs 
have shown that these agents can reduce the pro-
gression of renal disease [ 33 – 36 ]. Although many 
of the patients in these RCTs had elevated blood 
pressure, the studies were not considered as anti-
hypertensive trials. However, the benefi t of the 
inhibitor of the renin angiotensin system on hard 
clinical end points in these trials enrolling sub-
jects with diabetes and chronic kidney disease 
appropriately received considerable attention and 
infl uenced choices of antihypertensive therapies 
based on coexisting diseases. 

 Similarly, the presence of left ventricular dys-
function and or symptomatic heart failure are 
other coexisting conditions that infl uence choice 
of blood pressure lowering medications in selec-
tive patients with hypertension [ 28 ]. Extrapolations 
of survival benefi ts and reductions in hospitaliza-
tions in major placebo controlled randomized 

 trials from heart failure [ 37 – 39 ], LV dysfunction 
[ 40 ,  41 ], post myocardial infarction [ 41 ,  42 ] and 
vascular disease [ 43 – 45 ] are often considered in 
this context (Table  19.2 ). Although each of these 
now classic trials has a unique and informative 
background, the parallels between the evidence 
justifying treating the asymptomatic condition of 
hypertension (discussed above) and left ventricu-
lar dysfunction following myocardial infarction 
will be elaborated (below).

      Use of Renin Angiotensin Inhibitors 
to Prevent Cardiovascular Events 
Following Myocardial Infarction 

 The rationale for the use of inhibitors of the 
renin-angiotensin system to reduce morbidity 
and mortality following myocardial infarction 
are deeply rooted in the comparable use of anti-
hypertensive agents to improve prognosis in the 
treatment of asymptomatic individuals with 
hypertension. In longitudinal studies of left ven-
tricular function and geometry in the 
 spontaneously hypertensive rat, a time-dependent 
transition to ventricular dysfunction and chamber 
enlargement was observed with aging in untreated 
animals [ 46 ]. The ACE I, captopril, was found to 
be particularly effective in attenuating these 

   Table 19.2    Meta   -analysis of the ACE inhibitor placebo-controlled trials in patients with vascular disease without LV 
dysfunction or heart failure and in the trials of patients with LV dysfunction or heart failure [ 45 ]   

 All-cause mortality 
 ACE inhibitors events/
patients (%) 

 Controls events/
patients (%)  OR (95 %CI)  P 

 Trials without LVSD or heart failure 
 HOPE (n = 9,297)  482 (10.4)  569 (12.2)  0.83 (0.73–0.95)  0.0047 
 EUROPA (n = 12,218)  375 (6.1)  420 (6.9)  0.89 (0.77–1.02)  0.0979 
 PEACE (n = 8,290)  299 (7.2)  334 (8.1)  0.88 (0.75–1.04)  0.1261 
 Total  1,156 (7.8)  1,323 (8.9)  0.86 (0.79–0.94)  0.0004 
 Trials with LVSD or heart failure 
 SAVE (n = 2,231)  228 (20.4)  275 (24.6)  0.79 (0.64–0.96)  0.0178 
 AIRE (n = 1,986)  170 (16.9)  222 (22.6)  0.70 (0.56–0.87)  0.0015 
 TRACE (n = 1,749)  304 (34.7)  369 (42.3)  0.73 (0.60–0.88)  0.0011 
 SOLVD-P (n = 4,228)  313 (14.8)  334 (15.8)  0.93 (0.79–1.10)  0.3910 
 SOLVD-T (n = 2,569)  452 (35.2)  510 (39.7)  0.82 (0.70–0.97)  0.0173 
 Total  1,467 (23.0)  1,710 (26.8)  0.80 (0.74–0.87)  <0.0001 
 Combined total for all-cause 
mortality 

 2,623 (12.3)  3,033 (14.3)  0.83 (0.79–0.88)  <0.0001 
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structural changes [ 47 ,  48 ]. In an animal model 
of myocardial infarction, analogous time- 
dependent adverse changes in ventricular archi-
tecture were shown to occur in relation to the 
degree of the initial myocardial damage [ 49 ]. 
This process termed “ventricular remodeling” 
refl ects the adverse changes in left ventricular 
chamber size and shape that began with the initial 
loss of myocytes and continue well after histo-
logic resolution of replacement fi brosis and wall 
thinning in the infarcted region [ 50 ]. 

 The importance of ventricular enlargement 
was emerging from other clinical databases. 
Although left ventricular ejection fraction was 
the most commonly used assessment of ventricu-
lar performance, the few databases which also 
included quantitative measures of left ventricular 
cavity size highlighted that a larger ventricular 
volume as an even more important adverse prog-
nostic factor [ 51 ]. In a population of survivors of 
myocardial infarction, this association was par-
ticularly pronounced, since larger end-systolic 
volume emerged as the most signifi cant prognos-
tic factor for premature death in a multi-variable 
regression model which included ejection frac-
tion [ 52 ]. The observation from the Framingham 
investigators that although heart failure and pul-
monary congestion are frequent complications of 
acute myocardial infarction, the appearance of 
chronic heart failure as a consequence of myocar-
dial infarction can commonly take years to 
become manifest [ 53 ] supported the idea that a 
therapy to mitigate adverse ventricular remodel-
ing may result in the lowering of the risk for a 
subsequent adverse cardiovascular event (preven-
tion) following myocardial infarction. 

 As a natural extension of Dr. Janice Pfeffer’s 
thesis work concerning the longitudinal changes 
in ventricular geometry and function in the spon-
taneously hypertensive rat and its modifi cation 
[ 54 ], she evaluated the long term alterations in 
ventricular size and function in an animal model 
of myocardial infarction via coronary ligation. In 
a series of studies, she demonstrated that progres-
sive ventricular enlargement occurred following 
infarction that this process was a modifi able pro-
cess [ 55 ,  56 ]. Using the same ACE I regimen 
which was effective in regressing hypertrophy in 

the spontaneously hypertensive rat, she showed 
that some of the progressive rightward shift in the 
ventricular pressure volume relationship to 
higher volumes at the same fi lling pressure in the 
rats with chronic myocardial infarction could 
also be reduced. In this animal model, captopril 
therapy resulted in not only a greater preservation 
of ventricular chamber size, but also improved 
ventricular pump function and importantly pro-
longed survival [ 55 – 57 ]. 

 These observations in an animal model pro-
vided the impetus for a small surrogate outcome 
clinical trial to determine the extent of time- 
dependent ventricular enlargement that occurs in 
patients following a myocardial infarction and 
importantly ascertain whether this process could 
in humans as in animals, be attenuated by ACE I 
therapy. In a randomized trial of asymptomatic 
survivors of a recent anterior myocardial infarc-
tion resulting in reduced LV ejection fraction 
(<40 %), ventricular dilatation and changes in 
geometry were demonstrated during a 1 year fol-
low- up in patients randomized to placebo, while 
those randomized to the ACE I exhibited more 
structural stability [ 58 ]. Although supportive of 
the observations from the animals and clearly of 
clinical interest, the relatively small differences 
in ventricular volume had to be considered as 
only a soft end point, not suffi cient to guide clini-
cal practice. Just as in hypertension, where the 
importance of blood pressure lowering had to be 
demonstrated in a randomized placebo-controlled 
trial with hard clinical outcomes, so too would 
the importance of attenuating remodeling require 
a trial demonstrating translation to improved 
prognosis. 

 The Survival And Ventricular Enlargement 
(SAVE) trial was a direct test of the hypothesis 
that use of an ACE I compared to placebo in 
patients with a recent acute myocardial infarction 
at high risk based on ejection fraction of 40 % or 
less but without symptomatic heart failure, would 
reduce the proportion of patients that die of have 
a major deterioration (nine units) in left ventricu-
lar ejection fraction [ 58 ]. With 2,231 patients and 
3.5 years of observation, the SAVE investigators 
were able to demonstrate that deaths from all 
causes and from cardiovascular etiologies were 
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reduced amongst those randomized to the ACE I 
[ 58 ]. Moreover, there were also signifi cant reduc-
tions in the proportion of patients that developed 
symptomatic heart failure or experienced a recur-
rent myocardial infarction in the captopril 
assigned group. Mechanistic confi rmation was 
derived from an echocardiographic substudy 
which showed that the extent of ventricular 
enlargement was reduced in the ACE I group and, 
importantly, that adverse cardiovascular events 
were more likely to be observed in those experi-
encing ventricular enlargement [ 59 ]. 

 In its time, the use of ACE I to treat patients 
with acute myocardial infarction became one of 
the most intensely studied areas in cardiovascular 
medicine. With eight major randomized, placebo- 
controlled international trials enrolling over 
100,000 patients, defi nitive data was available 
regarding multiple ACE Is with consistent infor-
mation that the oral use of these agents was asso-
ciated with improved long-term survival [ 42 ]. 
Major established international investigative 
groups such as the Gruppo Italiano por lo Studio 
della Streptochinasi nell’Infarto Miocardico 
(GISSI) and the International Study of Infarct 
Survival (ISIS) had each proven the survival 
value of the acute use of an ACE I [ 60 ,  61 ]. This 
new use of an ACE I in acute myocardial infarc-
tion then became established therapy with the 
highest IA recommendation based on multiple 
randomized placebo controlled trials [ 62 ,  63 ]. 

 Of interest, when the newer ARBs became 
clinically available, based on the observations of 
greater tolerability and the hypothetical concept 
of more complete inhibition by blocking at the 
receptor rather than at the production level, there 
was a general presumption that their use would 
be associated with even greater effi cacy. With the 
clinical benefi ts of ACE I already demonstrated, 
use of placebo was no longer considered ethical 
in patients with acute myocardial infarction. 
Therefore, as in hypertension, the design of the 
more recent clinical trials used active compara-
tors rather than placebo. When directly compared 
to a proven ACE I, use of an ARB in patients with 
acute myocardial infarction was not found to be 
superior to an established dose of an ACE I 
[ 64 ,  65 ]. In a formal test of noninferiority, a dose 

of the ARB valsartan was, however, found to pre-
serve the clinical benefi ts associated with capto-
pril [ 65 ]. Parenthetically, this study also showed 
that the combination of an ACE I plus an ARB 
did not improve clinical outcomes and resulted in 
more adverse events [ 65 ]. As such, this combina-
tion which had hypothetical advantages prior to 
the randomized trials is not recommended for 
clinical use. 

 The treatment of an asymptomatic individual 
with chronic pharmacologic therapy to prevent 
subsequent adverse cardiovascular events 
requires a high level of commitment from both 
the physician and the patient. The justifi cation for 
this bilateral trust requires defi nitive evidence 
beyond extrapolation from surrogate measure-
ments of presumed benefi ts. In both hypertension 
and left ventricular dysfunction populations, 
high-quality randomized placebo-controlled tri-
als demonstrating clear proof of prognosis 
improving effi cacy and simultaneously providing 
a safety and tolerability profi le of the pharmaco-
logic agent in the specifi c patient cohort, are nec-
essary data to inform clinical decisions. In 
cardiovascular medicine, the heritage of using 
randomized controlled trials can be readily traced 
to hypertension. The lessons that use of chronic 
pharmacologic therapy for the prevention of sub-
sequent cardiovascular events in asymptomatic 
conditions requires fi rst and foremost convincing 
clinical outcome data that must be coupled with 
patient and physician education is common to 
both hypertension and the treatment of left ven-
tricular dysfunction following a myocardial 
infarction. As is often said, prevention is the most 
effective therapy, however it is also commonly a 
thankless task, which must be supported by rigor-
ous data.     
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    Abstract  

  There is overwhelming evidence demonstrating the importance of brachial 
blood pressure (BP) as a predictor of future cardiovascular disease (CVD) 
risk. However, BP has a number of components, which show a distinct age-
related pattern of change. A number of large observational studies demon-
strate that diastolic blood pressure (DBP) is a more powerful predictor of 
coronary heart disease risk than either systolic blood pressure (SBP) or pulse 
pressure (PP) in younger individuals (age <50 years). In contrast, considerable 
evidence demonstrates the superiority of increased PP and decreased DBP to 
that of elevated SBP in predicting risk in older individuals. Increasing interest 
in arterial hemodynamics, especially over the past 20–30 years has generated 
abundant evidence that SBP changes throughout the arterial tree, such that 
SBP and PP are higher in the brachial artery than in the ascending aorta. 
Emerging data support the concept that central (aortic) BP may be superior to 
brachial BP in predicting future risk. However, the inclusion of central BP into 
routine clinical practice will require more defi nitive evidence that central BP 
is superior to brachial BP in risk stratifi cation and prediction of risk.  
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     While hypertension is a well-established risk factor 
for CVD events, controversy has existed regarding 
the relative importance of various BP components 
in predicting risk. Historically, DBP was considered 
a better predictor than SBP because it was thought 
to represent the resistance that the heart had to over-
come to eject blood [ 1 ,  2 ]. It was not until the 1970s 
and 1980s that SBP was accepted as a clinically 
useful predictor of coronary heart disease (CHD), 
stroke, and heart failure, and in older people it was 
superior to DBP as a predictor of risk [ 3 – 5 ]. More 
recently, in the 1990s, PP, a marker of arterial stiff-
ness, was shown to be useful in predicting CVD 
events in the elderly [ 6 – 15 ]. However, some contro-
versy still persists regarding which BP component 
is superior as a predictor of CVD events [ 16 – 21 ]. In 
addition, there is abundant evidence that SBP and 
PP values are higher in the brachial artery as com-
pared to the ascending aorta and this difference 
decreases with advancing age. There is also evi-
dence that central artery stiffness is an independent 
risk factor for CVD [ 22 – 24 ] and that under many 
conditions central PP may be a superior marker of 
arterial stiffness than brachial PP in predicting car-
diovascular risk. The objective of this chapter is to 
review the clinical usefulness of various brachial 
and central BPs as predictors of CVD risk. 

    Age-Related Changes in Brachial 
Artery Pressures 

 Although SBP is the best predictor of future CVD 
risk for the majority of the hypertensive popula-
tion, there is much that can be learned from simul-
taneously assessing diastolic DBP and its relation 
to levels of SBP. The Framingham Heart Study in 
untreated subjects showed after 50 years of age 
that SBP increased disproportionately to DBP, 
and after 60 years of age DBP falls, resulting in 
increasing widening of the PP [ 9 ]. Furthermore, 
with the age-related fall in DBP, high SBP, accom-
panied by a wide PP [isolated SBP (ISH)], 
becomes the most common form of hypertension 
from middle-aged onward [ 9 ]. The rise in SBP 
and DBP up to age 50–55 can best be explained 
by the dominance of peripheral vascular resis-
tance. In contrast, after the sixth decade of life, 
increasing PP and decreasing DBP are surrogate 
measurements for central elastic artery stiffness. 

 The Framingham Heart Study [ 9 ] fi ndings also 
support the concept of an interaction between 
aging and hypertension in the progressive fall of 
DBP and rise of SBP. Subjects with mean baseline 
BPs of 110/70 (Fig.  20.1 , group 1) had no rise in 
PP from age 30–50 years of age. Nevertheless, this 
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group of normotensive subjects showed a signifi -
cant rises in PP and fall in DBP after age 60 years, 
presumably caused by an increase in large artery 
stiffness secondary to aging. In contrast, subjects 
with baseline mean BPs of 130/84 (Fig.  20.1 , 
group 4) showed a steeper rise in PP and a steeper 
fall in DBP after age 60 than was observed in 
group 1 subjects. These fi nding suggest a linkage 
between the hypertension left untreated and subse-
quent acceleration of large artery stiffness. 
Although increased peripheral vascular resistance 
may initiate essential hypertension, acceleration of 
large artery stiffness is the driving force leading to 
the steeper rise of SBP after age 50 in the hyper-
tensive groups 3 and 4 as compared to the normo-
tensive groups 1 and 2.; this, in turn, may set up a 
vicious cycle of worsening hypertension and fur-
ther increases in elastic artery stiffness.

   The National Health and Nutrition Examination 
Survey [ 25 ] (NHANES III) showed that three out 
of four adult persons with hypertension are aged 
≥50 years. Moreover, 80 % of untreated or inad-
equately treated persons with hypertension in this 
age group have isolated systolic hypertension 
(ISH), which by defi nition consists of elevated 
PP [ 25 ]. In addition to ISH being the predominant 
form of geriatric hypertension, there is evidence 
that widened PP may complement SBP as a pre-
dictor of cardiovascular risk.  

    Brachial BP and CVD Risk 

 Using almost the same Framingham cohort as in 
the previous study, 1924 men and women 
between 50 and 79 years of age at baseline with 
no clinical evidence of coronary heart disease 
(CHD) and free from antihypertensive drug ther-
apy, were followed for up to 20 years [ 11 ]. In this 
population, CHD risk was inversely correlated 
with DBP at any level of SBP >120 mmHg, 
 suggesting that PP was an important component 
of risk. There was a far greater increase in CHD 
risk with increments in PP for a given SBP than 
with increments in SBP with a constant PP. The 
Framingham study supports the fi ndings of ear-
lier workers [ 6 ,  7 ] that PP may be useful as an 
adjunct to SBP in predicting risk and that CHD 

events are more related to the pulsatile stress of 
elastic artery stiffness during systole (as refl ected 
in a rise in PP) than the steady-state stress of 
resistance during diastole (as refl ected in a paral-
lel rise in SBP and DBP). Furthermore, the value 
of PP in predicting risk in the elderly has been 
confi rmed by 24 h conventional [ 26 ] and intra- 
arterial [ 27 ] ambulatory BP monitoring. 
Considerable evidence now favors high pulsatile 
stress caused by sudden rise of pressure from dia-
stolic nadir to systolic peak in early systole and 
the more gentle change through diastole to the 
nadir, as seen in stiffened vessels. Indeed, 
increased PP predicts cardiac complications of 
left ventricular hypertrophy, atrial fi brillation, 
systolic/diastolic dysfunction, and heart failure; 
in addition, increased PP predicts large artery 
complications of acute myocardial infarction and 
thrombotic and hemorrhagic stroke in the elderly.  

    How Does Age Infl uence the Cuff 
Pressure Assessment of CHD Risk?  

 The Framingham Heart Study examined the rela-
tionship between BP and CHD risk as a function of 
age [ 28 ]. From the age of 20–79 years there was a 
continuous, graded shift from DBP to SBP and 
eventually to PP as predictors of CHD risk. From 
age 60 onward, when considered with SBP, DBP 
was negatively related to CHD risk, so that PP 
emerged as the best predictor [ 28 ]. In contrast to 
the elderly, all three BP indices in the Framingham 
study were equally predictive of CHD risk in the 
transition ages of 50–59 year, while in the younger 
group (<50 years of age) DBP was a more power-
ful predictor of CHD risk than SBP and PP itself 
was not predictive [ 28 ]. Confi rmatory evidence 
favoring DBP over SBP in predicting CHD risk in 
young adults was noted in a number of earlier large 
observational studies [ 29 – 31 ] and in a study utiliz-
ing intra-arterial BP measurements [ 27 ]. These 
fi ndings are consistent with the NHANES III BP 
classifi cation [ 25 ], which showed that there were 
twice as many hypertensive persons <age 50 up-
staged by DBP as compared to SBP (moving from 
a lower to higher BP classifi cation on the basis of 
incongruence between SBP and DBP values. 
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 The bias towards DBP over SBP by earlier 
generations of physicians may be, in part, due to 
the emphasis on hypertension as a young person’s 
condition. However, with the ageing of the popu-
lation over the past half-century hypertension has 
become largely a condition affecting older per-
sons, i.e. those with the ISH subtype [ 25 ]. 
Curiously, the underlying hemodynamics that 
favors DBP as the predominant predictor of CHD 
risk in young subjects is poorly understood.  

    Predictors of New-Onset Diastolic 
Hypertension: Relationship 
to Obesity 

 Factors leading to the development of isolated 
diastolic hypertension (IDH) and systolic- 
diastolic hypertension (SDH) were studied in the 
original cohort from the Framingham Heart study 
[ 32 ]. The major fi ndings were that normal and 
high-normal BP had the highest hazard ratios 
(HRs) for new-onset of IDH and ISH, whereas 
IDH had by far the highest HR for new-onset 
SDH over a 10-year follow up period. The fre-
quent progression from prehypertension to IDH 
in young adults is consistent with underlying 
increased peripheral resistance [ 32 ]. Brachial 
DBP and SBP rise with increases in peripheral 
resistance, but the rise in peripheral SBP, unlike 
DBP, is partially attenuated by the reduction in 
peripheral amplifi cation that occurs with the 
development of hypertension in young adult men 
and to a lesser extent in young women [ 33 ,  34 ]. 
There is strong evidence [ 32 ] implicating weight 
gain and obesity as prime factors in the future 
development of diastolic hypertension. Indeed, 
both baseline body mass index (BMI) and 
 subsequent weight gain were strong determinants 
of new-onset IDH and SDH in the Framingham 
Heart Study [ 32 ]. Given the propensity for 
increased body mass index (BMI) and weight 
gain in the development of new-onset of IDH, 
and the high probability of IDH to transition to 
SDH, it is likely that IDH is not a benign condi-
tion [ 32 ]. Furthermore, utilizing the US NHANES 
survey, the IDH population, despite having the 
lowest mean age of any hypertensive subtype, 

was associated with the greatest likelihood of 
having the metabolic syndrome [ 35 ]. Indeed, 
Chirinos et al. [ 36 ], again using the NHANES 
survey population, found obesity to be associated 
with hypertension in all age groups and both gen-
ders. However, the odds for hypertension to be 
associated with obesity was relatively higher in 
younger people; conversely, obese hypertensives 
were younger than lean hypertensives [ 36 ]. These 
fi ndings indicate that IDH and SDH account for 
most cases of obesity-related HTN in U.S. adult 
men, a phenomenon that was seen in both repre-
sentative samples of the U.S. adult population 
from 1994–1998 to 1999–2004. Therefore, 
increased mean arterial pressure (MAP, defi ned 
as 1/3 SBP + 2/3 DBP) accounts for a large per-
centage of the public burden of obesity-related 
hypertension in the U.S. [ 36 ].  

    Predictors of Isolated Systolic 
Hypertension in Adolescents 
and Young Adults 

 Sorof [ 37 ] found that ISH was 2.8 times as com-
mon as diastolic hypertension in adolescents with 
increased BMI and echocardiographic left ven-
tricular hypertrophy. 

 Furthermore, McEniery et al. [ 38 ] recruited 
young adult university students with a mean age of 
20 years in the ENIGMA study and confi rmed that 
these persons with ISH had increased BMI, and 
outnumbered those with diastolic hypertension 
(elevation in both SBP and DBP, or elevated DBP 
alone) by a ratio of ~2:1. Whereas university stu-
dents with diastolic hypertension had elevated 
peripheral vascular resistance, reduced stroke vol-
ume, and isobaric normal PWV, those with ISH 
showing a 90 % male predominance and had an 
entirely different hemodynamic profi le — 
increased stroke volume and/or increased pulse 
wave velocity (PWV) [ 38 ]. Furthermore, central 
SBP was 21–23 mmHg higher in ISH subjects than 
in normotensives [ 38 ]. Although ISH in young 
adults is probably not a benign condition, long-
term follow-up will be necessary to determine ulti-
mate prognosis and ultimate need to begin 
antihypertensive treatment. This issue remains 
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contentious, as outlined in the latest European 
Society of Hypertension (ESH) and the European 
Society of Cardiology (ESC) guidelines [ 39 ].  

    Predictors of Isolated Systolic 
Hypertension in Middle- Aged 
and the Elderly 

 As suggested by their age-dependent divergent 
patterns of onset, diastolic hypertension and ISH 
may be two distinct disorders with signifi cant 
overlap. The conversion from diastolic hyperten-
sion to ISH in the older age group has been 
termed “burned-out” diastolic hypertension. Data 
from the Framingham Study [ 32 ] showed that 
about 40 % of patients with untreated or poorly 
treated diastolic hypertension acquired ISH in 
this manner. In contrast, six out of ten people 
who developed ISH did so without going through 
a stage of elevated DBP, but developed ISH  de 
novo  from normal and high-normal SBP [ 32 ]. An 
incomplete list of  de novo  causes of ISH would 
include (1) impaired synthesis of elastin as 
observed in intrauterine fetal growth retardation 
[ 40 ] and successfully repaired coarctation of the 
aorta [ 41 ]; (2) the presence of advanced glycation 
end products (AGE) that accompanies poorly 
controlled type 1 diabetes [ 42 ] and occasionally 
type 2 diabetes; and (3) increased aortic calcifi ca-
tion as found in chronic kidney disease [ 43 ], 
osteoporosis [ 44 ], and premature aging [ 45 ].  

    The Value of Paired BP Components 
in Predicting CVD Risk 

 There is still considerable controversy in regard 
which BP component is the best predictor of 
CVD risk and whether combined BP components 
were superior to single ones. For example, the 
Prospective Studies Collaboration [ 16 ] and Asia 
Pacifi c Studies Collaboration [ 17 ] have con-
cluded that MAP was superior to PP; other stud-
ies [ 18 – 21 ] concluded that SBP was superior to 
PP in predicting CVD risk. 

 The Framingham Heart Study reexamined 
this question in a 2009 publication [ 46 ] that 
compared combined versus single BP compo-
nents. Pooled logistic regression analysis was 
used within 12 serial 4-year intervals from 
1952 to 2000, using a new index examination 
for determining baseline BP for each 4-year 
cycle. Continuous and categorical models were 
compared for prediction of CVD events (CHD, 
heart failure and stroke) [ 46 ]. 

 Categorical models in 6 × 6 cross- 
classifi cation bar graphs to test for odds for 
the likelihood of CVD were constructed for 
SBP and DBP (Fig.  20.2a ) and for PP and 
MAP (Fig.  20.2b ), adjusted for age, sex, total 
cholesterol, smoking, body mass index, dia-
betes, and secular trend [ 46 ]. Using the com-
bination of BP components in Fig.  20.2a ,  b , 
respectively, rather than single BP components 
separately, improved the fi t for predicting 
CVD risk. Introducing the interaction terms 
in Fig.  20.2a ,  b , respectively, further improved 
the fi t over the main effects of the two–compo-
nent models, indicating that the effect of one 
BP component on risk varied accordingly to 
the level of the other. These results confi rmed 
the superiority of combining SBP and DBP as 
noted in the MRFIT study [ 47 ] and extended 
the fi ndings to older adults and to women.

   It was concluded that both two-component 
models were superior to any single BP component 
in predicting CVD risk because they assessed 
both stiffness and resistance (afterload); a single 
BP component cannot do this. Furthermore, sin-
gle BP components as predictors of CVD risk in 
prior studies examined a limited spectrum of the 
overall hypertensive population by age, sex and 
other covariates. When PP, a measure of stiffness, 
was combined with MAP, a measurement of resis-
tance, there is a monotonic relation to risk; one 
could relate the two major physiologic compo-
nents of hydraulic load to clinical outcome [ 46 ]. 
Although current 2003 Joint National Committee 
(JNC-7) guidelines consider both SBP and DBP, 
which ever is higher, in determining staging of 
BP, they undervalue the signifi cance of increased 
arterial stiffness, as manifested by a high SBP 
and a low DBP [ 48 ].  
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    The Role of J-Curves in Predicting 
CVD Risk 

 Controversy persists regarding the presence and 
signifi cance of BP “J-curves” of increased CVD 
risk as they relate to older people with ISH [ 49 ]. At 
present, there are three postulated explanations for 
the DBP J-curve: (1) This represents the increased 
CVD risk secondary to increased arterial stiffness; 

(2) Low DBP may also be an epiphenomenon 
related to an underlying chronic debilitating ill-
ness and/or cardiac dysfunction (this is called 
reversed causality); lastly (3) This may represent 
antihypertensive therapy-induced lowering of 
DBP, which leads to myocardial ischemia and 
increased risk for an acute coronary event. 

 The Framingham Heart Study found that CVD 
risk increased at both the low and high extremes 
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  Fig. 20.2    ( a ) Odds for the 
likelihood of a cardiovascu-
lar event with combined 
brachial PP and MAP 
(calculated as 1/3 SBP + 2/3 
DBP) categories in a 6 × 6 
cross-classifi cation bar 
graph, adjusted for age, sex, 
total cholesterol, smoking, 
body mass index, diabetes, 
and secular trend. An 
interaction term of PP × 
MAP improved the model fi t 
(ΔΧ 2  = 43.1; p = 0.01). ( b ) 
Odds for the likelihood of a 
cardiovascular event with 
combined SBP and DBP 
categories in a 6 × 6 
cross- classifi cation bar 
graph, adjusted for age, sex, 
total cholesterol, smoking, 
body mass index, diabetes, 
and secular trend. An 
interaction term of SBP × 
DBP improved the model fi t 
(ΔΧ 2  = 35.9; p = 0.02) (From 
Franklin et al. [ 46 ], with 
permission)       

 

S.S. Franklin et al.



249

of DBP when combined with increased SBP in 
the two-component model and these fi ndings 
were independent of antihypertensive therapy 
and antecedent CVD events [ 46 ]. The J-curve 
relation to CVD risk presumably refl ects 
increased arterial stiffness as manifested by a low 
DBP and by defi nition, a wide PP. In the models 
based on JNC-6 categories for SBP and DBP 
groupings, SBP is usually superior to DBP as a 
predictor of CVD risk; however, a DBP of 
<70 mmHg versus DBP ≥70–89 mmHg in the 
absence of antihypertensive therapy could add a 
risk-equivalent of approximately 20 mmHg rise 
in SBP—in other words, a potential risk- 
equivalent shift from prehypertension to stage 1 
systolic hypertension or from stage 1 to stage 2 
systolic hypertension [ 46 ]. 

 Importantly, data from the NHANES [ 50 ] 
confi rmed that DBP <70 mmHg with a preva-
lence of 30 % among untreated persons with 
ISH was associated with increased CVD risk; 
advanced age, female sex, and diabetes mellitus, 
but not treatment status, were associated with 
this low DBP. Thus, DBP J-curves are common 
in untreated elderly subjects with ISH, associated 
with considerable cardiovascular risk, and are 
most likely representative of increased arterial 
stiffness. 

 Secondly, PP may predict CVD risk when 
SBP is normal or low as a result of ventricular 
dysfunction or chronic debilitating disease. 
Indeed, ventricular dysfunction has been 
described in end-stage-renal disease on hemodi-
alysis [ 51 ] and is consistent with “reverse causa-
tion”, expressed as an increased cardiac mortality 
in association with a falling SBP. Normally, 
increased cardiac mortality is associated with 
elevated BP; in the presence of left ventricular 
dysfunction, however, there is an inverse relation 
between BP and cardiac mortality. 

 Lastly, in the presence of high-grade stenosis 
of coronary arteries, increased risk of myocardial 
infarction with antihypertensive therapy-induced 
decrease in blood pressure may well occur [ 52 ], 
but is by far the least common occurrence of the 
J-curve phenomenon. Indeed, the risk of plaque 
disruption that leads to acute coronary syndromes 
depends more on plaque composition, plaque 

vulnerability (plaque type), and the degree of 
pulsatile stress than on the degree of coronary 
artery stenosis (plaque size) [ 53 ]. Not surpris-
ingly, therefore, the majority of myocardial 
infarctions (>70 %) occur from plaque rupture in 
coronary arteries that have <50% stenosis [ 53 ]. 
Because of the many factors that result in J-curve 
risks, only a prospective trial with baseline and 
pre-event BP determinations can establish the 
presence and frequency of treatment-induced 
increase risk. On the other hand, the optimal ther-
apeutic reduction in SBP and DBP in elderly sub-
jects with ISH that maximizes benefi t is a separate 
question from the presence of a therapeutic 
J-curve of increased cardiovascular risk.  

    Difference Between Brachial 
and Central Pressure 

 Over 50 years ago, Kroeker and Wood [ 54 ] 
observed that although mean and DBPs are rela-
tively constant throughout the arterial tree, there 
is a gradual increase in SBP (and PP) moving 
from the aorta to the peripheral arteries. Indeed, 
the SBP measured at the brachial artery can be 
~5–20 mmHg higher than that recorded in the 
ascending aorta [ 54 – 56 ]. This phenomenon of 
pressure  amplifi cation  arises principally because 
of increasing vessel stiffness and changes in 
vessel geometry, moving away from the cen-
tral arteries. Importantly, the extent of pressure 
amplifi cation is not necessarily fi xed, either 
within an individual over time or between indi-
viduals. Indeed, data from the Anglo-Cardiff 
Collaborative Trial, a community based study 
examining the factors infl uencing BP and arte-
rial stiffening across the adult age-span in over 
10,000 individuals, demonstrated that there 
was substantial variation in pressure amplifi ca-
tion between individuals of a similar age, which 
remained consistent across the entire adult age 
spectrum [ 57 ]. This variation arises because of 
the differential impact of wave refl ections on 
the aortic pressure waveform between individu-
als. Wave refl ections are thought to arise from 
branch points or sites of impedance mismatch 
throughout the arterial tree, that sum together 
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to produce a single ‘effective’ refl ected wave 
[ 58 ,  59 ]. As the bulk of these refl ections origi-
nate from the lower, rather than the upper body, 
the refl ected wave arrives fi rst in the ascending 
aorta, early in the cardiac cycle, where it tends 
to  augment,  or increase, SBP in the central arter-
ies, before arriving in the brachial artery after 
peak SBP. Therefore, any factor increasing wave 
refl ections is likely to infl uence central pressure 
independently of brachial pressure. 

 A number of factors including age [ 60 ,  61 ], 
gender [ 60 ], heart rate [ 62 ,  63 ] and height [ 64 ] 
infl uence the extent of pressure wave refl ections, 
thus contributing to the differences in pressure 
amplifi cation observed between individuals. 
Moreover, CVD risk factors such as hypertension 
[ 33 ], hypercholesterolemia [ 61 ,  65 ], smoking 
[ 57 ,  66 ] and diabetes [ 57 ], together with cardio-
vascular disease  per se  [ 57 ], can also have dif-
ferential effects on brachial and aortic pressure, 
largely because of their variable infl uence on 
wave refl ections. The major implication of these 
observations is that brachial pressure may not 
always be a reliable surrogate for central pres-
sure. Indeed, regression models only account for 
~70 % of the variability in the difference between 
brachial and central pressure [ 57 ,  67 ], highlight-
ing the fact that central pressure cannot be pre-
dicted with suffi cient accuracy from a brachial 
cuff reading and should be assessed directly, 
using appropriate methods. This is important 
since the heart, brain and kidneys are exposed to 
aortic rather than brachial pressure, and thus car-
diovascular risk should relate better to central BP.  

    The Importance of Central Pressure 
in Predicting CVD Risk 

 Evidence published over the last 12 years con-
cerning the relationship between central pres-
sure and both surrogate markers of risk and 
hard endpoints strongly support the concept 
that CVD risk may ultimately be more closely 
related to central, rather than brachial pressure. 
Observations from cross-sectional studies sug-
gest that central pressure is more closely corre-
lated with widely accepted surrogate measures of 

CVD risk such as carotid intima-media thickness 
(CIMT) [ 68 – 70 ] and left ventricular mass (LVM) 
[ 70 – 72 ], than brachial pressure. Furthermore, 
longitudinal observations provide greater sup-
port for the potential value of central pressure 
measurement. In the REASON study [ 73 ], which 
compared the effects of atenolol with the fi xed- 
dose combination of the angiotensin converting 
enzyme (ACE) inhibitor, perindopril and the 
diuretic, indapamide, regression of LVM was 
more strongly related to the change in central 
compared to brachial pressure, after 12 months 
of active therapy. Moreover, after adjustment 
for confounding factors, only central pressure 
remained independently associated with regres-
sion of LVM. In addition, in the CELIMENE 
trial [ 74 ] which compared the effects of the par-
tial B1-adrenoceptor antagonist, celiprolol with 
the ACE inhibitor, enalapril, 9 months of active 
therapy resulted in a similar reduction in CIMT, 
which was independently related to the fall in 
central, but not mean arterial pressure. 

 Stronger evidence for the importance of cen-
tral BP comes from outcome studies, which have 
examined a variety of hard endpoints in differ-
ent patient cohorts (Table  20.1 ). Nine out of the 
eleven published studies report that central pres-
sure was independently related to future cardio-
vascular events [ 68 ,  70 ,  75 – 81 ]. Moreover, four 
of these studies demonstrate incremental value 
of central over brachial pressure. Safar et al. 
[ 77 ] found that after adjustment for confounders, 
only central and not brachial pressure remained 
predictive of outcome in patients with renal fail-
ure. In the larger Strong Heart Study [ 68 ], cen-
tral pressure was more strongly related to future 
CVD events than brachial pressure, in disease- 
free individuals. Indeed, after mutual adjustment, 
brachial pressure ceased to be predictive. Further 
analyses in this cohort showed that individu-
als with central PP ≥50 mmHg were at greatest 
risk of future cardiovascular events [ 82 ]. The 
Dicomano Study in Italy [ 81 ] and a community- 
based Taiwanese study [ 70 ] also observed a 
stronger association between CVD events and 
central, rather than brachial pressure. In contrast, 
however, the Australian National Blood Pressure 
2 study (ANBP2) [ 83 ] and Framingham Heart 
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Study [ 84 ] did not show any additional value of 
carotid BP in the prediction of events. Indeed, the 
method used in these two studies failed to detect 
any SBP amplifi cation between the carotid artery 
and brachial cuff and concluded that there was no 
advantage in assessing central pressure.

   The existing outcome studies of central pres-
sure are small, and thus relatively underpowered 

to show convincingly that central pressure is 
meaningfully superior to brachial values in pre-
dicting events. This is especially so, given that 
the correlation between central and brachial pres-
sure is very high (r = 0.6–0.9). A recent publica-
tion [ 85 ] has attempted to address this issue by 
performing a meta-analysis of the available out-
come studies. The meta-analysis confi rmed the 

   Table 20.1    Association between central pressure and outcome   

 First author  N, population  Duration  Parameter  End-point  Outcome 

 Nakayama 
(2000) [ 75 ] 

 53, CAD-PTCA  3-months     Invasive aortic 
pulsatility 

 Restenosis  Independent 
association between 
aortic pulsatility and 
restenosis 

 Lu (2001) [ 76 ]  87, CAD-PTCA  6-months  Invasive aortic 
SBP, PP and 
pulsatility 

 Restenosis  Independent 
association between 
aortic PP, pulsatility 
ratio and restenosis 

 Safar (2002) 
[ 77 ] 

 180, ESRD  1 year  Carotid PP  All-cause 
(including CV 
mortality) 

 Independent 
association between 
carotid PP and 
all-cause mortality 

 Chirinos (2005) 
[ 78 ] 

 324, men with CAD  4 years  Aortic SBP and 
PP 

 All-cause 
mortality and 
MACE 

 Independently 
association between 
aortic PP and 
all-cause mortality 

 Dart (2006) [ 83 ]  484, hypertensive 
women 

 4.1 years  Carotid SBP and 
PP 

 CV events and 
mortality 

 No independent 
association 

 Williams (2006) 
[ 79 ] 

 2,199, hypertensives  4 years  Aortic PP  CV events and 
procedures 

 Independent 
association between 
aortic PP and CV 
events and 
procedures 

 Roman (2009) 
[ 82 ] 

 2,403, native 
Americans 

 4.8 years  Aortic SBP and 
PP 

 CV mortality 
and events 

 Independent 
association between 
aortic SBP, PP and 
CV mortality and 
events 

 Jankowski 
(2008) [ 80 ] 

 1,109, angiography  4.5 years  Invasive aortic 
PP and pulsatility 

 CV mortality 
and events 

 Independent 
association between 
aortic PP and 
pulsatility and CV 
mortality and events 

 Pini (2008) [ 81 ]  173, geriatrics  8 years  Carotid SBP and 
PP 

 CV mortality 
and events 

 Independent 
association between 
carotid SBP, PP and 
CV events 

 Wang (2009) 
[ 70 ] 

 1,272, community  10 years  Carotid SBP and 
PP 

 All-cause and 
CV mortality 

 Independent 
association between 
carotid SBP and CV 
mortality 

 Mitchell (2010) 
[ 84 ] 

 2,232, community  7.8 years  Carotid PP  MACE  No independent 
association 
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predictive value of central pressure and suggested 
that central PP may be a superior predictor, 
although the analysis did not reach statistical sig-
nifi cance (P = 0.057). However, the analysis was 
based on published summary statistics rather 
than individual patient data and failed to include 
all of the published data, including some of the 
larger studies, limiting its practical value. Clearly, 
a full evidence synthesis with an individual 
patient meta-analysis of all existing studies is 
required, together with a defi nitive outcome 
study, in order to determine whether central pres-
sure adds meaningfully to brachial pressure- 
based risk prediction.  

    Clinical Importance of Central 
Pressure 

 Clinically, the assessment of central, rather than 
brachial pressure has a number of important con-
sequences. In the Anglo-Cardiff Collaborative 
Trial [ 57 ], when healthy, treatment-naive indi-
viduals were grouped according to discrete cate-
gories of brachial SBP, there were signifi cant 
overlaps in the corresponding aortic SBP 
(Fig.  20.3 ). Over 70 % of males and females with 
 high-normal  brachial BP and >30 % of males and 
10 % of females with  normal  brachial BP had 
aortic BP in common with individuals with Stage 
1 hypertension. These observations suggest that a 

large proportion of individuals who are classifi ed 
as being normotensive based on current guide-
lines, might actually be at increased risk accord-
ing to their central BP. Conversely, some 
individuals labeled as being hypertensive or at 
increased risk of developing hypertension might 
actually have lower cardiovascular risk, because 
they have a lower central BP. This has important 
implications for the way in which hypertension is 
currently categorized because if central BP is 
more important in defi ning an individual’s risk 
and/or the impact of therapy, then categories 
which are based on central, rather than brachial 
pressure may be more useful. However, if central 
BP is ever to replace brachial BP in clinical 
decision- making, it will be important to deter-
mine the precise clinical relevance of the differ-
ences in brachial and central BP for the individual 
patient. Moreover, new guidelines refl ecting 
treatment thresholds for central pressure will be 
required. Emerging data now support the prog-
nostic value of both 24 h ambulatory [ 86 – 88 ] and 
home blood pressure monitoring [ 88 ] over BP 
values measured in the clinic setting, because the 
former minimize the standard deviation of mea-
surements and the well-described white coat 
effect associated with clinic BP measurement. 
Similarly, it will be necessary to assess 24 h 
ambulatory central BP to determine whether this 
provides even greater prognostic value than cor-
responding ambulatory brachial BP.
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  Fig. 20.3    Box plot of aortic systolic pressure per 
10 mmHg increments in brachial systolic pressure in 
healthy males ( left , n = 3,603) and females ( right , 
n = 3,176). The  vertical line within the box  represents the 

median, the  box  represents the interquartile range (50 % 
of the distribution) and the  whiskers  represent the range of 
values. The  dashed lines  indicate blood pressure classifi -
cations (According to the 2007 ESH-ESC guidelines)       
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    Abstract  

  A major reason for measuring arterial stiffness “routinely” in clinical 
practice comes from the recent demonstration that arterial stiffness has an 
independent predictive value for cardiovascular events. Several longitudi-
nal epidemiological studies have demonstrated the predictive value of 
arterial stiffness as intermediate endpoints, i.e. the higher the arterial 
stiffness, the higher the number of cardiovascular events. The largest 
amount of evidence has been given for aortic stiffness, measured through 
carotid-femoral pulse wave velocity which is considered as gold stan-
dard. Aortic stiffness has independent predictive value for all-cause and 
cardiovascular mortality, fatal and nonfatal coronary events and fatal 
strokes not only in patients with uncomplicated essential hypertension 
but also in patients with type 2 diabetes or end-stage renal disease, in 
elderly subjects and in the general population. Currently, as many as 21 
studies consistently showed the independent predictive value of aortic 
stiffness for fatal and nonfatal cardiovascular events in various popula-
tions. Aortic stiffness can thus be considered as an intermediate endpoint 
for cardiovascular events.  
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        Introduction 

 Classical risk scores may underestimate the risk 
of cardiovascular (CV) events in specifi c risk 
groups suitable for primary prevention, such as 
asymptomatic hypertensive subjects [ 1 ]. 
Particularly, those considered as at intermediate 
risk may benefi t the most from a reassessment of 
their CV risk using novel biomarkers [ 2 ]. In pri-
mary prevention, some imaging biomarkers, such 
as arterial stiffness, enhance risk prediction to a 
higher extent than circulating biomarkers [ 3 ]. 
Whether novel biomarkers are ready for routine 
clinical use is a matter of controversy [ 1 – 4 ]. 
Particularly whether a biomarker can be substi-
tuted to clinical events in outcome trials and be 
considered as surrogate endpoint has rarely been 
demonstrated [ 1 – 4 ]. The aims of the present 
chapter are to address the concepts of “imaging 
biomarker” and “surrogate endpoint”, to focus on 
aortic stiffness as putative surrogate endpoint for 
future CV events and to suggest additional stud-
ies in order to demonstrate its value as surrogate 
endpoint.  

    “Circulating” Biomarkers Versus 
“Tissue” or “Imaging” Biomarkers 

 Although classical risk scores, such as the 
Framingham risk score [ 5 ] and the European 
SCORE [ 6 ], detect patients at high risk of CV 
events, they are largely infl uenced by age-
ing, leading to undermanagement of CV risk in 
other risk groups, particularly those considered 
as at intermediate risk. A very large number of 
newer biomarkers have been proposed in the 
literature [ 2 ,  4 ] in order to increase risk predic-
tion beyond classical risk scores. According to 
the Biomarkers Defi nition Working Group of 
the National Institutes of Health (NIH) [ 7 ], a 
biomarker is “a characteristic that is objectively 
measured and evaluated as an indicator of normal 
biological processes, pathogenic processes, or 
pharmacological responses to a therapeutic inter-
vention”. Thus, biomarkers could be either “cir-
culating” ones, i.e. requiring blood sampling and 
specifi c dosage, or “imaging” ones, i.e. requiring 

 measurements with imaging technology, such as 
aortic stiffness [ 2 – 4 ]. 

 The use of sophisticated circulating biomark-
ers has been suggested for increasing the indi-
vidual prediction of CV risk, beyond the 
established CV risk factors, such as age, systolic 
blood pressure, antihypertensive treatment, total 
cholesterol, high-density lipoprotein cholesterol, 
lipid-lowering treatment, diabetes, smoking sta-
tus and body mass index. Results were con-
trasted. For instance, in the Framingham cohort, 
using hs-CRP, plasma renin, BNP, homocytein 
and urinary albumin/creatinine ratio did not 
improve the prediction of outcome [ 8 ]. However, 
in a community-based cohort of elderly men, a 
combination of circulating biomarkers refl ecting 
myocardial cell damage, left ventricular dysfunc-
tion, renal failure and infl ammation (such as tro-
ponin I, N-terminal pro-brain natriuretic peptide, 
cystatin C and C-reactive protein, respectively) 
improved the risk assessment beyond established 
CV risk factors and increased the C statistics [ 9 ]. 

 As an alternative to using “circulating” bio-
markers in hypertensive patients, estimation of 
CV risk can investigate target organ damage, such 
as aortic stiffening or left ventricular hypertrophy 
(LVH) [ 1 ]. Thus, target organ damage could play 
the role of an “imaging” biomarker [ 2 ,  10 ] and 
may help identify patients at high risk of devel-
oping CV disease. This strategy has a strong 
background since target organ damage, which 
integrates the long-lasting cumulative effects of 
all identifi ed and non-identifi ed CV risk factors, 
can be detected before clinical events occur, at 
a stage when intervention may reverse damage 
[ 11 ]. By contrast, “circulating” biomarkers may 
fail to adequately predict the risk of CV events, 
due to their instantaneous fl uctuations, as many 
“snapshots” of the complex deleterious situation 
[ 10 ]. To underline the structural changes of tar-
get organs either directly observed (for instance, 
left ventricular hypertrophy) or associated with 
a functional alteration (for instance, aortic stiff-
ening), we added the wording “tissue” for this 
category of biomarkers. Among “tissue/imag-
ing” biomarkers, aortic stiffness can be consid-
ered as a measure of the cumulative infl uence of 
CV risk factors with ageing on the arterial tree, 
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 having limited acute variability (mainly depend-
ing on blood pressure) and enough inertia to 
refl ect the integrated damage of the arterial wall 
[ 3 ,  10 ]. Recent studies showed that arterial stiff-
ness played an important role in the “large/small 
artery cross talk” [ 11 ] and its damaging effect on 
the heart, brain, retina and kidney. 

 “Surrogate endpoints” are a subset of bio-
markers. According to the Biomarkers Defi nition 
Working Group of the NIH [ 7 ], a surrogate end-
point is “a biomarker that is intended to substi-
tute for a clinical endpoint. A surrogate endpoint 
is expected to predict clinical benefi t (or harm or 
lack of benefi t or harm) based on epidemiologic, 
therapeutic, pathophysiologic, or other scientifi c 
evidence” [ 7 ]. To avoid confusion with the substi-
tution for a marker, whereas it is really a substitu-
tion for a clinical endpoint, the term “surrogate 
marker” has been discouraged [ 7 ]. The next para-
graph details how arterial stiffness has demon-
strated its usefulness as tissue/imaging biomarker 
and what should be demonstrated before con-
sidering that arterial stiffness is a true surrogate 
endpoint, i.e. whether the reduction in arterial 
stiffness translates into a reduction in CV events.  

    Predictive Value of Aortic Stiffness 
for CV Event 

 The predictive value of arterial stiffness for CV 
events has been initially reported in the late 
1990s–early 2000s. The largest amount of evi-
dence has been given for aortic stiffness, mea-
sured through carotid-femoral PWV which is 
considered as gold standard [ 3 ]. Aortic stiffness 
has independent predictive value for several 
endpoints: all-cause and CV mortality, fatal and 
nonfatal coronary events, asymptomatic coronary 
heart disease, fatal strokes, functional outcome 
after stroke, onset of hypertension and onset of 
dialysis. Various populations have been studied: 
general population [ 12 – 15 ], elderly subjects [ 16 , 
 17 ], hypertensive patients [ 18 – 20 ], patients with 
type 2 diabetes [ 21 ], patients with chronic kid-
ney disease or end-stage renal disease [ 22 ,  23 ], 
patients after renal transplant [ 24 ] and patients 
after acute stroke/TIA [ 25 ,  26 ]. 

 Currently, as many as 21 studies consistently 
showed the independent predictive value of aortic 
stiffness for fatal and nonfatal CV events in vari-
ous populations. Seventeen longitudinal studies 
totalising 15,877 subjects with a mean follow-up 
of 7.7 years were included in a recent meta- 
analysis [ 27 ] which showed, for one standard 
deviation (SD) increase in pulse wave velocity, a 
risk ratio of 1.47 [1.31–1.64] for total mortality, 
1.47 [1.29–1.66] for CV mortality and 1.42 
[1.29–1.58] for all-cause mortality. Aortic stiff-
ness can thus be considered as an intermediate 
endpoint for CV events [ 28 ]. 

 Although the relationship between aortic stiff-
ness and events is continuous, a threshold of 
12 m/s has been suggested as a conservative esti-
mate of signifi cant alterations of aortic function 
in middle-aged hypertensives and included in the 
2007 ESH Guidelines for the management of 
hypertension [ 1 ]. This threshold has been revised 
in a recent consensus document [ 29 ], as 10 m/s, 
in order to normalise PWV values according to 
the arterial pathway, as described above. High 
aortic PWV may thus represent target organ dam-
age, which needs to be detected during estima-
tion of CV risk in hypertensives. Reference 
values for pulse wave velocity [ 30 ] have been 
established in 1,455 healthy subjects and a larger 
population of 11,092 subjects with CV risk 
factors.  

    Pathophysiology of Cardiovascular 
Events 

 A generally accepted mechanistic view is that an 
increase in arterial stiffness causes a premature 
return of refl ected waves in late systole, increas-
ing central pulse pressure, thus systolic 
BP. Briefl y, since it has been detailed in other 
chapters of this book, SBP increases the load on 
the left ventricle, increasing myocardial oxygen 
demand. In addition, arterial stiffness is associ-
ated with left ventricular hypertrophy (LVH) 
[ 31 ], a known risk factor for coronary events, in 
normotensive and hypertensive patients. The 
increase in central PP and the decrease in dia-
stolic BP may directly cause subendocardial 
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ischaemia. The measurement of aortic stiffness, 
which integrates the alterations of the arterial 
wall, may also refl ect parallel lesions present at 
the site of the coronary arteries [ 32 ]. 

 An increased arterial stiffness can increase the 
risk of stroke through several mechanisms, 
including an increase in central PP, infl uencing 
arterial remodelling at the site of both the extra-
cranial and intracranial arteries, increasing 
carotid wall thickness and the development of 
stenosis and plaques [ 33 ,  34 ] and the prevalence 
and severity of cerebral white matter lesions [ 35 ]. 
Moreover, it has been suggested that the pulsatile 
mechanical load of PP on the arterial wall, irre-
spectively of the absolute value of blood pres-
sure, is a major determinant of carotid intraplaque 
haemorrhage, as recently found in a large 
population- based study [ 36 ]. As seen above, the 
measurement of aortic stiffness, which integrates 
the alterations of the arterial wall, may also 
refl ect parallel lesions present at the site of cere-
bral vasculature. Thus, it is not surprising that 
aortic stiffness is able to predict the functional 
outcome after stroke, independently of classical 
risk factors [ 25 ,  26 ]. Another explanation is given 
by the differential input impedance in the brain 
compared with other systemic vascular beds. 
Finally, coronary heart disease and heart failure, 
which are favoured by high PP and arterial stiff-
ness, are also risk factors for stroke.  

    Aortic Stiffness as a Surrogate 
Endpoint 

 Several review articles [ 2 ,  4 ,  37 ] have recently 
analysed the various methods for estimating the 
clinical utility of a biomarker. Particularly, a 
statement from the American Heart Association 
(AHA) recommended that several steps should 
be completed for evaluating a novel risk marker 
and ultimately concluding that the novel risk 
marker could be used as surrogate endpoint of 
CV events [ 37 ]. Six phases of increasing strin-
gency are described below and in Table  21.1 .
     Phase 1 : “Proof of concept: Do novel marker 

 levels differ between subjects with and with-
out outcome?” [ 37 ]    

 This is clearly the case for arterial stiffness, 
since a large number of pathophysiological con-
ditions are associated with it, as reported in sev-
eral reviews [ 3 ,  41 ]. In addition to ageing, they 
included several physiological conditions, the 
genetic background, classical CV risk factors and 
established CV disease. Importantly, arterial 
stiffness is also increased in several disease of 
non-cardiovascular origin, although complicated 
by CV events, such as end-stage renal disease 
(ESRD), moderate chronic kidney disease and 
disease characterised by chronic low-grade 
infl ammation, such as rheumatoid arthritis, sys-
temic vasculitis, systemic lupus erythematosus, 
AIDS and infl ammatory bowel disease [ 3 ].
    Phase 2 : “Prospective validation. Does the novel 

marker predict development of future out-
comes in a prospective cohort or nested case- 
cohort study?” [ 37 ]    
 Yes, aortic stiffness has a predictive value for 

all-cause and CV mortality and total CV events, 
as detailed above.
    Phase 3 : “Incremental value: Does the novel 

marker add predictive information to estab-
lished, standard risk markers?” [ 37 ]    
 Yes, the predictive value of aortic stiffness for 

CV events has been demonstrated after adjustment 
for classical cardiovascular risk factors, includ-
ing brachial PP. According to this defi nition, all 
studies described above showed predictive value 
of aortic stiffness for CV events independently of 
classical CV risk factors. The additive value of 
PWV above and beyond traditional risk factors 
has been quantifi ed by three separate studies 
[ 12 ,  15 ,  18 ]. The fi rst was performed in 1,045 

   Table 21.1    Phases to be completed before aortic stiff-
ness could be considered as a surrogate endpoint of CV 
events (see Ref. [ 36 ]). References (original studies, meta- 
analyses and reviews) related to each phase are indicated 
in bracket   

 Phase  Aortic stiffness 

 1. Proof of concept   Yes  [ 3 ,  10 ,  11 ] 
 2. Prospective validation   Yes  [ 12 ,  15 ,  18 ,  27 ,  38 ,  39 ] 
 3. Incremental value   Yes  [ 12 ,  15 ,  18 ] 
 4. Clinical utility   Yes  [ 12 ,  15 ,  38 – 40 ] 
 5. Clinical outcomes   Weak indirect evidence  [ 39 ] 
 6. Cost-effectiveness   No  
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hypertensive patients, with a longitudinal follow-
up of 5.9 years for coronary heart disease (CHD) 
events [ 18 ]. The increase in CHD with tertiles of 
PWV was steeper for patients belonging to the 
fi rst and second tertiles of the Framingham risk 
score (FRS). The C statistics (quantifying the 
area under (AUC) the receiver operating charac-
teristic (ROC) (i.e. sensitivity vs. [1-specifi city] 
curve))    is useful for quantifying discrimination, 
i.e. the ability of PWV to distinguish patients in 
whom CV events will occur from those who will 
remain free of CV complications. In the group 
of low-to-medium risk patients, the C statistics 
showed that FRS and PWV had similar predic-
tive value (AUC = 0.65 ± 0.07 and 0.63 ± 0.08, 
respectively), and when combined, the predic-
tive value increased since the AUC signifi cantly 
rose to 0.76 ± 0.09, indicating that PWV improved 
the prediction of CV events beyond FRS. This 
improved ability of aortic stiffness to predict CV 
mortality was confi rmed by Mattace-Raso et al. 
[ 12 ] in the elderly subjects from a general popula-
tion and by Sehestedt et al. [ 15 ] in middle-aged 
subjects from a general population. The various 
mechanisms by which an increase in aortic stiff-
ness generates higher risk of cardiac and cerebro-
vascular events have been described in details in 
several reviews [ 3 ,  11 ,  41 ] and above.
    Phase 4 : “Clinical utility: Does the novel risk 

marker change predicted risk suffi ciently to 
change recommended therapy?” [ 37 ]    
 In other words, does the addition of PWV result 

in a substantial proportion of individuals being 
reclassifi ed across a predefi ned treatment thresh-
old? The answer is yes, since several studies 
showed that a substantial amount of patients at 
intermediate risk could be reclassifi ed into a higher 
or a lower CV risk, when arterial stiffness was 
measured [ 12 ,  15 ,  38 ]. For instance, in the 
Framingham study, 15.7 % of patients at interme-
diate risk could be reclassifi ed into a higher 
(14.3 %) or lower (1.4 %) risk [ 38 ]. In a recent 
unpublished meta-analysis, 19 and 22 % of inter-
mediate risk individuals were reclassifi ed into 
higher or lower quartiles of risk for coronary heart 
disease and stroke outcomes, respectively [ 23 ,  42 ].
    Phase 5 : “Clinical outcomes: Does use of the 

novel risk marker improve clinical outcomes, 

especially when tested in a randomised 
 clinical trial?” [ 37 ]    
 An important issue here is whether the reduc-

tion in arterial stiffness translates into a reduc-
tion in CV events. There is only very little 
indirect evidence. To our knowledge, only one 
study reported CV outcomes in patients having 
repeated measurements of PWV along several 
years [ 39 ]: 150 patients (aged 52 ± 16 years) 
with end-stage renal disease (ESRD) were moni-
tored for 51 ± 38 months for blood pressure and 
PWV. Fifty-nine deaths occurred, including 
40 cardiovascular and 19 non-cardiovascular 
events. Cox analyses demonstrated that the lack 
of PWV decrease in response to BP reduction 
was a strong independent predictor of all-cause 
(RR 2.59 [1.51–4.43]) and cardiovascular mor-
tality (RR 2.35 [1.23–4.41]). However, this study 
suffers several limitations: this was not a ran-
domised clinical trial, rather a post hoc retrospec-
tive analysis; baseline PWV was different in the 
two groups and there is no mention that statisti-
cal analysis was adjusted to it; fi nally this study 
included patients at very high risk and results 
cannot be extrapolated to other (milder) clinical 
situations, as discussed thereafter. 

 An alternative strategy is to determine whether 
the change in patient management according to 
aortic stiffness can improve the outcome. This is 
the aim of the SPARTE study [ 28 ] (“Stratégie de 
Prévention cardiovasculaire basée sur la rigidité 
ARTErielle”), which will test the hypothesis that 
a therapeutic strategy targeting the normalisation 
of arterial stiffness is more effective in prevent-
ing CV events than usual care. The SPARTE 
study [ 28 ] will randomise 3,000 hypertensive 
patients, aged 55–75 years, who are at medium 
to very high risk for cardiorenal events, in a par-
allel group PROBE (prospective randomised 
open blinded endpoint) study, to receive either 
a treatment according to international guidelines 
for the management of blood pressure (control 
group) or an additional therapeutic strategy aim-
ing at normalising PWV values (active group), 
during 4 years.
    Phase 6 : “Cost-effectiveness: Does use of the 

novel risk marker improve clinical outcomes 
suffi ciently to justify the additional costs?” [ 37 ]    
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 The cost-effectiveness issue describes the bal-
ance between the additional cost associated with 
the measurement of aortic stiffness and the sub-
tracted cost due to less CV complications when 
patients are managed according to aortic stiffness 
measurement. Cost-effectiveness is a complex 
public health issue, particularly regarding the 
quantifi cation of avoided or delayed clinical 
complication and improved quality of life. This 
issue is far to be solved, even for well-established 
tests in other medical specialties (for instance, 
mammography in breast cancer).  

    Predictive Values of Arterial 
Stiffness Measured with Other 
Devices 

 Novel devices measuring novel arterial stiffness 
parameters should show predictive value for CV 
events [ 40 ]. They cannot claim it simply from 
data showing a signifi cant correlation between 
the novel stiffness parameter and cfPWV 
obtained during a cross-sectional validation 
study. Adequate longitudinal epidemiological 

studies should be performed. Table  21.2  shows 
which of the well-established methods and novel 
ones have demonstrated an independent predic-
tive value of CV events until now. This issue is of 
major importance at the present time, since sev-
eral novel apparatus, which were developed for 
determining arterial stiffness, claim superiority 
over pioneering methods through either higher 
simplicity of use, better repeatability or more 
pertinent arterial pathway.

   The question of the functional substratum 
linking the measured parameter to events is cru-
cial [ 40 ]. Carotid-femoral PWV, which is consid-
ered as gold standard for determining aortic 
stiffness [ 3 ], is calculated as the ratio of the tran-
sit time between the feet of the carotid and femo-
ral pressure waveforms and the carotid-femoral 
distance, a ratio which is undisputedly recog-
nised as a stiffness parameter. Several studies and 
a consensus statement [ 29 ] have determined the 
correction factor which should be applied to 
the carotid-femoral distance, to take into account 
the fact that, when the pressure wave is recorded 
at the carotid level, it has already reached the 
descending thoracic aorta. The pressure wave 

    Table 21.2    Devices and methods used for determining non-invasively regional arterial stiffness through pulse wave 
velocity. Arterial pathways and predictive values are indicated   

 Description of the 
method: year of 
fi rst publication  Device  Method  Arterial pathway 

 Predictive value for 
CV events (year of 
fi rst publication) 

 1984  Complior®  Mechanotransducer  Carotid-femoral  Yes (1999) 
 1990  SphygmoCor®  Tonometer  Carotid-femoral  Yes (2011) 
 1994  QKD®  ECG + Korotkoff sounds  Aorta + brachial  Yes (2005) 
 1997  Cardiov. Eng. Inc®  Tonometer  Carotid-femoral  Yes (2010) 
 2002  Doppler probes  Doppler probe  Aortic arch + descending aorta  Yes (2002) 
 2002  VP-1000 Omron®  Brachial and ankle 

pressure cuffs 
 Aorta + brachial + lower limbs  Yes (2005) 

 2004  PulsePen®  Tonometer  Carotid-femoral  No 
 2006  CAVI-VASERA®  ECG + brachial and 

ankle pressure cuffs 
 Aorta + brachial + lower limbs  No 

 2008  Arteriograph®  Arm pressure cuff  Aorta + brachial  No 
 2009  MRI-ArtFun®  MRI  Aortic arch  No 
 2009  Vicorder®  Cuffs  Carotid-femoral  No 
 2010  Mobil-O-Graph®  Arm pressure cuff  Aorta  No 

  From Ref. [ 40 ] with permission 
  PWV  pulse wave velocity,  MRI  magnetic resonance imaging  
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travels mostly along an aortic segment, including 
the thoracic descending aorta and the abdominal 
aorta, and ultimately travels along the iliac and 
common femoral arteries. 

 The issue of the arterial pathway is also raised 
by other methods more recently introduced. The 
measurement of the brachial-ankle PWV, which 
includes a much longer trajectory of the pressure 
wave along the muscular arteries of the upper and 
lower limbs than along the aortic pathway, has 
demonstrated a predictive value for CV events 
[ 43 ,  44 ] including incident hypertension and 
readmission for heart failure, in several popula-
tions: patients with stable angina, acute coronary 
syndrome or diabetes and elderly subjects [ 45 ]. 
These results extend the fi ndings observed with 
cfPWV, and it can be concluded that the stiffness 
of an elastic + muscular arterial segment is pre-
dictive of CV events. 

 The issue of the arterial pathway is even more 
critical with the QKD [ 45 ] method and two novel 
oscillometric devices. The QKD method [ 45 ] 
measures the time delay between the onset of the 
QRS on the ECG and the detection of the last 
Korotkoff sound by the microphone placed upon 
the brachial artery. Thus, the pressure pulse wave 
travels fi rst along the ascending aorta and the aor-
tic arch, i.e. a short pathway of elastic arteries, 
and then along the subclavian and brachial arter-
ies, i.e. a much longer pathway of muscular arter-
ies. Since the stiffness of muscular arteries is 
little infl uenced by age and hypertension, Gosse 
et al. [ 45 ] attributed the difference in QKD dura-
tion to the ascending aorta and aortic arch. 
However, the length of the ascending and aortic 
arch pathway represents a very small part of the 
total pathway and casts doubt about this state-
ment. These fi ndings suggest that the stiffness of 
an elastic + muscular arterial segment is predic-
tive of CV events, as discussed also for the 
brachial- ankle PWV. 

 The Arteriograph system [ 46 ] estimates PWV 
from a single-site determination of the suprasys-
tolic waveform at the brachial artery site and 
measures the time elapsed between the fi rst wave 
ejected from the left ventricle to the aortic root 
and its refl ection from the bifurcation as the 
 second systolic wave, with subtraction of the 

 brachial artery transit time. Arterial stiffness is 
calculated here from the transit time between 
two pressure waves, travelling mostly along the 
thoracic and abdominal aorta, i.e. an elastic arte-
rial segment. 

 The Mobil-O-Graph system [ 47 ] uses an indi-
rect way for determining arterial stiffness. An 
oscillometric recording of brachial artery pres-
sure waveform allows reconstructing the central 
pulse wave by applying a transfer function. 
Central pulse wave is then decomposed into for-
ward and backward waves, and PWV is estimated 
from their time difference. Although much more 
indirect than the previous methods, this is again 
mostly the velocity of the pressure wave along 
the thoracic and abdominal aorta which is taken 
into account for measuring arterial stiffness. 

 These various methods can be ranked as fol-
lows, from the most direct method to the most 
indirect method, all of them claiming the mea-
surement of PWV along the aorta and adjacent 
muscular arterial segments (either upper or lower 
limbs): cfPWV > brachial-ankle PWV > QKD 
method > Arteriograph > Mobil-O-Graph. The 
fi rst three have already demonstrated a predic-
tive value of PWV measurement for CV events. 
Epidemiological studies are needed for the novel 
methods, including both Arteriograph and Mobil-
O- Graph, and some listed in Table  21.2 .  

    Conclusion 

 The measurement of aortic stiffness repeatedly 
showed predictive value for various CV events 
in various populations. In addition, aortic stiff-
ness proved to complete a number of criteria for 
being considered as a true surrogate endpoint for 
CV events, although not all. This is why its mea-
surement, already recommended by the 2007 
[ 1 ] and 2013 [ 48 ] ESH-ESC Guidelines for the 
Management of Arterial Hypertension, should 
be recommended by additional guidelines for 
the management of CV disease. There is a need 
for studies comparing aortic stiffness-guided 
therapeutic strategies with classical guideline-
guided strategies for preventing CV events. 
There is also a need for epidemiological studies 
showing the predictive value of arterial stiffness, 
measured with novel devices, for CV events.     
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Abstract

Heart rate is a conventional index quantifying the pulsatile action of the 
heart and is a basic parameter used throughout medical history and prac-
tice. However, modern science often places relatively little emphasis on 
heart rate in relation to the oscillatory nature of blood flow in the circula-
tory system, and the unyielding cyclic stress on the heart and blood ves-
sels. Heart rate is relevant not only as an elemental measure, but also as 
a statistical entity and a possible confounding factor when considering 
its interaction with vascular hemodynamics. Pulse pressure amplification 
from the central aorta to peripheral arteries increases with heart rate. This 
has significant implications when assessing vascular function based on 
peripheral (brachial) pressure measurements, as the pressure changes at 
the central aorta with changes in arterial stiffness (as occurs with age) 
can be markedly different from changes at the peripheral site at different 
heart rates. Similarly, heart rate is a significant parameter when assessing 
cardiac and vascular implications of anti-hypertensive drug treatments. 
Heart rate, itself an independent parameter of cardiovascular risk, should 
also be considered in the statistical treatment of cardiovascular risk fac-
tors in large epidemiological studies. Disturbance in the regular pulsa-
tile action of the heart due to altered synchrony of the  cardiac chambers 
leads to heart failure, which can be treated with resychronization therapy. 
Cardiovascular models show that arterial stiffness can significantly affect 
the modification of parameters associated with cardiac resynchronization 
therapy. Thus, pulsatile hemodynamic parameters play a significant role 
when associated with both regular heart rate and with disturbed synchrony 
of the contracting heart chambers affecting the pump function of the heart.
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 Introduction

Rhythmic contraction of the heart is the most 
basic evidence of life. Heart rate is an ele-
mentary clinical sign for physicians, having 
heralded the sphygmomanometer, the sphyg-
mograph, and the stethoscope. Heart rate is a 
parameter often ignored in modern science, but 
is a basic parameter in the history of medicine 
and in medical practice.

This chapter addresses the relevance of heart 
rate in relation to the pulsatile aspects of hemo-
dynamics in the context of the overall theme of 
blood pressure and arterial stiffness in cardiovas-
cular prevention. Factors that determine arterial 
blood pressure and arterial stiffness, as well as 
their epidemiological relevance to hypertension 
and cardiovascular risk, are treated in other sec-
tions of this volume. Specifically, this chapter 
examines the association of heart rate with arte-
rial stiffness and its impact on pulse pressure and 
parameters derived from pulse wave analysis. 
The importance of pulse pressure amplification 
between central and peripheral locations related 
to heart rate is highlighted with respect to proper 
assessment of arterial hemodynamics by periph-
eral pressure measurement. In addition, by use of 
cardiovascular models, the relationship of arterial 
stiffness and synchrony between the heart cham-
bers is examined in relation to optimizing cardiac 
output; aspects that have particular relevance to 
biventricular pacing and cardiac resynchroniza-
tion therapy.

In general, this chapter highlights the impor-
tance of heart rate as a significant parameter that 
needs to be taken into account when treating 
physiological, experimental and epidemiological 
data with regards to quantifying cardiovascular 
risk, both as a statistical entity and also in terms 
of measurement of blood pressure when using 
pulse waveform analysis.

 Allometric Nature of Heart Rate

In physiological systems, there are parameters 
that are related to body weight, for example, 
heart rate, metabolic rate, heart size, and cardiac 
output. Other haemodynamic parameters are not 
related to body weight, for example blood pres-
sure and arterial stiffness. The dependency of a 
parameter on body weight can be described by 
an allometric relation as described in Eq. 22.1, 
where x is the parameter of interest, W is body 
weight, and A and k are constants.

 x A W k= ⋅  (22.1)

The heart rate in mammals is approximately 
proportional to the cubic root of weight, with 
small mammals having a high resting rate (e.g. 
600 beats/s for mice), and large animals a low 
resting rate (e.g. 15 beats/min for whales). The 
reverse relationship of heart rate to length of 
mammals probably denotes optimization of 
ventricular-vascular interactions with respect 
to cardiac diastolic duration and return of wave 
reflection in the arterial system, as well as to 
physiological fundamentals of muscular relax-
ation and contraction.

In an elegant study relating vascular param-
eters to functional correlates across animal size 
spanning a range of body weights from the rat 
(0.2 kg) to the elephant (3,500 kg), Westerhof 
and Elzinga [1, 2] illustrate the possible mech-
anism as to why pulse pressure is essentially 
similar over the whole range of animal body size 
and weight. Heart period (T) is taken as the char-
acteristic cardiac time and the time constant of 
the exponential diastolic decay (τ) of the arterial 
pressure pulse as the characteristic arterial time. 
It was found that both T and τ increase with body 
weight with a similar exponent of approximately 
0.25 [1]. Hence, the ratio τ/T is essentially inde-
pendent of animal size.
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The arterial system can be modeled in terms 
of a Windkessel [3, 4], where the exponential dia-
stolic decay of pressure can be expressed in terms 
of the peripheral resistance (R) and the central 
aortic compliance (C, Eq. 22.2). For low values of 
late systolic augmentation due to wave reflection, 
compliance is largely related to the ratio of stroke 
volume (SV) and pulse pressure (PP, Eq. 22.3) 
[5]. Since mean arterial pressure (MAP) can
be expressed as the ratio of stroke volume and 
resistance to heart period (Eq. 22.4), it follows 
that the ratio PP/MAP is inversely proportional 
to the ratio τ /T, and is therefore independent of 
body size. In fact, the ratio τ /T could be consid-
ered as a basic coupling parameter between the 
heart and the arterial system and forms the basis 
of the interaction between heart rate (1/T), pulse 
pressure and arterial stiffness [1, 2, 5]. Similar 
matching phenomena across a range of species 
have been described in terms of impedance spec-
tra normalized for resting heart rate [6, 7]. Milnor’s
concepts of relating physical body dimensions to 
wave transmission phenomena in terms of aortic 
wavelength were further expanded by Iberal [8] 
and O’Rourke [9] to encompass the earlier work 
on optimal design proposed by Taylor [10] and 
McDonald [4].

 t = ⋅R C  (22.2)

 
C

SV

PP
=

 
(22.3)

 
MAP

SV R

T
= ⋅

 
(22.4)

 Heart Rate, Cardiac Function, 
and Arterial Hemodynamics

The interaction between the ejecting ventricle 
and the systemic load is described as the cou-
pling between cardiac parameters, such as source 
impedance [11, 12], myocardial contractility 
indices [13] and arterial elastance [14]. Since the 
heart is essentially a self-energizing pump, the 
output is necessarily intermittent. Power delivery 

occurs during only a fraction of the periodic car-
diac oscillation in which the ventricles are almost 
emptied of their blood content during systole and 
are filled during diastole for ejection in the sub-
sequent contraction.

The energy supply to the myocardium is 
delivered by coronary blood flow occurring pre-
dominantly during diastole. Changes in heart rate 
result in changes in cycle time, which are in turn 
affected largely by changes in diastolic time with 
relatively smaller changes in systolic ejection 
times [15]. The relatively greater effect on the 
duration of diastole has direct effects on the time 
available for ventricular filling, hence affect-
ing stroke volume through the Frank-Starling 
mechanism [13], and also on the time available 
for diastolic run-off of arterial blood. The rate of 
run-off is determined by the value of peripheral 
resistance and the stiffness of the arterial wall. 
Hence, for a given stroke volume, this mecha-
nism, in addition to the wave reflection phenom-
enon, will determine the pulse pressure.

The steady state operating point is deter-
mined by the properties of the heart in terms of 
stroke volume, the elastic properties of the large 
distributing arteries, and the level of peripheral 
resistance at the microcirculation. Although arte-
rial pressure undergoes instantaneous variation 
with time, the interaction of the generally peri-
odic nature of the beating heart and the arterial 
load can be considered to operate at an arterial 
pressure having a steady component (mean pres-
sure during the cardiac cycle determined by the 
peripheral resistance) and a superimposed oscil-
latory component (pulse pressure, determined by 
the stiffness of the large conduit arteries) [3, 4, 
16]. These concepts could explain some of the 
differences between acute and long-term effects 
of changes in heart rate on pulse pressure. Acute 
changes, as seen with pacing studies [17], are 
essentially passive effects due to changes in 
diastolic time and so affecting minimum (dia-
stolic) pressure during the cardiac cycle. These 
short- term changes are different to the long-term 
changes seen in population studies that may 
involve sustained effects due to sympathetic or 
vagal activation. The interaction between heart 
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rate, pulse pressure and arterial stiffness is com-
plex. It involves a closed-loop system with a 
combination of feedback and feed forward loops, 
where a change of a parameter in one direction 
can influence others in the same or opposite 
direction.

 Heart Rate and Arterial Stiffness

 Acute Effects
Arterial blood pressure is only a relative mea-
sure of arterial function as it is determined by 
the interaction of cardiac and arterial factors. 
However, arterial stiffness is entirely determined 
by vascular characteristics [4]. Of the many indi-
ces of arterial stiffness that can be measured non- 
invasively [18, 19], pulse wave velocity (PWV) 
has been accepted as an easily measurable param-
eter and used as a surrogate for arterial stiffness 
[19]. However, it is important to consider the 
underlying assumptions. For a uniform arterial 
segment of a given length, PWV is related to the 
stiffness of the wall material (Young’s Modulus,
E), vascular dimensions (radius R, wall thickness, 
h), and blood density (ρ) by the Moens-Korteweg
relation (Eq. 22.5) [3, 4].

 
PWV

Eh

R
=

2r  
(22.5)

It can also be expressed in terms of changes 
in pressure (∆P) and volume (∆V) in closed ves-
sels, as described in the Bramwell-Hill relation 
(Eq. 22.6) [20].

 
PWV

P V

V
= ⋅

⋅
∆
∆ r  

(22.6)

These relations (Eqs. 22.5 and 22.6) essen-
tially express the velocity of the forward going 
pressure pulse (∆P) using assumptions of an 
infinitely long, thin-walled, elastic tube with iso-
tropic elastic properties and containing incom-
pressible fluid. They do not contain terms related 
to the frequency dependency of the parameters, 
which would elicit some dependence on heart 
rate. However, the interaction of the cellular and 

extracellular matrix components of the arterial 
wall make it a viscoelastic material [21, 22], thus 
making the elastic modulus a complex quantity 
with frequency (ω) dependence (Eq. 22.7) [3, 4, 
21, 22] and not a static modulus of elasticity (|E|).

 
E E jw j( ) = ⋅ ( )exp

 
(22.7)

 
j w= ( )arctan ∆E

 
(22.8)

This was elegantly demonstrated by Bergel 
in the early 1960s, using canine arteries cycled 
at various frequencies, where the stiffness of the 
vessel (E) was shown to depend on the cycling 
frequency below 2 Hz [23, 24]. The implication 
of this is that the frequency dependency of the 
elastic modulus produces subsequent frequency 
dependency of PWV (from Eq. 22.5). However, 
this is not similar in all arteries. From Bergel’s
classic experiments [23, 24], linear extrapola-
tion from 0 to 2 Hz gives the following average 
increase in relative dynamic elastic modulus: 
carotid artery, 30 %/Hz; femoral artery, 16.5 %/
Hz; abdominal aorta, 9 %/Hz; thoracic aorta, 
3.5 %/Hz. These values indicate that muscular 
arteries have an increased frequency dependency. 
Indeed, studies suggest a “smart damping” role 
of smooth muscle in the artery wall due to visco-
elasticity [25]. This is different to the frequency 
dependency of phase velocity, where the low fre-
quency components have an apparent velocity 
due to a finite distance of wave propagation in 
relation to wavelength [4].

Findings from in-vitro experiments are not 
entirely consistent with some other observations. 
Accurate pulse transit time measurements in iso-
lated canine carotid arteries showed that over a 
range of sinusoidal frequency pulses of 1–20 Hz 
and pressure range of 50–150 mmHg, PWV was 
independent of frequency and dependent only 
on pressure [26]. Furthermore, the propagation 
velocity of the significant harmonic components 
of the pulsatile pressure waveform did not change 
for heart rates up to 120 beats/min. Studies of 
heart rate and arterial stiffness in rats and humans 
using cardiac pacing found a variety of relations 
between the parameters [27–31]. The explana-
tion for these findings may be multi-factorial, 
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 ranging from measurement techniques to deter-
mine the fiducial points for transit time measure-
ment to modes of pacing [29, 30]. Spontaneous 
effects due to sympathetic stimulation of muscu-
lar arteries being associated with increased heart 
rate and arterial stiffness may also play a role [32, 
33]. In addition, and this could be an important 
consideration in clinical measurements in human 
subjects, measurements over large path lengths 
may involve different segments with different fre-
quency dependency of the wall elastic modulus.

Figure 22.1 gives relationships between 
carotid-femoral PWV and heart rate obtained 
from a number of human studies [17, 27, 34, 35], 
where heart rate was altered acutely through pac-
ing. The average relationship across the studies 
gives a change of 0.44 m/s in PWV for every 
10 beat/min rise in heart rate. However, in all 
but the study by Lantelme et al. [27], the paced 
increase in heart rate was accompanied by a sig-
nificant rise in arterial pressure, indicating that 
the mechanism behind the rise in PWV was at 
least in part, if not entirely, due to changes in dis-
tending pressure.

Estimates of expected increases in PWV when 
transit time measurements are made between the 
carotid and femoral artery sites may be obtained 
from values of dynamic modulus change with 
frequency by Bergel et al. [23, 24]. By applying 
weights to the slopes according to the respective 

relative path lengths, the expected increase in 
PWV is of the order of 5 %/Hz. (that is, a 5 % 
increase in PWV for heart rate between 60 and 
120 beats/min). This is much lower than the aver-
age value obtained from the regression equations 
in Fig. 22.1, ranging from 16 to 35 % increase 
between heart rate of 60 and 120 beats/min. This 
indicates that the change in arterial pressure is 
driving changes in PWV beyond the viscoelas-
tic effect, and again supports the theory that the 
changes in PWV seen are blood pressure depen-
dent and that the heart rate effect is small.

 Chronic Effects
A population regression-based study of carotid- 
femoral PWV found that age, systolic pressure, 
weight, and heart rate were predictive of PWV 
in men, with the relationship between heart rate 
and PWV being linear. In women, however, 
only age and systolic pressure were found to be 
covariates [36]. Another study established a rela-
tionship between arterial stiffness and heart rate 
for both men and women, though heart rate was 
slightly less predictive in women [37]. Studies 
to date relating heart rate to PWV within indi-
viduals have not been suitably powered to detect 
differences between males and females [17, 27, 
34, 35], though such a study might provide more 
information on this relationship. An additional 
chronic effects of heart rate might be related to 
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Fig. 22.1 A summary of studies investigating the effect of 
heart rate on carotid-femoral PWV. The sample size (n) is 
also indicated by the weight of the lines. The weighted aver-
age line (dashed line) is plotted, showing a relationship of 
0.044 m/s/beat/min. The shaded area gives the region ± one 

standard deviation (Average lines are from Albaladego et al. 
[17], Haessler et al. [34], Lantelme et al. [27], Millaseau
et al. SphygmoCor results [35], and Tan, Butlin, and Avolio 
[unpublished data]. PWV has not been corrected for any 
increases in blood pressure with heart rate)
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the cumulative effects of cyclic stress. This has 
been shown to be associated with the fatiguing 
effects of cyclic stress on the structural integrity 
of elastic lamellae in the aortic wall [38].

 Heart Rate and Pulse Pressure

Heart rate is measured routinely in conjunction 
with blood pressure as a conventional procedure. In 
addition to being a cardiac rhythm parameter, heart 
rate is related to pulse wave transmission through 
the frequency characteristics of the arterial propa-
gation system [39, 40]. The transfer function of the 
brachial arterial system has a monotonic increase 
in transmission ratio up to around 4 Hz, with a 
peak ratio of around 3 Hz [39, 40]. Therefore, for 
an increase in heart rate, or an increase in the fre-
quency of the harmonics of the arterial pulse, the 
amplification of the pulse pressure increases. Thus, 
similar values of pulse pressure measured in the 
arm correspond to different values of pulse pres-
sure at the central aorta. Studies using a brachial 
transfer function and atrial pacing showed that 
pulse amplification between the central aorta and 
radial artery was estimated as 39 % for a heart rate 
of 65 beats/min and 95 % for 120 beats/min [41]. 
This amplification ratio is also age dependent, with 
decreasing amplification with age [42, 43].

Implications of Heart Rate and Pulse 
Pressure Amplification in Population 
Studies
There is greater variation of normal resting heart 
rate in the general population at any age than for 
blood pressure, yet less notice is taken of heart 
rate than blood pressure in epidemiological, clin-
ical, and pharmaceutical trials. The arterial vas-
culature exhibits amplification of the propagating 
arterial pressure pulse [34] as a function of heart 
rate. When brachial pulse pressure is used as a 
surrogate for central, aortic pulse pressure itself, 
or in determining indices of distensibility for 
central arteries (carotid artery, proximal aorta), 
any changes in heart rate can produce profound 
differences in the results when compared with 
calculations performed with the central, aortic 
pulse pressure.

The heart rate effect on pulse pressure ampli-
fication can be a potentially important phenom-
enon in assessing ventricular load (especially 
peak load due to systolic pressure) for condi-
tions where there are substantial changes in heart 
rate, such as exercise [44]. It is also important in 
large- scale studies investigating anti-hyperten-
sive agents that also affect heart rate, as small 
differences in blood pressure can be statistically 
significant and may be due to heart rate and not 
inherent blood pressure changes. The result of the 
Losartan Intervention For Endpoint reduction in 
hypertension study (LIFE) in over 9,000 hyper-
tensive subjects followed for 4 years showed that 
an angiotensin receptor blocking agent (losar-
tan) had reduced brachial blood pressure to an 
almost identical extent as a beta blocking agent 
(atenolol) [45]. For a similar reduction in blood 
pressure, losartan produced additional beneficial 
and alleged pressure independent effects such as 
improved regression of left-ventricular hypertro-
phy [45, 46]. However, atenolol caused a decrease 
in heart rate of the order of 6 beats/min. This 
meant that although brachial pulse pressure was 
identical for both agents, pulse pressure amplifi-
cation was greater with losartan due to the higher 
heart rate. Hence, aortic pulse pressure would be 
lower with losartan. For a given diastolic pres-
sure, and heart rate amplification characteristics 
[41], the difference in heart rate between the two 
drug treatments would cause an estimated dif-
ference in aortic systolic pressure of 3 mmHg. 
This, conceivably, would be significant (in a large 
cohort of over 5,000 subjects) in determining the 
pressure- related effects on the heart, such as left 
ventricular hypertrophy. Confirmation of this 
phenomenon was seen in subsequent studies (e.g. 
REASON [47], CAFE [48]) showing that the 
lowering of heart rate with a beta blocker (ateno-
lol) resulted in a sustained higher central aortic 
pressure despite a similar brachial systolic pres-
sure achieved with other antihypertensive agents.

Neglecting to account for heart rate related 
changes in pulse pressure amplification also has 
implications in the calculation of parameters of 
central arterial stiffness. A recent study [49] con-
ducted in a large cohort (n = 6,484) showed that 
resting heart rate had an independent  association 
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with arterial stiffness, even after correction for 
conventional predictors of arterial stiffness, 
including brachial systolic, diastolic, and pulse 
pressure. Arterial stiffness was quantified as 
distensibility and determined from ultrasound 
measurements of carotid diameter and MRI mea-
surements of aortic diameter coupled with the 
pulse pressure in the brachial artery obtained by 
cuff sphygmomanometry. Central aortic pres-
sures were not used in this study. Distensibility 
was related to heart rate, which spanned an aver-
age range of 50.9–78.1 beats/min between the 
first and last quintile, respectively (Table 22.1). 
As so calculated, distensibility showed a marked 
reduction with heart rate for the carotid artery 
and less so for the aorta. However, with a change 
in heart rate, the pulse pressure associated with 
the measured change in vessel caliber cannot be 
accurately measured from a peripheral and dis-
tal location such as the brachial artery due to 
the amplification of the pressure pulse between 
the central and peripheral sites. Furthermore, the 
difference between central and peripheral pulse 
pressure increases with heart rate [44, 50].
Using the amplification values reported by

Wilkinson et al. [50], which were derived in 
paced patients, for the range of heart rates in the 
study by Whelton et al. [49], the average ampli-
fication is calculated to increase from 18 % at 

50.9 beats/min to 42 % at 78.1 beats/min. Due 
to pulse amplification, for a given peripheral 
pulse pressure, the central pulse pressure would 
decrease with increasing heart rate. Hence, the 
values of distensibility calculated by Whelton 
et al. [49] would be increased by the amplifica-
tion factor for the corresponding heart rate [51]. 
These values are compared in Table 22.1, show-
ing the calculated carotid and aortic distensibility 
when corrected for the heart rate dependent pulse 
amplification. These values are used to deter-
mine a linear regression association between 
heart rate and the carotid and aortic distensibil-
ity (Table 22.1). These data demonstrate the 
significant confounding effect that pulse pres-
sure amplification can produce. When carotid or 
aortic distensibility is determined from measure-
ments of vessel caliber and peripheral (brachial) 
pulse pressure, distensibility is inversely related 
to resting heart rate. However, when distensi-
bility is computed using the central aortic pulse 
pressure, determined by the specific amplifica-
tion factors associated with the particular heart 
rate, the association virtually disappears for the 
carotid artery and indeed reverses for the aorta.

In the estimation of the corrected values for 
distensibility shown in Table 22.1, a single value 
of amplification was used for both carotid artery 
and aorta. However, this is not unreasonable as 

Table 22.1 Distensibility calculated using peripheral and central blood pressure values across different heart rates. 
Note the low slope and very low r2 value for carotid distensibility with respect to heart rate calculated using central 
pressure, and the relatively similar magnitudes of slope, opposite sign and high values of r2 for aortic distensibility 
compared to distensibility values calculated using peripheral pressure

Heart rate 
quintile

Average heart  
rate (beats/min)

Pulse  
amplification

Carotid distensibility (×10−3 mmHg) Aortic distensibility (×10−3 mmHg)

Peripheral 
pressure

Central  
pressure

Peripheral 
pressure

Central  
pressure

1 50.9 1.18 2.70 3.19 1.90 2.24
2 58.1 1.24 2.62 3.26 1.87 2.33
3 62.9 1.28 2.55 3.27 1.85 2.37
4 68.3 1.33 2.49 3.32 1.85 2.46
5 78.1 1.42 2.22 3.14 1.70 2.41

Slope (10−3 mmHg/beat/min) −0.0174 −0.0012 −0.0067 0.007
Intercept (×10−3 mmHg) 3.63 3.31 2.26 1.92

r2 0.95 0.03 0.83 0.71

Pulse pressure amplification calculated from the data of Wilkinson et al. [50] using linear regression between heart rate 
and ratio of peripheral/central pulse pressure. Distensibility using peripheral pressure determined by Whelton et al. [49] 
using brachial pulse pressure. Distensibility using central pressure uses central pressure estimated with pulse pressure 
amplification values related to heart rate
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both measurement sites are centrally located and 
close to the heart. In addition, the large cohort in 
the study of Whelton et al. [49] results in a simi-
lar mean age for all heart rate quintiles (mean 
range 61.8–62.9 years). This is also similar to the 
mean age of 63 years of the cohort of Wilkinson 
et al. [50] from which the heart rate dependent 
pulse wave amplification was determined 
(Table 22.1). So if peripheral pulse pressure is 
used as a surrogate for central aortic pressure, the 
best case is when there is very little or no pulse 
amplification, a condition that is present for very 
low heart rates or possibly very old age, in which 
case the distensibility values using brachial pulse 
pressure would be valid. In all other cases, even 
though the vessel caliber measurements using 
ultrasound or MRI might be accurate, the heart
rate effect is overestimated when using brachial 
pulse pressure and could be significantly differ-
ent when distensibility is computed using central 
aortic pulse pressure.

 Heart Rate, Arterial Hemodynamics 
and Cardiovascular Risk

The relationship between heart rate and dis-
ease is reciprocal. The physician measures and 
records heart rate because it may be an indica-
tor of disease – emotional stress, fever, thyroid 
over or under activity or arrhythmia, for example. 
In humans, heart rate is generally around 10 % 
higher in females who are generally 10 % shorter 
than males. Tall males have a greater life expec-
tancy than shorter males. However, females with 
faster heart rates outlive males, indicating inter-
action with other factors. Additionally, change 
in heart rate can cause disease. Rapid pacing of 
the heart over a period of days is a method for 
inducing cardiac failure in experimental models. 
Tachycardia from any cause can induce dilated 
cardiomyopathy in humans.

In the animal kingdom, especially among 
mammals, there is an inverse relationship 
between heart rate and life expectancy [52]. In 
human subjects, the epidemiological association 
between heart rate and cardiovascular mortality 

was first reported in 1980 in the Chicago People 
Gas Company Study [53]. The study reported an 
association between levels of heart rate and coro-
nary heart disease mortality and overall cardiovas-
cular mortality. This was followed by data from 
a later Framingham longitudinal study showing 
that an association between heart rate and sudden 
death existed for both males and females, though 
it was less marked among females [54].

Other studies such as the Paris Prospective 
Study [55] and the CORDIS Study [56] from 
Israel confirmed the relationship between resting 
heart rate and cardiovascular disease mortality 
even after adjustment for several other risk fac-
tors and other confounding factors. In the 
CORDIS Study [56], the risk for cardiovascular 
death was more than doubled in subjects with 
heart rate greater than 90 beats/min as compared 
to subjects with heart rate less than 90 beats/min.

A study of over 2,500 subjects (1,407 men 
and 1,134 women) without major cardiovascular 
 disease at the time of initial examination (65–
70 years of age) and followed up at 85 years of 
age provided evidence that heart rate had a strong 
predictive value for survival in men [57]. After 
adjustment for major risk factors (age, systolic 
blood pressure, smoking, physical activity), men 
with a heart rate greater than 80 beats/min had a 
more than 40 % reduction in the probability of 
reaching 85 years of age compared to men of the 
same age with a low heart rate (less than 60 beats/
min). However, the results of this study [57], 
along with those from the Framingham Study for 
subjects over 55 years of age [58], indicated that 
heart rate was not associated with mortality and 
longevity in females. A study of 19,386 younger 
men and women (40–69 years of age) showed that 
heart rate was a predictor of non- cardiovascular 
mortality in both men and women, but a predic-
tor of cardiovascular mortality only in men [59]. 
Interestingly, in men with a brachial pulse  pressure 
greater than 65 mmHg, a high heart rate was not 
associated with increased cardiovascular mortal-
ity. This may be related to the effect of heart rate 
on aortic pulse pressure relative to brachial aor-
tic pressure, such that for a given brachial pulse 
pressure, central aortic pulse pressure is lower for 
higher heart rates [39, 44].
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Theoretically, differences between men and 
women could at least in part be due to the rela-
tively smaller number of cardiovascular disease 
deaths in the female population, resulting in a 
lack of statistical power in the studies. However, 
other risk factors such as blood pressure have 
similar predictive values for cardiovascular dis-
ease and coronary heart disease mortality in both 
men and women. Similar results were found in a 
much larger population of more than 96,000 
women and 125,000 men [60]. In this cohort, car-
diovascular mortality was strongly associated 
with heart rate and pulse pressure in men. In 
women, only mean arterial pressure was associ-
ated with cardiovascular mortality. Thus, gender 
differences do not seem to be the exclusive con-
sequence of low death rates in women.

The association of heart rate with cardiovas-
cular disease mortality in men was mainly due to 
a strong association with coronary heart disease 
mortality and less with cerebrovascular mortality 
[59]. The Framingham Study also reported that 
the relationship between heart rate and cerebro-
vascular mortality was less significant [58]. The 
role of heart rate on cardiovascular mortality per-
sisted even after excluding deaths during the first 
2 years of the follow-up, thereby eliminating the 
hypothesis that heart rate was just an indicator of 
a severe disease [58, 59].

The relationship between heart rate and car-
diovascular risk in men has been demonstrated to 
be linear [59]. After adjustment for age, systolic 
blood pressure, total cholesterol, smoking, diabe-
tes mellitus, body mass index and physical activ-
ity, the increase in risk corresponding to an 
incremental rise in heart rate of 20 beats/min was 
40 % [59]. This is approximately equivalent to 
the risk of an elevation in systolic blood pressure 
of 15–20 mmHg.

To date the roles of heart rate and gender- 
related differences have not been entirely eluci-
dated. Women present a higher heart rate than 
men, on average between 3 and 7 beats/min 
greater [61]. Although the mechanisms for this 
difference are not clearly understood, it is gen-
erally believed that they are primarily related to 
women’s average smaller height. Studies in diver-
sified populations [62] have shown a  negative 

relationship between height and heart rate in 
both genders. Despite these results however, the 
possibility that other mechanisms regulate heart 
rate differently in men and in women cannot be 
excluded.

 Cardiac Synchrony and Arterial 
Hemodynamics

Electromechanical dyssynchrony of the heart 
chambers, a condition associated with heart fail-
ure, results in wasted workload, with internal 
blood flow (“sloshing”) within the ventricle [63]. 
The dyssynchronous motion of the ventricle 
walls results in exaggerated sideways movement, 
and increased work for the same, or reduced, car-
diac output. Cardiac dyssynchrony is treated by 
cardiac resynchronization therapy (CRT) [64, 
65], the pacing of two or more heart chambers 
with a set delay between chamber pacing. The 
efficacy of CRT is determined by optimizing the 
appropriate synchrony of the cardiac chambers to 
maximize cardiac output. Setting of optimum 
atrio-ventricular (AV) and inter-ventricular (VV) 
conduction times is often done using echocar-
diography to maximize atrial inflow [66] and so 
maximizing cardiac output, or using peripheral 
pulse measures to maximize arterial pulse pres-
sure [67–69]. However, even with attempts at 
optimizing timing parameters, not all subjects 
obtain benefits in terms of increased ejection 
fraction and improved ventricular function from 
the different optimal delay strategies [70].

In addition to the optimum time delays for 
atrial and ventricular filling and contraction to 
achieve maximal cardiac output, cardiac ejec-
tion is also influenced by the arterial load from 
both the pulmonary and systemic vasculature. 
The arterial load is determined by the steady 
component comprising peripheral resistance, 
and a pulsatile component related to the elastic 
properties of the large conduit arteries. Hence, 
with a given set of AV and VV delay times opti-
mized for particular values of load parameters, 
CRT performance would be altered by changes in 
either peripheral resistance, arterial compliance, 
or both.
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To investigate the relationship of changes in 
arterial load parameters with AV and VV delays 
to achieve maximal CRT performance, closed- 
loop computational models of the pulmonary and 
systemic circulation have been constructed using 
lumped parameter representation of the arterial 
load and variable elastance for the cardiac cham-
bers and interventricular septum with incorpora-
tion of the Frank-Starling mechanism [70, 71]. 
Increased arterial stiffness (simulated by reduc-
tion in aortic compliance) resulted in a reduction 
in the VV delay for maximal cardiac output 
(Fig. 22.2). That is, a decrease in aortic compli-
ance is associated with a relatively earlier activa-
tion of the left ventricle compared to right 
ventricular activation (a negative VV delay indi-
cates that the right ventricle contracts after the 
left ventricle). This implies that for an arterial 
system with stiff arteries, the optimum perfor-
mance of the CRT would not be obtained by the 
theoretical zero delay between the contraction of 
the left and right ventricle, but rather with an 
additional delay of contraction of the right ven-
tricle in relation to the time for contraction of the 
left ventricle.

The models [70, 71] can be used to assess the 
sensitivity for maximizing either cardiac output 
or systolic pressure as functions of large artery 
stiffness or total peripheral resistance for both 
VV and AV delays. Simulation results show that 
vascular effects on AV delay are much less 

 pronounced than that on VV delay for optimal 
cardiovascular function [71]. Hence, non-inva-
sive measurements of arterial stiffness parame-
ters (aortic pulse wave velocity) can be 
incorporated in patient specific simulations for 
synchronisation of chamber contraction by 
appropriate AV and VV delays so as to maximise 
pulse pressure or cardiac output.

 Conclusions

Although changes in heart rate are inherent in 
cardiovascular adaptive mechanisms, there is 
an emerging acceptance of heart rate being 
associated with cardiovascular risk, high 
blood pressure, and all-cause morbidity and 
mortality. The determinants of arterial pres-
sure are related to the interaction of the pulsat-
ing ventricle at a given frequency and the 
elastic and geometric properties of arteries 
determining arterial stiffness. Hence, a case 
could be made for heart rate to be considered 
as an integral parameter when performing the 
basic measurements of blood pressure and 
pulse wave velocity. In addition, heart rate is 
relevant when blood pressure is measured in a 
peripheral location (as is conventionally mea-
sured in the brachial artery) and making con-
clusion on effects of pressure on the heart 
since the relation between central aortic and 
peripheral pulse pressure depends on both the 
pressure pulse waveform characteristics and 
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Fig. 22.2 Increase in arterial stiffness (reduction of 
 aortic compliance, Cas) casues a left shift in interventricu-
lar (VV) delay (shorter delay) of maximal (optimal) 
 cardiac output. Results from a simulation using a lumped 

parameter cardioavascular model of the cardiac chambers, 
septum and pulmonary and systemic circulation [71]. For 
each value of aortic compliance the cardiac output is nor-
malized by the value in brackets
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heart rate. It follows, therefore, that heart rate 
should also be taken into account when con-
sidering cardiac effects of pharmacological 
anti-hypertensive agents and in statistical 
treatment of cardiovascular risk factors in 
large scale epidemiological studies.

There is also potential for the use of heart 
rate in other clinical interventional proce-
dures, such as correction of irregular heart rate 
due to asynchrony of the contracting cardiac 
chambers through cardiac pacing and CRT. By 
use of cardiovascular models of the heart and 
pulmonary and systemic circulation systems, 
it has been shown that arterial stiffness can 
have a significant effect in modifying AV and 
VV delays for optimal CRT performance in 
maximizing cardiac output.
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    Abstract  

  The aging changes in arterial blood pressure that are observed from con-
ventional blood pressure measurement using the brachial cuff sphygmo-
manometer are not similar to the changes that occur in central aortic 
pressure, specifi cally for systolic and pulse  pressure. This is due to the 
phenomenon of pulse pressure amplifi cation that is largely related to 
aging changes in arterial stiffness. The most pronounced effect of pulse 
pressure amplifi cation occurs in the middle age range. This chapter 
assesses the underlying concept and perception of what is considered 
“middle age” and describes the associated age-related changes in arterial 
stiffness and pulse pressure and evaluates how the changes observed in 
middle age (in this context defi ned between 40 and 60 years) can inform 
the understanding of cardiovascular risk and treatment and management 
of hypertension in the aging population.  
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  23      Pulse Pressure Amplifi cation 
and Arterial Stiffness 
in Middle Age  

           Alberto     P.     Avolio      ,     Mark     Butlin      , 
and     Athanase     D.     Protogerou     

       Middle age begins when youth fades, hopes, ambi-
tions and delights wane, and the shadows of decay 
and death are fi rst perceived. Dr John Hunt, 
President of the Royal College of General 
Practitioners,  Lancet , 1967 

      Introduction 

 Salient features of age-related changes in arterial 
pressure are the gradual increase in systolic and 
diastolic pressure during childhood and adoles-
cence, the relatively smaller rate of increase in 
systolic pressure during the middle age range 
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with relatively stable diastolic pressure, and an 
accelerated increase in systolic pressure in the 
elderly, associated with a decrease in diastolic 
pressure [ 1 ,  2 ]. This is the general age-related 
profi le obtained from brachial cuff sphygmoma-
nometer measurements of arterial blood pressure, 
suggesting a marked increase in pulse pressure in 
the young, a slight decrease in pulse pressure 
during early adulthood due to different rates of 
systolic and diastolic pressure increase [ 1 ], a 
reduced increase in pulse pressure in the middle 
age range and a larger increase in the elderly 
(Fig.  23.1 ). The importance of pulse pressure in 
the evolution of cardiovascular disease is high-
lighted in the extensive analysis of the 
Framingham data showing that pulse pressure is 
a more signifi cant predictor of cardiovascular 
events (e.g. coronary artery disease) after the fi fth 
decade of life, being superior to both systolic and 
diastolic pressure alone [ 2 ].

   The determinants of pulse pressure are related 
to cardiac ejection (stroke volume), stiffness of 
large conduit arteries, mainly the ascending aorta 
and the aortic trunk, and peripheral wave refl ec-
tion. Due to the physiological structure of the 
arterial vasculature, the central aortic pressure 
pulse generated in the ascending aorta due to car-
diac ejection undergoes change in wave shape 
such that the pulse pressure becomes amplifi ed as 
it propagates towards the periphery [ 4 ,  5 ]. The 
amplifi cation is also age dependent due to the dif-
ferent rate of age-related changes in elastic and 
geometric properties of central and peripheral 
conduit arteries [ 1 ]. Hence, the age-related 
changes in pulse pressure as measured by the bra-
chial cuff sphygmomanometer do not represent 
the changes present in the pulse pressure at the 
central aorta, the pulse pressure constituting the 
pulsatile load on the ejecting ventricle. That is, 
the relatively slow increase in pulse pressure in 
the middle age range as conventionally measured 
in the brachial artery is associated with a more 
pronounced increase in central aortic pulse pres-
sure with age (Fig.  23.1 ). 

 This chapter addresses the amplifi cation of the 
arterial pressure pulse between the central aorta 
and brachial artery observed in the middle age 
range, the age range where conventional mea-

surements of blood pressure show the lowest rate 
of age-related increase in pulse pressure. The 
amplifi cation will be related to concomitant 
changes in arterial stiffness in the aortic trunk as 
assessed by pulse wave velocity (PWV). This 
chapter will also provide an assessment of 
whether measurement of pulse pressure amplifi -
cation and PWV in middle age can offer addi-
tional prognostic information in stratifying 
cardiovascular risk for development of systolic 
hypertension in the elderly. In addition, the ques-
tion is posed whether arterial pressure and stiff-
ness related parameters in youth can be useful in 
assessing the age related changes in middle age.  

    Aging and the Concept 
and Perception of Middle Age 

 The manner in which middle age is perceived in 
the community varies with both gender and age. 
Women perceive middle age onset to be older 
than that perceived by men, and younger people 
perceive middle age onset to be younger than that 
perceived by older people [ 6 ]. Everyone, on aver-
age, perceives the onset of middle age for men to 
be younger than the onset of middle age for 
women [ 6 ]. 

 Statistically, we enter the middle third of our 
life in the mid to late 20s, and fi nish that third of 
life in the early to mid 50s. This varies between 
males and females, between regions and with 
economic status, depending on life expectancy. 
This variation aside, the statistical middle age or 
middle third of life is between 25 and 55 years 
of age. The perceptions of middle age are gen-
erally higher than the statistical measurements. 
In a 1976 study, the average perceived onset of 
middle age was around 37 years of age, and the 
onset of old age perceived to be around 62 years 
of age [ 6 ]. 

 This perception of middle age would most 
likely infl uence design and analysis of studies 
concerning middle age. In a survey of publica-
tions listed on PubMed under the search terms 
“middle age” and “blood pressure”, or “midlife” 
and “blood pressure” in the article title, the upper 
and lower limits of the “middle age” or “midlife” 
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  Fig. 23.1    Brachial and aortic pulse pressure, carotid-
femoral pulse wave velocity ( PWV   cf  , aortic) and carotid-
brachial pulse wave velocity ( PWV   cb  , brachial) changes 
with age. The ratio of brachial to aortic pulse pressure 
(pulse pressure amplifi cation,  PPA ) and aortic to brachial 
PWV (PWV cf :PWV cb ) have been calculated. The relation-

ship of pulse pressure and PWV with age is plotted from 
reported values in the study by McEniery et al. [ 1 ] with 
intercepts for PWV cb  calculated using data from Yasmin 
et al. [ 3 ]. The  shaded area  indicates the nominal middle 
age range (40–60 years)       
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range was 41 ± 6–7 ± 8 years (Table  23.1 ). Both 
the upper and lower limits in studies are mark-
edly higher than that defi ned by a statistical defi -
nition of the middle third of life. The age range 
also varied greatly between studies, with the 
lower limit varying between 30 and 47 years, and 
the upper limit 45–68 years. (It is also plausible 
that the perception and limits of middle age 
within a study are infl uenced by the age of the 
study’s author!). It raises the question: what are 
the factors that determine the defi nition of middle 
age, if it is not upon a strict statistical analysis of 
life expectancy?

   It may be that middle age, as perceived in the 
general population, is used to describe the stage in 
life where, generally, life factors have reached a 
steady state. The second and third decades are 
often associated with large life changes such as 
changes in jobs, living circumstances, and having 
children. The sixth decade onward might be asso-
ciated with an increasing occurrence of health 
complications. Indeed, middle age is quite often 
described in emotive terms as evocatively 
expressed by Dr John Hunt, president of the Royal 
College of General Practitioners in 1967: “ Middle 
age begins when youth fades ,  hopes ,  ambitions 
and delights wane ,  and the shadows of decay and 
death are fi rst perceived ” [ 7 ]. This 1967 annota-
tion defi nes middle age as between 40 and 60 
years, similar to the range cited in cardiovascular 
studies of today (Table  23.1 ), despite increases in 
life expectancy. In terms of the  principle compo-
nents of the cardiovascular system, the heart and 

blood vessels, there are ongoing changes during 
these decades of life, including marked changes in 
the rate at which indices of arterial stiffness and 
pulse pressure increase. 

 The remainder of this chapter reviews changes 
in arterial stiffness and pulse pressure amplifi ca-
tion in middle age, defi ning middle age as it is 
perceived in the general population and in cardio-
vascular studies, that is, the fi fth and sixth decade 
of life (the years between 40 and 60).  

    Arterial Stiffness in Middle Age 

    Age Related Changes in Arterial 
Stiffness 

 Large arteries generally become stiffer with age, 
as observed from measures of segmental aortic 
[ 8 ] and carotid-femoral pulse wave velocity [ 1 ]. 
However, these changes are not uniform. The 
stiffness of peripheral arteries shows a progressive 
increase with age, but the large arteries show a 
more rapid increase in stiffness with age [ 1 ,  9 ,  10 ] 
(Fig.  23.1 ). Even within the aorta itself, there are 
regional differences in the rate of stiffening, with 
some studies showing more rapid stiffening in 
the abdominal aorta [ 8 ,  11 ] and others showing 
predominant stiffening in the proximal aortic arch 
[ 12 ,  13 ]. The proximal, ascending aorta is exposed 
to much greater dilation with each heart beat than 
any other part of the aorta, or any other systemic 
artery, and is most susceptible to changes in diam-
eter and stiffness with aging [ 4 ].  

    Basic Mechanisms of Arterial 
Stiffening 

 Loss of distensibility of conduit arteries is due 
to changes in mechanical properties of the mate-
rial of the arterial wall causing alterations in 
stress/strain characteristics due to modifi cation 
of properties of load-bearing structural compo-
nents [ 14 ]. The underlying mechanisms respon-
sible for such modifi cations involve complex 
interaction between the material properties of 
connective tissue and cell signaling pathways 

    Table 23.1    Upper and lower limits of “middle age” from 
blood pressure studies   

 Mean  Minimum  Maximum 

 Lower age limit (years)  41 ± 6  30  47 
 Upper age limit (years)  57 ± 8  45  68 

  Studies taken from PubMed under the search terms “middle 
age” and “blood pressure” or “midlife” and “blood pres-
sure” in the article title (n = 33). Studies were omitted if they 
merged more than one stage of life (e.g. early and midlife), 
were a sub-section of middle age (e.g. late midlife), were 
repeated studies from a same population study in another 
article already included in the analysis, or were comment 
articles. Data were then included if the paper listed both an 
upper and lower limit of the recruitment sample (n = 12 arti-
cles). Publication dates ranged from 1993 to 2012  
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that alter the intrinsic and combined function 
of elastin, collagen, proteoglycans and glyco-
proteins of the extracellular matrix of the artery 
wall. A number of reviews address these issues 
[ 15 – 18 ] with the suggestion that the specifi c 
mechanisms can interact by way of positive or 
negative feedback pathways, depending on the 
extent of the stimulus [ 19 ]. 

    Arterial Stiffness and Intra-arterial 
Distending Pressure 
 The arterial wall components that bear the wall 
tension due to the distending pressure interact to 
produce non-linear wall mechanical properties, 
such that the wall becomes stiffer with increased 
distension. That is, the stiffness becomes pres-
sure dependent [ 20 ]. This is an important and 
intrinsic property of arterial design [ 21 ,  22 ] and 
prevents arterial rupture under high physiological 
pressures [ 14 ]. An increase in distending pres-
sure leads to an increase in stiffness, which then 
can potentiate a further increase in pulse pres-
sure. This property constitutes a potential posi-
tive feedback mechanism in relation to the 
relevance of arterial stiffness to cardiovascular 
risk, given the importance of systolic pressure, 
especially in age-related, isolated systolic hyper-
tension [ 23 ,  24 ]. 

 Thus, arterial stiffness is essentially a blood 
pressure dependent parameter. As mean arte-
rial pressure increases, so does arterial stiffness. 
It is therefore expected that as mean pressure 
increases with age, so will arterial stiffness. 
Whilst the increase in mean pressure is a factor 
in the increase seen in large artery stiffness, mul-
tiple regression analysis confi rms arterial stiff-
ness changes associated with aging are additional 
to the effect of changes in mean arterial pressure 
[ 1 ,  4 ,  25 ].  

    Mechanical Fatigue and Fracture 
of Elastin Structures 
 Fundamental characteristics of elastic materials 
are found in all structural proteins in biological 
systems, with some rubber-like proteins (e.g. 
elastin, resilin) functioning with high resilience, 
large deformability (strains), and low stiffness, 
resulting in the ability to store elastic-strain 

energy [ 26 ]. In arteries, this is a characteristic of 
both elastin and collagen, although elastin is 
much more extensible at lower strains than col-
lagen. However, just as the effi ciency of resilin 
determines the performance of insect wings dur-
ing their lifetime [ 27 ], the effi ciency of elastin is 
also a signifi cant determinant of the overall stiff-
ness of the arterial wall throughout life. From 
evolutionary considerations, it is reasonable to 
assume that the range of properties of elastic pro-
teins will predispose elastic structures that are 
subjected to repetitive strains to a high resistance 
to fracture. 

 Due to the pulsatile nature of circulatory 
design, arteries are subjected to continuous and 
repetitive strain throughout life. In human tissue, 
radiocarbon prevalence data show a range of 
half-life of 40–174 years (mean of 74 years) [ 28 ], 
making elastin the protein in the human body 
with the greatest longevity. Having such a stable 
form with minimal turnover, the question is 
whether it can be subjected to the mechanical 
degradation effects of fatigue due to repetitive 
and unceasing strain throughout life. Such con-
cepts are advanced as a mechanism of arterial 
stiffening due to elastin degradation, given the 30 
million cycles per year to which the arteries are 
exposed [ 15 ] and so passive physical elastin deg-
radation occurs with age, as distinct from active 
chemical enzymatic processes (due to matrix 
metalloproteinase activity) [ 29 ]. Evidence of 
increased degree of disorganization and fracture 
of aortic elastin associated with the total number 
of cardiac cycles throughout life was found in a 
cross-sectional study of a range of species with a 
wide range of body size, heart rate and life span 
[ 30 ]. This is complemented by structural altera-
tions due to embryonic abnormalities affecting 
the structure of elastin throughout life, with 
increased predisposition to elevated arterial stiff-
ness and associated cardiovascular risk [ 31 ]. 
These observations have been recently confi rmed 
in the aorta of mice with elastin haploinsuffi -
ciency, where increased aortic stiffness precedes 
elevation of blood pressure during postnatal 
development [ 32 ]. Other evidence of possible 
effects of fatigue on aortic elastin is obtained 
from the association of fragmentation and 
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 reduction of interlamellar fi bers and the forma-
tion of aortic aneurysms, and their progression to 
dissection and/or rupture [ 33 ]. Recent investiga-
tions in the role of elastin in arterial stiffness of 
large arteries have suggested means of reversing 
alterations to elastic fi bers as a therapeutic treat-
ment for hypertension [ 22 ].   

    Factors Associated with Arterial 
Stiffness Changes in Middle Age 

 There is increasing interest in assessing car-
diovascular changes in middle age with lon-
gitudinal studies. The Asklepios study is a 
longitudinal investigation designed to assess 
the progress of indices of arterial function in 
middle aged subjects in the age range 35–55 
years [ 34 ]. In a cohort of 2,026 subjects 
(974 men), non-invasive measurements were 
obtained of carotid artery pressure, central aor-
tic blood fl ow and carotid- femoral PWV from 
which were derived frequency spectra of aor-
tic input impedance, characteristic impedance, 
refl ection coeffi cient, refl ection magnitude, and 
augmentation index [ 35 ]. Between the extremes 
of the age range, PWV increased by 15 % (6.1–
7.0 m/s) both in men and women. Input imped-
ance spectra suggested differential changes in 
men and women where, in women, an increase 
in input impedance in the low frequency range 
was associated with reduced aortic compli-
ance, changes that were not observed in men. 
Characteristic impedance did not show any sig-
nifi cant increase and was not found to be a major 
determinant of central aortic pulse pressure in 
the age range. Carotid augmentation index was 
higher in women than in men and showed a sig-
nifi cant age-related increase. Refl ection coef-
fi cient and refl ection magnitude also increased 
with age in both genders. Findings of the initial 
analysis of the Asklepios cohort indicate that 
in healthy, middle-aged subjects of both gen-
ders, age-related increase in arterial stiffness 
as measured by PWV was not fully explained 
by changes in aortic impedance. This suggests 
changes in aortic dimensions, with possible 
age-related differential increase in wall thick-

ness and cross-sectional area, or that charac-
teristic impedance ought best be expressed in 
terms of velocity fl ow, rather than volume fl ow 
(i.e. in dynes/s/cm −3  rather than dyne/s/cm −5 ). 
This is discussed in Chap.   1     of this book and the 
McDonald text [ 4 ]. 

 In a study of middle age men (in this case 
30–50 years), the major predictors of carotid- 
femoral PWV were found to be age, body mass 
index, and diastolic blood pressure [ 36 ]. Whilst 
the positive association between body mass index 
and PWV might be expected, other studies have 
shown a more varied response in investigating 
body fat percentage. Body fat percentage was 
shown to have a negative association with tho-
racic aortic PWV, as measured by magnetic reso-
nance imaging, up until the age of 50 years in 
men and women [ 37 ]. This was reversed for indi-
viduals over 50 years, where body fat percentage 
was positively correlated to thoracic 
PWV. Mechanistically, this could be due to body 
fat unloading (compressing) the more distensible, 
younger aorta, but not the less distensible, older 
aorta.   

    Pulse Pressure in Middle Age 

    Age Related Changes in Pulse 
Pressure 

 During middle age, the rate of change of both 
brachial and aortic pulse pressure increases. In a 
normotensive early adult population, brachial 
pulse pressure has been shown to decrease due to 
greater rates of increase in diastolic pressure than 
systolic pressure [ 1 ]. Following a brief plateau 
around the third decade of life [ 2 ], brachial pulse 
pressure increases much more rapidly, driven by 
a continuing increase in systolic pressure, but 
also a decrease in diastolic pressure [ 2 ]. Widening 
of the brachial pulse pressure is larger in women 
than it is in men [ 1 ]. Aortic pulse pressure shows 
a similar trend. However, the increase in aortic 
pulse pressure is greater than the increase in bra-
chial pulse pressure with age, and consistently 
increases with age including during early adult-
hood [ 1 ]. This pattern of a small but steady 
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increase in aortic pulse pressure in the second 
and third decade of life, and a more rapid increase 
in the fourth decade onward, is mimicked in the 
stiffness of the aorta, as measured by carotid- 
femoral pulse wave velocity [ 1 ] (Fig.  23.1 ). 
Comparison of rate of change of pulse pressure 
associated with the rate of change in central aor-
tic and brachial PWV elucidate the underlying 
structural mechanisms of the change in pulse 
amplifi cation during middle age. 

 Whilst large studies investigate the population 
average, it is important to consider the environ-
ment and lifestyle of the individual on the changes 
in brachial pulse pressure with age. For example, 
regular exercise has been shown to decrease rest-
ing pulse pressure in individuals over 50 years of 
age, but has the opposite effect in increasing the 
resting pulse pressure of individuals under 30 
years of age [ 38 ]. This again indicates the pres-
ence of fundamental changes to the heart and 
vasculature during middle age that impact on 
pulse pressure, such as interaction of changes in 
heart rate and stroke volume.  

    Determinants of Pulse Pressure 

 Pulse pressure at the aortic root results from the 
interaction of ventricular ejection and the vascu-
lar load. Under steady state, the vascular load can 
be expressed as the input impedance and 
described in the frequency domain. Early in the 
systolic ejection phase, blood fl ow and pressure 
are related by the characteristic impedance (Z c ) 
determined by the aortic geometry and wall stiff-
ness. Z c  is proportional to the square root of the 
wall elastic modulus and inversely proportional 
to cross-sectional area (assuming constant ratio 
of wall thickness to diameter) [ 4 ]. That is, age- 
related changes in aortic root properties will 
affect age-related changes in aortic pulse pres-
sure. However, Z c  is not proportional to cross- 
sectional area if expressed in terms of blood fl ow 
velocity (dyne·s·cm −3 ), which is desirable in 
terms of scaling [ 4 ]. 

 Due to the dispersive nature of wave 
 propagation, the pressure pulse generated at the 
aortic root is also affected by wave refl ection 

emanating from multiple sites of geometric and 
elastic mismatch, with the refl ection magnitude 
and time of arrival affecting the amplitude of aor-
tic pulse pressure. Since the ascending aorta con-
stitutes a large part of the storage capacity, that is, 
the arterial compliance, the aortic pulse pressure 
is largely determined by the reservoir Windkessel 
function of the proximal aorta [ 39 ,  40 ]. Indeed, 
pulse pressure can be modifi ed by a passive elas-
tic wrap around the proximal aorta where the 
diameter is reduced thereby unloading the stiff-
ened wall, and where the strain is taken up by a 
more elastic material [ 41 ]. 

 Modifi cations of determinants of aortic pulse 
pressure in middle age occur in conditions asso-
ciated with increased cardiovascular risk. Type 1 
diabetes has been shown to be associated with an 
increase in aortic impedance [ 42 ]. In the specifi c 
middle age cohort of the Asklepios study [ 43 ], 
type 2 diabetes was associated with increased 
aortic root and carotid-femoral PWV, increased 
aortic Z c , reduced total arterial compliance and 
reduced magnitude of wave refl ection.  

    Pulse Pressure and Cardiac Factors 
in Middle Age 

 The increase in pulse pressure in the middle age 
range (Fig.  23.1 ) is determined by the age-
related changes in cardiac and vascular factors. 
In general, the changes in cardiac factors (stroke 
volume, heart rate) predominantly affect the 
beat-to-beat changes in pulse pressure, whereas 
the modifi cations of arterial stiffness properties 
affect the overall values of pulse pressure in a 
steady state. However, sustained changes in car-
diac parameters will also affect the steady state 
condition of pulse pressure. The differentiation 
of age-related contribution of cardiac parame-
ters is important in assessment of cardiovascular 
function, since high pulse pressure in the young 
may be predominantly related to a hyperkinetic 
heart [ 44 ] while in the elderly it is largely due to 
reduced distensibility of the proximal aorta 
leading to increased incident pressure, aug-
mented by the effects of early return of wave 
refl ection [ 15 ]. 
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    Stroke Volume 
 The contribution of stroke volume to aortic pulse 
pressure is age-dependent. In a study of a cohort 
of untreated hypertensive males (age 17–76 
years) [ 45 ], brachial pulse pressure showed 
lower values in the age range of 30–50 years 
compared to age <30 and 50–60 years. That is, it 
exhibited a curvilinear relationship with age 
with a minimum in the 30–50 year range. The 
reduced supine pulse pressure was associated 
with a reduced stroke index (stroke volume nor-
malized for body surface area). There was a rela-
tively larger decrease in stroke index for upright 
measurements. However, after age 50 years, 
pulse pressure increased despite a reduction in 
stroke index. The ratio of stroke volume to pulse 
pressure was used as an estimate of total arterial 
compliance, and 24-h pulse pressure was shown 
to have a positive association with stroke volume 
and negative association with arterial compli-
ance before age 50. After age 50 there was no 
association with stroke volume. Although stroke 
volume was measured non-invasively using bio-
impedance techniques, relative changes provide 
informative comparisons. This study shows that 
the transition of the fi fth to sixth decade, that is, 
the midpoint of the middle age range as consid-
ered in this chapter (40–60 years), marks the 
transition point where stroke volume does not 
contribute to the rise in pulse pressure with age. 
More data are required to confi rm the fi ndings 
from this single study [ 45 ].  

    Heart Rate 
 Although there is an intrinsic variability in rest-
ing heart rate (HR), the average HR generally 
decreases with age. In a normotensive cohort [ 1 ], 
average resting HR was found to be 73 ± 12 
beats/min in men and 76 ± 12 beats/min in 
women for the second decade. This decreased to 
62 ± 10 beats/min and 66 ± 10 beats/min in the 
eighth decade. In the middle age range of the 
fi fth and sixth decade, it was relatively constant 
(65 ± 11 beats/min in men; 68 ± 10 beats/min in 

women) [ 1 ]. However, changes during physical 
activity are highly variable and depend largely 
on a  complex array of parameters that constitute 
the paradigm of “physical fi tness”. Hence, stud-
ies aimed at assessing the intrinsic effect of 
aging also assess the age-related differences in 
HR with exercise [ 46 ]. Age is associated with 
both a decrease in maximal HR during exercise 
as well as spontaneously recorded HR at night or 
during the day. Generally, the resting or average 
HR does not show an apparent age dependency. 
The average difference between maximum and 
minimum HR during exercise decreases from 40 
to 30 beats/min up to age 40 years. However, 
after age 40 it remains constant [ 46 ]. This implies 
that the beginning of the middle age range of 
40–60 years marks the transition where there is 
no age effect on the average difference of the 
extremes of HR at rest and during exercise and 
may be a refl ection of reduced exercise capacity 
in older persons. 

 The implications of change in HR are two- 
fold. First, the acute changes in cycle time mainly 
affect the diastolic portion of the cardiac cycle 
thus modulating diastolic pressure, and for a 
given stroke volume would result in increased 
systolic pressure as well as changes in aortic 
pulse pressure. Secondly, since pressure pulse 
amplifi cation between the aorta and periphery is 
HR dependent [ 47 ], this would also result in 
changes in the measured pulse pressure using the 
conventional cuff sphygmomanometer.    

    Pulse Pressure Amplifi cation 
in Middle Age 

 Pulse pressure amplifi cation is a measure of the 
increase in the systolic to diastolic arterial pres-
sure difference (pulse pressure) between two vas-
cular sites. Most commonly, it is the ratio of the 
arterial pulse pressure at a site distal to the heart 
to the pulse pressure at a site proximal to the 
heart (Eq.  23.1 ).
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  Pulse pressure amplifi cation is also sometimes 
reported simply as the difference between the 
pulse pressure at the two sites, or the difference 
in pulse pressure at the two sites divided by the 
proximal site pulse pressure. The different meth-
ods of calculating pulse pressure amplifi cation 
yield parameters that shows similar trends, how-
ever, whether a normalized (ratio) or absolute 
(difference) parameter of pulse pressure amplifi -
cation has stronger clinical signifi cance remains 
to be established [ 48 ]. Throughout this chapter, 
the more commonly used ratio of distal to proxi-
mal pulse pressure will be used. 

 It must be noted that the notion of “pulse 
amplifi cation” is not similar to the concept of sig-
nal amplifi cation, where the amplifi ed signal con-
tains additional energy (as in amplifi cation of 
electrical signals by an additional energy source). 
The pressure wave undergoes a change in wave 
morphology during propagation towards the 
periphery, such that the wave undergoes a ‘distor-
tion’ where the pulse amplitude is higher, and 
consequently the peaks become narrower with 
the same energy in the wave. In fact, the periph-
eral wave contains slightly less energy due to the 
effects of viscous damping. The ‘distortion’ is 
due to the frequency-dependent transfer function 
characteristics between the two sites [ 49 ,  50 ]. 

    Pulse Pressure Amplifi cation 
in the Upper Limb 

 Most commonly, pulse pressure amplifi cation 
specifi cally refers to the amplifi cation of the 
pressure pulse between the aortic arch and the 
brachial artery. The amplifi cation of the pressure 
pulse from the aorta to the peripheral large arter-
ies is seen mostly in a higher systolic pressure at 
the periphery than at the aorta, with diastolic 
pressure being approximately equal at the two 
sites [ 5 ,  51 ]. However, because of the frequency 
dependency of the arterial transfer function, pulse 
amplifi cation would necessarily depend on the 
signal spectral content and so on pulse waveform. 
The important implication of this is that the rela-
tionship between central aortic systolic pressure 
and measured peripheral systolic pressure is 

 variable and depends on the shape of the arterial 
pulse. Thus, with mathematical quantifi cation 
and model implementation using non-invasive 
applanation tomometry or other means of pulse 
detection, pulse wave analysis techniques have 
emerged such that the combination of the con-
ventional brachial sphygmomanometer and the 
peripheral pressure pulse can enhance assess-
ment of cardiovascular function [ 52 ]. The quanti-
fi cation of pulse amplifi cation in the upper limb 
has resulted in value-added information. Non- 
invasive measurement of central aortic systolic 
and pulse pressure provide improved assessment 
of cardiovascular risk [ 53 – 55 ], better understand-
ing of blood pressure guidelines in relation to 
corresponding values of central aortic systolic 
pressure for normotensive and hypertensive 
bands [ 55 ] and improved means of guiding anti- 
hypertensive therapy [ 56 ]. Current guidelines, 
such as those of the European Society of 
Hypertension and European Society of 
Cardiology [ 57 ] do not yet recommend the adop-
tion of central aortic pressure measurement in 
clinical practice, except in diagnosis of isolated 
systolic hypertension in the young, where high 
brachial systolic pressures may be due to pres-
sure amplifi cation in the presence of normal cen-
tral, aortic pressures [ 58 ]. 

 Although in middle age there is little change 
in brachial pulse pressure from the end of the 
fourth to the sixth decade, a much larger change 
is seen in central aortic pulse pressure [ 1 ,  59 ]. In 
the Asklepios study [ 59 ], a longitudinal investi-
gation specifi cally designed to assess changes in 
middle age, pulse pressure amplifi cation varied 
between 1.08 for women in the oldest category to 
1.25 for men in the youngest category of the mid-
dle age range. In addition, pulse pressure amplifi -
cation was generally higher in men (average of 
1.20) compared to women (average of 1.13) and 
decreased with age in both men and women [ 59 ].  

    Pulse Pressure Amplifi cation 
in the Lower Limb 

 In the absence of atherosclerotic plaques causing 
reduction in lumen cross-sectional area, the lower 
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limb also manifests similar pulse wave amplifi ca-
tion. Invasive measurements of pressure in the 
femoral artery and in vessels in the foot show an 
average pulse amplifi cation of 1.35 for subjects 
younger than 35 years decreasing to 1.28 in older 
subjects [ 60 ]. Although pulse amplifi cation var-
ied with acute vasoactive interventions and other 
stimuli (Valsava maneuver), it did not differ in 
patients with ischemic heart disease [ 60 ]. 

 As a diagnostic measurement, lower limb 
pulse pressure amplifi cation is incorporated in 
the ankle-brachial index (ABI, ratio of ankle and 
brachial systolic pressure) for assessment of 
peripheral arterial disease. While ABI is conven-
tionally obtained using sequential brachial and 
leg cuff placements with the addition of a Doppler 
fl ow measurement, simultaneous brachial and 
ankle measurement using oscillometric blood 
pressure sphygmomanometry has been found to 
give similar results [ 61 ]. However, since lower 
limb pressure amplifi cation is generally con-
founded by atheromatous lumen encroachment, 
discussion of hemodynamic and vascular corre-
lates are beyond the scope of this chapter.  

    Age-Related Changes in Pulse 
Pressure Amplifi cation and Arterial 
Stiffness 

 Amplifi cation of pulse pressure with age between 
the aorta and brachial artery and change in arte-
rial stiffness as measured by PWV is shown in 
Fig.  23.1  from a study of a large cohort assessing 
normal vascular aging in both men and women 
[ 1 ]. The study illustrates the marked gender dif-
ference in profi les of changes of brachial and 
central aorta pulse pressure and brachial and aor-
tic PWV. The specifi c relevance of middle age is 
quantifi ed by the association of the pulse pres-
sure amplifi cation (PPA) and the vascular stiff-
ness gradient computed as the ratio of aortic to 
brachial PWV (PWV carotid-femoral :PWV carotid-brachial ). 
The rate of change of stiffness gradient is greater 
in women compared to men. This is also associ-
ated with a steeper increase in brachial pulse 
pressure in women compared to men. These 

associations occur before the onset of middle age 
in women and during middle age in men 
(Fig.  23.1 ). This concept of stiffness gradient has 
been used in assessment of compensatory mecha-
nisms in dialysis patients [ 62 ], however, the 
potential use of these parameters in age-related 
predictive models is still not known.  

    Determinants of Pulse Pressure 
Amplifi cation 

 The amplifi cation of the pressure pulse from the 
aorta to peripheral sites of the arterial tree is due 
to the progressive vascular impedance mismatch 
along the arterial path length due to elastic and 
geometric non-uniformity and to the intensity 
and timing of wave refl ection from peripheral 
resistance beds [ 4 ,  15 ]. With the assumption of an 
invariant and stationary system, the relationship 
of the pulse pressure between a central and 
peripheral site is described in the frequency 
domain in terms of a transfer function, where the 
modulus is the amplifi cation factor of the fre-
quency components and the phase describes the 
time delay. The transfer function of the upper 
limb arterial path length (between the aorta and 
radial artery) exhibits a spectrum where the trans-
mission ratio increases with frequency from unity 
at zero frequency to a maximum of approxi-
mately 3.0 at around 3–4 Hz, after which it 
decreases towards and below unity with increas-
ing frequency [ 49 ,  50 ]. 

 The implication of the spectral characteristics 
of arterial transfer functions as observed in the 
brachial artery is that pulse pressure amplifi cation 
becomes heart rate dependent. Acute increases 
in heart rate have been shown in a cardiac pac-
ing study to cause an increase in pulse pressure 
amplifi cation [ 47 ]. Despite no change in brachial 
pulse blood pressure with increasing heart rate, the 
study by Wilkinson et al. [ 47 ] showed a consistent 
decrease in aortic pulse pressure with increasing 
heart rate, resulting in a change in pulse pressure 
amplifi cation. There was no change in aortic stiff-
ness, and the ratio of the unaugmented aortic pres-
sure to brachial pressure did not change with heart 
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rate. This indicated that pulse pressure amplifi ca-
tion changed with heart rate due to changes in 
the augmentation of the aortic pressure pulse. A 
cross-sectional study investigating the carotid-
brachial pulse pressure amplifi cation showed a 
heart rate dependent increase in pulse pressure 
amplifi cation for hypertensive subjects with a 
heart rate greater than 80 bpm [ 63 ], highlight-
ing the interaction between beta-blocker agents 
and pulse pressure amplifi cation, as was later 
confi rmed in other larger studies [ 64 ]. However, 
these studies did not assess the differential impact 
of age-related change in pulse amplifi cation, and 
specifi cally in the middle age range. 

 Although the principal determinants of pulse 
amplifi cation are differential age-related arterial 
mechanical properties along the arterial tree, 
there are other associative determinants that have 
been shown to be independent of age. Pulse pres-
sure amplifi cation is greater in males than in 
females [ 1 ], it is affected by the presence of 
hypertension [ 65 ], diabetes [ 65 ], posture [ 51 ], 
body fat [ 66 ] and acute exercise [ 5 ].  

    Implications of Pulse Pressure 
Amplifi cation 

 Pulse pressure amplifi cation presents a signifi cant 
confounder in the assessment of central hemody-
namics from the conventional brachial cuff sphyg-
momanometric measurement due to the variable 
association between brachial and aortic systolic 
pressure in individual subjects [ 1 ,  5 ,  55 ]. However, 
pulse pressure amplifi cation, as a metric in itself, 
has been proposed as a potential biomarker of 
cardiovascular risk [ 54 ]. This has implications in 
both the categorization of hypertension in terms 
of established guidelines as well as in the pharma-
cological treatment and management of hyperten-
sion [ 55 ,  65 ,  67 ]. Since the advent of techniques 
for the use of pulse wave analysis and non-inva-
sive measurements of central aortic pressure [ 52 ], 
evidence has emerged of the marked differential 
effects of antihypertenive agents on peripheral 
and central aortic systolic pressure [ 68 ]. The cur-
rent general consensus is that there are signifi cant 

differences between classes of antihypertensive 
agents on pulse pressure amplifi cation. Generally, 
angiotensin  converting enzyme inhibitors, angio-
tensin receptor blockers, dihydropyridine calcium 
blockers, and nitrates, show a greater effect on 
the difference between central and peripheral 
systolic pressure than diuretics and beta blockers 
[ 64 ,  68 ]. These differential effects in combination 
with the variable gender effects of pulse pres-
sure amplifi cation and arterial stiffness gradient 
in men and women seen around the middle age 
range (Fig.  23.1 ) will present additional chal-
lenges for effective treatment and management of 
hypertension.   

    Predictive Aspects of Pulse 
Pressure, Pulse Pressure 
Amplifi cation, and Arterial Stiffness 
Changes in Middle Age 

    Clinical Risk Prediction 

 To established the validity of central aortic 
pressure and pulse wave velocity in clinical 
management, there is an increasing number of 
meta-analyses aimed at providing quantitative 
associations with cardiovascular risk [ 69 ,  70 ]. 
Generally, studies suggest that aortic pulse pres-
sure [ 53 ], and pulse pressure amplifi cation [ 54 ] 
are independent predictors of mortality in the 
general population. However, the data are not 
consistent. In men aged between 40 and 80 years, 
pulse pressure amplifi cation is associated with 
an expected lower carotid to femoral pulse wave 
velocity, a reduced carotid intima-media thick-
ness, and a lower risk of coronary heart  disease 
by the Framingham risk scale [ 71 ]. In elderly 
patients, greater than 80 years of age, a lower 
pulse pressure amplifi cation is a predictor of mor-
tality and cardiovascular events, and a stronger 
metric than brachial blood pressure alone [ 72 ]. 
Although these studies provide substantial infor-
mation on age-related changes and cardiovascu-
lar risk, the capacity of using data in the middle 
age range for prediction cardiovascular risk in the 
later years has not yet been established.  
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    Risk Scores and the Concept 
of “Vascular Age” 

 Aging is a major determinant of cardiovascular 
risk. However, the concomitant but variable func-
tional changes that are manifest in age-related 
changes in arterial pressure are essentially due to 
changes in the vasculature that are expressed as 
increase in large artery stiffness and peripheral 
vascular resistance. There has been increasing 
interest in the association between the chronologi-
cal age and the aging of the vasculature to fi nd 
metrics and parameters that can quantify early 
vascular aging [ 73 ]. There are no data explicitly 
addressing the relevance of the rate of change in 
cardiovascular function in the middle age range 
with respect to early vascular aging. However, 
there are attempts at identifying accelerated early 
vascular aging that may be associated with clus-
ters of factors of cardiovascular risk [ 73 ]. As in 
the case where the stiffness gradient between cen-
tral aorta and peripheral limbs may be a potential 
biomarker for cardiovascular function [ 62 ], a 
similar metric may be obtained as the age-related 
relative increase in peripheral resistance and aor-
tic stiffness to be associated with future cardio-
vascular events. In this context, the changes seen 
during the middle age range may have a signifi -
cant role. Indeed, the rate of change during mid-
dle age could be an integral part of the complex 
cardiovascular aging continuum [ 74 ].   

    Conclusions 

 The changes in large artery stiffness that occur 
with age were evident from the pulse wave pat-
terns in the early use of the sphygmogram, 
 preceding the use of the sphygmomanometer 
[ 4 ]. Arterial stiffness changes are inherent in 
the age- related changes in pulse pressure that 
occur at the onset of middle age (defi ned in this 
context between 40 and 60 years). The assess-
ment of arterial pressure using the conven-
tional brachial cuff sphygmomanometer as a 
major factor of cardiovascular risk and central 
end organ damage is confounded by the pulse 
pressure amplifi cation phenomenon, leading to 
variable differences in peripheral (measured) 

and central aortic systolic pressure. A signifi -
cant impact of this is seen in the middle age 
range where the measured (brachial) change in 
pulse pressure is relatively small, whereas a 
much greater change occurs in the same age 
range for central aortic pulse pressure. There is 
an increase in available methods and devices 
for non-invasive measurement of central aortic 
pressure, both as offi ce and as 24-h measure-
ments, and pulse wave velocity, pulse pressure 
amplifi cation and arterial stiffness. These 
parameters in middle age may emerge as sig-
nifi cant in improving cardiovascular risk 
assessment, risk reclassifi cation and risk pre-
diction for the aging population beyond the 
time in life when “..  the shadows of decay and 
death are fi rst perceived ”.     
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    Abstract 

 Over the past several decades much has been learned about arterial stiff-
ness and central blood pressure (BP) and their relations to left ventricular 
(LV) remodelling and hypertrophy. In addition, the impact of central 
hemodynamics on LV performance and the development of clinical heart 
failure is under active investigation and is of particular importance from a 
public health and therapeutic standpoint. The ability to examine these top-
ics has been vastly accelerated by the development of reliable, noninvasive 
technology to permit evaluation of cardiac and vascular structure and 
function on an epidemiologic scale. The present review will discuss data 
regarding the interaction of arterial stiffness and central BP with LV struc-
ture and function; the impact of arterial stiffness on the development of 
heart failure, particularly with preserved ejection fraction, will also be 
discussed.  
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       Over the past several decades much has been 
learned about arterial stiffness and central blood 
pressure (BP) and their relations to left ventricu-
lar (LV) hypertrophy and geometry. Central arte-
rial BP and measures of arterial stiffness derived 
therefrom are of particular importance because 
central BP represents the load placed on the LV 
and large coronary and cerebral arteries that 
develop stenosis and occlusion, and because cen-
tral BP is variably lower than brachial BP due to 
the invasively-documented phenomenon of 
pulse-pressure amplifi cation [ 1 – 3 ]. In addition, 
the impact of central hemodynamics on LV per-
formance and the development of clinical heart 
failure is under active investigation and is of par-
ticular importance from a public health and ther-
apeutic standpoint. The ability to examine these 
topics has been vastly accelerated by the develop-
ment of reliable, noninvasive technology to per-
mit evaluation of cardiac and vascular structure 
and function on an epidemiologic scale. The 
present review will discuss data regarding the 
interactions of arterial stiffness and central BP 
with LV structure and function. The impact of 
arterial stiffness on the development of heart fail-
ure, particularly with preserved ejection fraction, 
will also be discussed. 

    Relation of Central BP and Arterial 
Stiffness to LV Remodelling 

    Methodologic Considerations 

    LV remodelling may be characterized an increase 
in LV mass (hypertrophy) and/or abnormal rela-
tive wall thickness (concentric geometry). LV 
mass and relative wall thickness can be deter-
mined by a variety of methods, with almost all 
data derived from transthoracic echocardiogra-
phy. LV mass can be accurately calculated from 
linear measurement of LV wall thicknesses and 
internal diameter at mid cavity using an autopsy- 
validated formula [ 4 ,  5 ]. In view of the strong 
dependence of LV mass on body size in normal 
individuals, it is optimal to adjust absolute LV 
mass for differences in body size. Although body 
surface area is most commonly used, adjustment 
of LV mass for its allometric relation to height 

(ht 2.7 ) better detects increases in LV mass related 
to obesity [ 6 ]. 

 Relative wall thickness is calculated as poste-
rior wall thickness/chamber radius. It is used to 
classify LV geometry into one of four patterns 
(normal, eccentric hypertrophy, concentric 
hypertrophy, and concentric remodeling 
[Fig.  24.1 ]). These patterns refl ect differences in 
underlying hemodynamic abnormalities related 
to hypertension [ 7 ]. Recently, it has been sug-
gested that further subdivision of concentric and 
eccentric LV hypertrophy into subgroups with or 
without LV chamber dilatation helps stratify LV 
function and systemic hemodynamics more pre-
cisely [ 8 ,  9 ]. However, whether this classifi cation 
strengthens relations between arterial stiffness 
and LV geometry has not yet been evaluated.

   Normative values for LV mass vary according 
to gender. Greater LV mass in men cannot be 
fully accounted for by larger body size and may 
relate to differences in fat-free mass [ 10 ,  11 ]. 
Based on refi nements in image quality and cumu-
lative analyses in large international populations, 
116 g/m 2  or 48 g/ht 2.7  in men and 96 g/m 2  or 44 g/
ht 2.7  in women are currently recommended as the 
upper limits of normal for LV mass index [ 5 ]. 
The upper normal limit for relative wall thickness 
is 0.42 [ 5 ]. 

 Although the importance of blood pressure as a 
stimulus to LV hypertrophy has long been known, 
measures of brachial BP account for a relatively 
modest amount of variability in LV mass. Thus 
alternate indices of ventricular afterload have been 
developed, validated, and examined. Central BP, 
i.e., BP in the ascending aorta, differs from bra-
chial BP to a variable extent based on pulse pres-
sure (PP) amplifi cation. Because central BP more 
closely refl ects loading conditions of the LV myo-
cardium and coronary and cerebral vasculature, it 
better predicts cardiovascular target organ damage 
and clinical disease than does brachial BP, as dis-
cussed below. Similarly, arterial stiffness and 
selected measures of pulse wave transmission may 
better represent changes in physical properties of 
the conduit arteries. However, the extent to which 
arterial stiffness promotes LV hypertrophy is 
strongly infl uenced by the method by which arte-
rial stiffness is estimated, i.e., the extent to which 
the stiffness parameter varies with changes in 
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 distending pressure. This phenomenon will be 
considered as different measures of arterial stiff-
ness are discussed.  

    Central BP and LV Remodelling 

 It has been fi rmly established that brachial sys-
tolic BP (including ambulatory) is more strongly 
related to LV mass than is brachial PP [ 12 – 14 ]. 
Similarly, we demonstrated in the Strong Heart 
Study a stronger relation of central systolic BP 
than central PP to LV remodelling (both LV mass 
index and relative wall thickness) [ 15 ]. 
Importantly, central systolic BP bore a signifi -
cantly stronger relation with LV remodelling than 
did brachial systolic BP. Central systolic BP was 
likewise found to correlate better than brachial 
systolic BP with LV mass in a large Taiwanese 
population [ 16 ], and central PP was found to 
relate to LV mass independent of brachial PP in a 
South African population-based study [ 17 ].  

    Arterial Stiffness and LV Remodelling 

 A variety of techniques are available for non- 
invasive assessment of arterial stiffness [ 18 ]. The 
extent to which estimates of arterial stiffness 

 promote LV remodelling is largely a function of 
their dependence on distending pressure. Thus 
we have found that elastic modulus, a pressure- 
dependent measure, is signifi cantly related to LV 
mass index, whereas the arterial stiffness index 
(β), a pressure-independent measure, is not [ 19 ]. 
However, the arterial stiffness index was directly 
related to relative wall thickness and thereby to 
concentric LV geometry. Although younger and 
older hypertensive subjects had comparable over-
all LV mass, relative wall thickness was signifi -
cantly higher in older hypertensive subjects 
associated with higher arterial stiffness [ 19 ]. As a 
corollary, among 271 untreated hypertensive sub-
jects, we found elastic modulus to track with sys-
tolic blood pressure and therefore to be highest in 
the group with concentric LV hypertrophy [ 20 ]. 

 The pattern of LV concentric remodelling 
(high relative wall thickness and normal LV 
mass) in hypertensive individuals is also associ-
ated with abnormally high effective arterial elas-
tance (Ea), higher peripheral resistance, and 
lower LV systolic function. In addition, 
ventriculo- vascular coupling, calculated as Ea/
Ees (where Ees is the ratio of end-systolic pres-
sure to LV end-systolic volume), is increased 
among hypertensive patients with increased 
effective arterial elastance, indicative of subopti-
mal mechanical effi ciency [ 21 ]. Concentric LV 
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  Fig. 24.1    Classifi cation of LV geometric patterns based on LV mass index and relative wall thickness (Adapted from 
Ref. [ 7 ])       
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remodelling was also directly related to pulse 
wave velocity – infl uenced by the level of arterial 
distending pressure – among middle-aged and 
older hypertensive patients studied by Schillaci 
et al. [ 22 ]. 

 Among 1,315 normotensive and untreated 
hypertensive subjects, Chen et al. found echocar-
diographic LV mass to be directly related to arterial 
compliance calculated as LV stroke volume/bra-
chial pulse pressure [ 12 ], consistent with the known 
importance of stroke volume as a stimulus to LV 
hypertrophy [ 23 ] but also possible autocorrelation 
between mass and stroke volume as both were cal-
culated from similar measurements. In addition, 
LV mass was directly related to elastic modulus 
and inversely to arterial elastance, similar to our 
fi ndings [ 21 ]. Importantly, in multivariate analyses 
in this study, the measures of arterial stiffness 
examined (elastic modulus, carotid augmentation 
index, and pulse wave velocity) were only indepen-
dently related to LV mass when blood pressure was 
excluded from the analyses, underscoring the pres-
sure-dependence of these parameters.   

    Relations of Arterial Stiffness 
and Central BP to LV Systolic 
and Diastolic Function 

 Invasive measurement of LV pressure and vol-
ume and determination of arterial elastance 
document an age-associated increase in arte-
rial stiffness which is mirrored by an increase 
in ventricular stiffness, even in the absence of 
hypertrophy [ 24 ]. Although ventriculo-vas-
cular coupling is maintained on average, there 
is a much greater sensitivity of systolic BP to 
changes in LV preload. In a rat model of aortic 
stiffness (induced elastocalcinosis), prolonged 
exposure to increased aortic stiffness (character-
istic impedance) led to LV hypertrophy, fi brosis 
refl ected as increase in collagen content, and a 
shift in the myosin heavy chain isoform pattern 
[ 25 ]. This latter phenomenon prolongs systolic 
ejection to maintain contractile performance but 
shortens diastole in the setting of increased myo-
cardial stiffness. These important experimental 
observations have been followed by a number 

of  non- invasive investigations of the chronic 
impact of arterial stiffness on LV function and 
its clinical implications. 

 Using non-invasive echocardiographic param-
eters and estimated end-systolic pressure, 
Redfi eld et al. examined ventricular and vascular 
stiffening in 2,042 participants in a population- 
based (Olmstead County, Minnesota) study 
(Rochester Epidemiology Project) [ 26 ]. Similar 
to the earlier invasive study, both ventricular and 
vascular stiffening–estimated from Doppler 
echocardiography and brachial BP as vascular 
(Ea) and ventricular (Ees) elastances–increased 
with age. Notably, values were higher in women 
than in men, and ventricular stiffness increased 
more steeply in women. These fi ndings were 
independent of symptom status and provided 
support for the authors’ hypothesis that parallel 
arterial and ventricular stiffening might account 
for age-related heart failure with preserved 
 ejection fraction (HFPEF), especially in women. 
Of note, the authors also confi rmed age-associ-
ated concentric remodelling (increase in relative 
wall thickness), particularly in women. 

 As further evidence of a potential link between 
arterial stiffening and diastolic dysfunction as a 
potential mechanism for HFPEF, aortic and bra-
chial PPs, but not carotid-femoral pulse wave 
velocity (infl uenced by mean arterial pressure), 
were related to the grade of diastolic dysfunction 
as well as left atrial volume index, a marker of 
chronic LV diastolic dysfunction, in older patients 
at risk for development of atrial fi brillation [ 27 ]. 
In an Austrian study of patients with normal LV 
systolic function undergoing coronary angiogra-
phy for suspected coronary artery disease, 
invasively- determined pulse wave velocity was 
negatively associated with echocardiographic tis-
sue Doppler measures of diastolic relaxation 
(septal and lateral E′) and directly related to E/E′, 
an estimate of LV fi lling pressure (as well as to 
measured LV end-diastolic pressure) [ 28 ]. Of 
note, pulse wave velocity was directly related to 
plasma levels of amino terminal pro-brain natri-
uretic peptide (NT-proBNP, secreted in response 
to elevated LV fi lling pressure) and, along with 
age and female gender, was an independent pre-
dictor of the presence of exertional dyspnea. 
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 In a subset (n = 983) of the population-based 
Northern Manhattan Study in whom non-invasive 
pulse wave analysis and echocardiography were 
performed, “global arterial stiffness” was calcu-
lated as: central PP/LV stroke volume index [ 29 ]. 
In confi rmation of the Austrian patient-based 
study, arterial stiffness was negatively related to 
velocity of myocardial relaxation (E′) and 
directly related to LV fi lling pressure (E/E′). In 
multivariable analyses, arterial stiffness was 
independently related to the presence of diastolic 
dysfunction. 

 Regional LV systolic and diastolic strains 
were determined using cardiac magnetic reso-
nance imaging in 1,100 asymptomatic partici-
pants in the Multi-Ethnic Study of Atherosclerosis 
(MESA Study) who additionally underwent 
carotid ultrasound study [ 30 ]. Carotid artery 
compliance (calculated using brachial BP) was 
directly related to both systolic and diastolic 

regional performance, even following adjustment 
for blood pressure, supporting a role for arterial 
stiffening in the development of ventricular 
dysfunction.  

    Relation of Arterial Stiffness 
and Central BP to Clinical Heart 
Failure 

 The interaction between arterial and ventricular 
stiffening and associated consequences as well as 
the association between arterial stiffness and 
abnormal LV function described above has led to 
the consideration of arterial stiffness as a contribu-
tor to heart failure with preserved ejection fraction 
(HFPEF), particularly when it occurs in the 
absence of signifi cant epicardial coronary artery 
disease (Fig.  24.2 ). Thus, arterial stiffening, in the 
presence or absence of hypertension, leads to 

Ageing +/– hypertension

Arterial stiffening

Compensatory LV stiffening

↑ LV relative wall thickness
(concentric remodelling or hypertrophy)

↑ LV filling pressure

↑ Left atrial pressure

Atrial fibrillation Pulmonary venous hypertension

HFPEF

↓ Diastolic BP

↓ Coronary perfusion pressure

Subendocardial ischemia

Impaired LV diastolic relaxation

  Fig. 24.2    Schematic diagram of potential mechanisms linking arterial stiffness to congestive heart failure ( HFPEF )       
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 compensatory LV stiffening and remodelling to 
maintain systolic performance at the expense of 
diastolic relaxation. Increased pulse wave velocity 
results in augmentation of late- systolic pressure 
and reduction of early diastolic aortic pressure. 
The resultant combination of reduced coronary 
perfusion pressure during diastole, increased met-
abolically active myocardial mass, and elevated 
LV fi lling pressure may promote subendocardial 
ischemia. Elevation in left atrial pressure may 
result in atrial fi brillation, pulmonary hypertension 
and signs and symptoms of HFPEF may ensue. 
Understanding the pathophysiology and improv-
ing treatment of HFPEF is of major public health 
importance as recent as HFPEF is now the cause 
of at least 50 % of congestive heart failure, with 
outcomes similar to patients with heart failure with 
reduced ejection fraction [ 31 ].

   The observation in the Framingham Heart 
Study [ 32 ], the East Boston Senior Health Project 
[ 33 ], the Established Populations for 
Epidemiologic Study of the Elderly [ 34 ], and the 
Systolic Hypertension in the Elderly Program 
(SHEP) [ 35 ] that brachial PP, a surrogate for arte-
rial stiffness, is independently related to incident 
clinical heart failure supports the importance of 
conduit artery stiffness as a marker, if not a cause, 
of heart failure risk. However assessment of LV 
function was not systematically included in the 
evaluation of heart failure in these reports. 

 In addition, the extent to which pulse pressure 
is primarily generated by arterial stiffness vs. LV 
stroke volume may vary based on ejection frac-
tion. Thus in the Studies of Left Ventricular 
Dysfunction (SOLVD) trials (LV ejection frac-
tion ≤35 % required for study entry), brachial PP 
was directly related to both ejection fraction and 
cardiovascular mortality, resulting in the conclu-
sion that arterial stiffness was the mechanism of 
risk [ 36 ]. Similarly, in 135 patients with chronic 
heart failure over a wide range of ejection frac-
tion, brachial PP was related to ejection fraction 
in those with reduced and preserved (≥40 %) 
ejection fraction, whereas carotid-femoral pulse 
wave velocity, a direct measure of arterial stiff-
ness, was related to ejection fraction in the low 
ejection fraction group but not in the preserved 
ejection fraction group [ 37 ]. 

 Subsequent invasive and non-invasive studies 
in patients with HFPEF have supported the contri-
bution of arterial stiffness to overt heart failure, in 
addition to evidence of abnormal diastolic func-
tion. In a small invasive study of 10 patients with 
HFPEF, Kawaguchi et al. found increased ven-
tricular and vascular stiffness and an upward shift 
in the diastolic pressure-volume curve in patients 
compared to control groups [ 38 ]. These fi ndings 
were confi rmed in 244 patients with HFPEF stud-
ied at the Mayo Clinic [ 39 ]. Both asymptomatic 
hypertensive patients and HFPEF patients had 
increased ventricular and arterial stiffness (end-
systolic ventricular and arterial elastance calcu-
lated using estimated end-systolic pressure and 
Doppler echocardiography) compared to control 
subjects, whereas diastolic stiffness (curve-fi tting 
constants derived from Doppler echocardiogra-
phy) was increased in the HFPEF patients com-
pared to the other two groups. 

 Two studies from Weber and colleagues have 
provided important data regarding hemodynamic 
underpinnings of HFPEF as well as diagnostic 
utility of non-invasive markers [ 40 ,  41 ]. Two hun-
dred and seventy-one patients referred for cardiac 
catheterization for suspected coronary artery dis-
ease were categorized as having defi nite diastolic 
dysfunction (LV end-diastolic pressure >16 mmHg 
with normal end-diastolic volume and NT-proBNP 
>125 pg/ml; n = 44), possible diastolic dysfunction 
(increased LV end-diastolic pressure or elevated 
NT-proBNP; n = 109), or normal diastolic function 
[ 40 ]. The group with defi nite diastolic dysfunction 
had the typical demographic profi le of being older 
and more often female and hypertensive. Patients 
with diastolic dysfunction had prolonged LV ejec-
tion time indexed for heart rate (LVETi) and 
increased wave refl ection (increase in augmenta-
tion index and augmented systolic pressure) com-
pared to the other two groups, whereas those with 
possible diastolic dysfunction had intermediate 
values (Fig.  24.3 ). The augmented pressure was 
directly related to LVETi as well as invasive LV 
end- diastolic pressure. LVETi was an independent 
predictor of diastolic dysfunction, as were hyper-
tension, LV mass index, decreased creatinine 
clearance, and E:E′ ratio from echocardiography. 
Furthermore, in receiver operating characteristic 
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(ROC) curve analyses, LVETi and E:E′ ratio were 
comparable in their ability to detect diastolic 
dysfunction.

   In a subsequent larger study (n = 359), cardiac 
catheterization, pulse wave analysis and echocar-
diography were again performed, and HFPEF 
was defi ned as LV EF >50 % with end-diastolic 
pressure >16 mmHg and NT-proBNP >220 pg/
ml [ 41 ]. In ROC analyses, the areas under the 
curve (AUC) for brachial PP, E:E′ ratio, central 
PP from tonometry and invasively-determined 
aortic pulse wave velocity were 0.816, 0.823, 
0.851, and 0.867, respectively (not signifi cantly 
different). Importantly, in multivariable models, 
E:E′ correctly classifi ed 77 % as having HFPEF 
or not, with signifi cant improvement when a 
measure of arterial function was added to the 
model. The addition of central PP to E:E′ was 
signifi cantly superior to the addition of brachial 
PP (AUC: 0.901 vs. 0.875; Fig.  24.4 ).
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  Fig. 24.3    Comparisons of LV ejection time index 
( LVETi ), augmentation of central systolic pressure ( AP ), 
and augmentation index ( Aix ) in normal controls, patients 

with possible diastolic dysfunction, and patients with 
defi nite diastolic dysfunction. See text for defi nitions 
(Reproduced with permission from Ref. [ 40 ])       
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   Vascular stiffness and impaired ventriculo- 
arterial coupling are exaggerated with exercise in 
patients with HFPEF. Among 23 patients with 
HFPEF compared to 15 normal controls, exercise 
resulted in signifi cant increases in elastic modu-
lus, pulse wave velocity, and arterial elastance 
(calculated using central pressures derived from 
carotid applanation tonometry) and a lesser 
increase in stroke volume measured by echocar-
diography [ 42 ]. Of note, for a given end-diastolic 
volume, E/E′ ratio, an estimate of LV fi lling pres-
sure was higher at rest (20 vs. 11, p < 0.001) and 
remained elevated with exercise in the HFPEF 
group. 

 These results are complemented by a study of 
15 patients with HFPEF and 15 matched control 
subjects who underwent rest and exercise echo-
cardiography and radial applanation tonometry 
[ 43 ]. Exercise in HFPEF patients resulted in an 
increase in E:E′ which was independently associ-
ated with an increase in central pressure augmen-
tation but not with change in brachial systolic or 
pulse pressure. In contrast, exercise in control 
subjects resulted in decreases in E:E′, augmenta-
tion index and augmented pressure. 

 In a small study of 10 patients with HFPEF 
who underwent cardiac magnetic resonance 
imaging at rest, pulsatile changes in aortic area 
and distensibility (calculated using brachial 
blood pressures) were lower than in age-matched 
controls [ 44 ]. Subsequent exercise showed 
diminished peak exercise oxygen consumption in 
the patient group that was associated with lower 
distensibility of the thoracic aorta. 

 In summary, there is strong support for the 
importance of increased arterial stiffness and 
central blood pressure in the development of 
LV remodelling, abnormal LV function (par-
ticularly diastolic relaxation), and clinical mani-
festations of heart failure, most notably in the 
presence of apparently preserved systolic func-
tion. The inability thus far to identify pharma-
cologic approaches of clear benefi t in patients 
with HFPEF supports the need to better treat 
hypertension in the general population, to bet-
ter identify patients in whom arterial stiffness is 
a leading pathophysiologic mechanism for dia-
stolic  dysfunction and for clinical heart failure, 

and to identify therapies that are more effective in 
ameliorating arterial stiffening than current heart 
failure regimens that have been proven to benefi t 
heart failure patients with systolic dysfunction.     
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    Abstract  

  The leading current hypothesis of age-related dementia (Alzheimer’s dis-
ease) considers this a consequence of the beta- amyloid peptide or of the 
intracellular skeletal protein tau, causing breakdown of the cerebral capil-
lary bed. External trauma to the head in boxing and football is known to 
induce similar dementia (  dementia pugilistica , chronic traumatic enceph-
alopathy), usually showing onset years after the individual’s retirement 
from active sport. At autopsy in  dementia pugilistica , haemorrhage from 
cerebral vessels is prominent. This presentation reviews evidence that age-
related dementia (ARD) is caused by internal trauma to vascular bed of the 
brain, by the pulse itself. Between the ages of 50 and 80 years, the heart 
beats ~10 9  times and, because of the low impedance of the cerebral circu-
lation, each pulse penetrates to the cerebral veins. Further, the stiffness of 
the walls of the aorta and great arteries increases with age; and the ampli-
tude of the pressure pulse in cerebral vessels (a measure of the cerebral 
pulse intensity) increases several fold. This pounding of cerebral vessels 
by the pulse induces (we argue) haemorrhages from cerebral vessels. 
When the vessel that haemorrhages is large, the patient may display symp-
toms of stroke and any resulting dementia is designated ‘vascular’. When 
the vessels that haemorrhage are small (capillaries), the patient may expe-
rience no acute symptoms; but the cumulative effect of many such haem-
orrhages becomes evident as loss of memory and of cognition. The 
pathologies which Alzheimer described in the demented brain (senile 
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plaques, neurofi brillary tangles and infl ammation) occur, we argue, as a 
result of haemorrhage. The age at which dementia becomes evident is 
determined by the fragility of cerebral vessels, which may vary between 
individuals with genetic and lifestyle factors. The hypothesis accounts bet-
ter than previous proposals for the greatest risk factor for dementia – age.  

  Keywords  

  Wave refl ection   •   Dementia   •   Augmentation index   •   Pulse wave analysis  

   Table 25.1    Contrasts of Atherosclerosis with “Senile” 
Arteriosclerosis      

 Atherosclerosis  Arteriosclerosis 

 Site  Localised  Generalised 
 Location in 
artery 

 Predominantly 
intima 

 Media 

 Effect on lumen  Narrowed  Distended 
 Effect on tissue 
beyond 

 Ischaemia  Higher pulsations 

 Effect on tissue 
upstream 

 Trivial  Marked 
  ↑ pulse pressure 
  ↑ LV load 
  Cardiac failure 
   Small vessel 

disease 
   Brain 
   Kidney 

 Artery type  Predominantly 
medium sized, 
muscular arteries 

 Predominantly 
large (aorta and 
elastic) arteries 

        Introduction 

 Just over 100 years ago, Dr. Alois Alzheimer, a 
German neurologist, described a form of demen-
tia in older persons which was not associated 
with any macrovascular disease, infarction nor 
haemorrhage within the cranium, nor with any 
other cerebral pathology [ 1 ,  2 ]. But it was associ-
ated with diffuse arteriosclerosis – generalised 
dilation and stiffening of the aorta and major 
elastic arteries elsewhere in the body. William 
Osler in his contemporary (1906) textbook [ 3 ] 
had referred to this generalised aging arterial dis-
ease as “senile arteriosclerosis” and distinguished 
this from “nodular arteriosclerosis”, which we 
now call “atherosclerosis”, emphasising that the 
former is generalised, associated with dilation 
and stiffening of major arteries, and with “hard-
ness” of the pulse, while the latter is localised, 
and causes clinical problems through narrowing 
or obstruction of smaller predominantly muscu-
lar arteries ([ 4 ], Table  25.1 ). Alzheimer did note 
characteristic histological lesions of plaque and 
tangles, together with evidence of local infl am-
mation in the white matter of the brain, but he had 
no reason to consider that these may be the after-
math of any vascular disease. His protégé 
Kracapetin [ 5 ] and others agreed with him [ 6 ,  7 ]. 
By the 1980s, when incidence of this condition 
was increasing, attention had switched to the 
plaques and their beta amyloid content [ 8 ,  9 ] as a 
primary cause of this condition, and moved fur-
ther away from vascular disease; the beta amy-
loid material became a principal research focus 
as a cause of Alzheimer’s disease [ 8 – 10 ]. Senile 
arteriosclerosis was usually considered to be an 
innocent bystander, and elevation of systolic 
pressure, irrelevant. However, hypertension 

including elevated systolic blood pressure alone 
(isolated systolic hypertension (ISH)) had 
increasingly been recognised as a cause of cere-
bral microvascular disease [ 11 – 15 ] and specifi c 
cerebral and renal lesions were described in acute 
hypertensive crisis [ 16 ], as well as in longstand-
ing hypertension [ 12 ,  14 ]. These as well as small 
asymptomatic lacunar infarcts [ 11 ] and micro 
bleeds [ 6 ,  10 ,  11 ] were noted in older persons 
without dementia, while other lesions (white 
matter hyperintensities) ([ 6 ,  11 ,  17 ], Fig.  25.1a ) 
were seen more frequently, even in magnetic res-
onance imaging (MRI) scans of apparently nor-
mal older subjects. These were considered to be 
areas of probable cerebral ischemia and were 
described initially as “leukoaraiosis” [ 6 ,  11 ]. 
They were associated with high fl ow pulsations 
detected by MRI in adjacent arteries (and venules) 
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[ 17 – 21 ], and the lesions were dubbed as evidence 
of “pulse wave encephalopathy” by neuroradiol-
ogists [ 19 – 21 ]. While white matter hyperintensi-
ties were surprisingly common in MRI studies of 
apparently normal older persons [ 17 ], they were 
more plentiful and extensive in patients with 
Alzheimer’s disease, and were predictive of the 
development of Alzheimer’s disease onset up to 
20 or more years later [ 6 ,  11 ]. Over the last 40 
years, the line between Alzheimer’s disease and 
vascular dementia has become progressively 
blurred. Reviewers refer to the “Alzheimerisation” 

of dementia [ 6 ]. The plaques and tangles 
described by Alzheimer appear to correspond to 
the “white matter hyperintensities/leucoaurosis/
pulse wave encephalopathy” and to be a conse-
quence of microvascular disease, and the cause of 
dementia through disruption of neural cells and 
pathways [ 22 – 28 ]. But they are not characteristic 
of vascular disease of any other organ, even in the 
kidney where high pressure and fl ow waveforms 
are known to enter the afferent, and the efferent 
arteries [ 4 ]. Kidney function does decline pro-
gressively with age, and to a greater degree than 

Baseline

L

a

Follow-up

b

  Fig. 25.1    ( a ) Brain MRI 
showing baseline MRI 
examination of a patient 
( left ). On the  right panel , the 
image was recorded at the 
end of the follow-up on the 
same patient during 
PROGRESS study, showing 
new lesions (white matter 
hyperintensities) close to the 
left occipital horn 
(Reproduced with permission 
from Ref. [ 69 ]). ( b ) Young 
( left ) and old ( right ) aorta, 
with histological structure of 
the wall of each shown below. 
In the older aorta, the orderly 
structure and arrangement of 
elastic lamellae is disorgan-
ised (After Glagov S   , 
personal communications. 
1996 From Ref. [ 42 ])       
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other organs; this is discussed in Chaps.   9    ,   10    ,   11    , 
  12    ,   13    ,   14    ,   15    ,   16    ,   17    ,   18    , and   19     of this book, and 
is mentioned later in this chapter.

    In this review, we argue that Alzheimer’s dis-
ease as described by him, is caused by stiffening 
of major arteries outside the cranium, and is 
attributable to the sheer magnitude of high pres-
sure and fl ow pulsations in delicate cerebral 
microvascular network over many years. Our 
arguments can be summarised as:
    1.    Alzheimer was prescient. Senile dementia is 

not just associated with “senile” arteriosclero-
sis outside the brain and cranium, but may be 
indirectly caused by this.   

   2.    The cerebral lesions seen in Alzheimer’s dis-
ease are a consequence of gross aortic stiffen-
ing causing three to four-fold increase in 
cerebral artery pressure pulsations between 
age 20–80 years of age, with a lesser increase 
in pulsatile fl ow velocity.   

   3.    The root cause of microvascular lesions in 
Alzheimer’s disease is the same as that which 
contributes to aneurysms in the thoracic aorta 
and other systemic arteries, to isolated sys-
tolic hypertension, and to left ventricular 
hypertrophy and left ventricular failure in the 
elderly. Hence the close association between 
these conditions and Alzheimer’s disease.   

   4.    The cause of cerebral vascular lesions is the 
repetitive pounding of the pulse on the fragile 
microvascular media causing high tensile 
stretch and eventual rupture of the media with 
micro haemorrhages, and with high pulsatile 
shear stress on the intima, causing cellular 
detachment and disruption, thrombosis and 
micro infarction.   

   5.    The high stresses and consequent lesions seen 
in the brain of patients with Alzheimer’s dis-
ease are similar to those seen in competitive 
athletes and boxers (dementia pugilistica) and 
which are explicable on the basis of repetitive 
external trauma.   

   6.    As with arteriosclerotic disease and complica-
tions of ISH elsewhere, Alzheimer’s disease 
cannot be cured, but can be delayed by use of 
drugs which appear to improve arterial elas-
ticity through reducing wave refl ection into 
the brain from arterial terminations in the 
lower part of the body.   

   7.    In Alzheimer’s disease, the brain is destroyed 
internally by the pulse, just as in dementia 
pugilistica, the brain is “destroyed by the 
punch” i.e. by repeated external trauma, over 
many years.      

    Epidemiology 

 The present world-wide epidemic in developed 
and developing countries is of Alzheimer’s dis-
ease. This affects 5 % of persons over age 60, and 
45 % of those over 80 years [ 27 ,  28 ] in the 
USA. When fully developed, individuals with the 
condition require expensive commitment of time 
and resources from family and society, and even-
tually, institutional care. The condition is destruc-
tive to spouses and family, deeply distressing to 
all, and has no cure. 

 The condition when fully developed is often 
associated with frailty and physical decline from 
co-existing disease or neglect of food and activ-
ity. It has been known for centuries and was 
described by Shakespeare as the last two of the 
“Seven Ages of Man” where the active wise 
judge in the fi fth age of life slips into “.... the 
world too wide for his shrunk shank”, then to 
“second childishness and mere oblivion, sans 
teeth, sans eyes .... sans everything”. 

 Alzheimer’s disease develops slowly during 
later life, and is usually preceded by the subtle 
symptoms that are so common that they are pre-
dictable and taken for granted in business, in the 
church, in military service, in academic life. 
These are of cognitive executive and intellectual 
decline with age. This is the reason for retirement 
after a busy life irrespective of physical prowess 
or organic disease. It is the reason for succession 
cycle planning in the military, in politics, in busi-
ness and families – in all walks of life. Onset of 
cognitive decline is insidious and was referred to 
by William Osler [ 29 ] in 1905 to be fi rst apparent 
as impaired fl exibility of thought from the age of 
around 40 years in his essay on “The Fixed 
Period”, delivered as a valedictory address on his 
departure from Johns Hopkins in Baltimore to 
the Regius’ Chair in Oxford UK at age 55. 

 The earlier epidemic of coronary atheroscle-
rosis reached its peak in Western societies around 

A. Scuteri et al.

http://dx.doi.org/10.1007/978-1-4471-5198-2_9
http://dx.doi.org/10.1007/978-1-4471-5198-2_10
http://dx.doi.org/10.1007/978-1-4471-5198-2_11
http://dx.doi.org/10.1007/978-1-4471-5198-2_12
http://dx.doi.org/10.1007/978-1-4471-5198-2_13
http://dx.doi.org/10.1007/978-1-4471-5198-2_14
http://dx.doi.org/10.1007/978-1-4471-5198-2_15
http://dx.doi.org/10.1007/978-1-4471-5198-2_16
http://dx.doi.org/10.1007/978-1-4471-5198-2_17
http://dx.doi.org/10.1007/978-1-4471-5198-2_18
http://dx.doi.org/10.1007/978-1-4471-5198-2_19


311

1968, and has been steadily falling ever since 
[ 30 – 32 ] as a consequence of risk factor identifi -
cation and management – of smoking, elevated 
blood pressure, glucose intolerance, lifestyle. 
Treatment of established coronary disease has 
played a lesser part – with anti-platelet drugs, 
cholesterol lowering agents, revascularisation 
and better management of cardiac arrest outside 
hospital, and of risk factors for coronary disease 
progression, including aggressive treatment of 
high blood pressure. But just as atherosclerotic 
disease has been reduced in Western countries, 
another problem has emerged – an epidemic of 
cardiac failure in older persons with stiffened 
aorta and isolated systolic hypertension (ISH) 
([ 33 – 38 ], Fig.  25.1b ). At least half of these per-
sons do not have ventricular scarring and 
impaired left ventricular (LV) contractility as 
cause of failure, but they do have prior ISH as a 
consequence of aortic stiffening and often have 
left ventricular hypertrophy [ 34 ,  35 ]. 
Hypertension appears to be the major risk factor 
for cardiac failure [ 33 ,  34 ], and to be a conse-
quence of aortic stiffening with age i.e. the car-
diomyopathy of overload described by Katz [ 38 ]. 
Symptomatic heart failure is preceded by reduc-
tion of exercise capacity which Sir James 
Mackenzie, father of cardiology in the English 
speaking world described in 1903 as due to car-
diac impairment from aortic stiffening, and to be 
in evidence from the fourth decade of life ([ 39 ], 
Fig  25.2a ). However, in China and Japan, and in 
other Eastern countries which have been spared 
from the worst of the atherosclerotic epidemic, 
the epidemic of dementia appears to be of similar 
size and severity as that of cardiac failure. Both 
appear to have the same common source – aging, 
aortic stiffening and ISH (Fig.  25.2a ).

   ISH in the elderly has been treated aggres-
sively around the world since the SHEP study 
was published in 2001 [ 37 ] and showed that com-
plications of ISH including heart failure and 
stroke can be prevented in persons over 60 years 
of age. If our thesis is correct, age adjusted inci-
dence of dementia would be expected to fall now, 
23 years after SHEP was published, and con-
fi rmed by similar studies in Europe and China for 
persons over 60 years. There are suggestions that 
this is apparent now [ 6 ,  40 ,  41 ]. 

 In this chapter we pursue the view that 
Alzheimer’s disease is the end result of an aging 
process that merges into a disease process as the 
human body comes to outlive the age required by 
evolutionary processes for propagation of the 
species. This is the same view pressed elsewhere 
for ISH and its cause of disease outside the cra-
nium (Fig.  25.2 ).  

    Aging: Primary Changes in Cells 
or Non-cellular Components? 

 Changes of aging within the body appear to be 
most marked in its non living components. These 
non living components are relatively inert and 
have long half life in the body [ 4 ,  42 ] but they 
degenerate with age as a consequence of cyclic or 
periodic stress and comprise elastin in arteries 
and the skin, hairs of the body, the lens of the eye, 
cartilage in joints, bones and vertebrae, and are 
infl uenced by other physical factors such as the 
effect of sunlight on the skin. Cells of the body 
may involute through apoptosis, die, or suffer 
catastrophic mutation with development of can-
cer, but most appear to function independently of 
age and last for long periods, perhaps for life. 
The germ cells certainly remain normal with age, 
and with few unusual exceptions, the body of a 
new baby is not affected by the age of the mother 
(within the reproductive period) or the father up 
to his age of even 100 years. We believe it reason-
able to progress in this chapter on the principle 
that aging change of non-living components of 
the human body is probably responsible for 
 arteriosclerosis, and for the initial extra cranial 
arterial deterioration which results in Alzheimer’s 
disease [ 1 ,  4 ,  42 ].  

    Aging and Cardiovascular Function 

 The arterial system in young humans is beau-
tifully suited for its functions of cushion and 
conduit – of receiving spurts of blood from the 
intermittently-ejecting left ventricle and deliver-
ing this in a near-steady stream into the periph-
eral arterioles and capillaries, according to need 
[ 4 ]. The arterial system is “tuned” to the heart in 
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such a way as to present minimal impedance to 
pulsatile ejection at normal heart rate frequency 
[ 4 ,  42 – 45 ]. Such tuning depends on the disten-
sibility of the aorta and on other physical fac-
tors [ 43 ] especially timing of wave refl ection. 

Tuning is optimal in adolescence [ 42 ], but dete-
riorates with age thereafter as a consequence of 
fatigue and fracture of elastic fi bres in the highly 
distensible aorta [ 4 ,  42 ]. From around age 40 
(Osler‘s age for beginning senescence [ 29 ] and 
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  Fig. 25.2    ( a ) Change in ascending aortic distensiblity 
with age (Reproduced with permission from Ref. [ 46 ]). 
( b ) Typical pressure waveforms in the arm ( top ) and aorta 
( below ) in three women of the same family – 18 year old 

at  left , 48 year old ( center ), and 97 year old at  right . Time 
calibration 1.0 s (From Ref. [ 42 ]). Pulse pressure is 
increased almost four-fold in the ascending aorta and two-
fold in the upper limb       

 

A. Scuteri et al.



313

Mackenzie’s age for onset of arteriosclerosis 
[ 39 ], stiffening of the aorta ([ 4 ,  42 ], Fig.  25.2b ) 
leads to progressive detuning such that pulse 
pressure increases markedly with each beat of 
the heart to some three time greater than seen 
in youth [ 42 ], and with marked increase in the 
pulsatile component of pressure and fl ow into 
highly perfused organs such as the brain and 
kidney [ 18 ,  45 ]. 

 These changes with age are underestimated by 
traditional consideration of brachial sphygmo-
manometric systolic and diastolic pressures [ 40 ], 
but are revealed by consideration of pulsatile 
pressure and fl ow waves in extra cranial arteries 
such as the aorta, and carotid artery, as well as the 
intracranial arteries [ 46 – 51 ].  

    Deterioration in Optimising 
Features with Age 

 The principal role of the arterial system is to 
transmit blood to peripheral tissues according to 
their need – i.e. to act as a conduit. There is no 
aging process that impairs conduit fl ow of blood 
from the LV to tissues of the body. Conduit fl ow 
decrease with age appears to be secondary, and 
can usually be attributed to atrophy or apoptosis 
and consequent rarifi cation of the capillary bed 
of various organs [ 39 ]. However cushioning 
function is markedly impaired by aging, and 
this can be explained on the basis of fatigue and 
fracture of elastin fi bres in the proximal tho-
racic aorta, which in youth is considered respon-
sible for 70–80 % of the total arterial buffering 
function ([ 4 ,  18 ,  42 ], Fig.  25.3a ). In childhood 
and adolescence, the proximal thoracic aorta 
expands by approximately 20 % of its total 
diameter with each beat of the heart. Peripheral 
arteries such as the brachial, radial, femoral 
expand by <5 % [ 52 ]. Repetitive expansion with 
each beat of the heart, some 40 million times 
per year causes change in crystalline structure 
of non-living elastin fi bres, as it does to natural 
rubber, formed from the sap of trees (Fig.  25.3 ). 
The median number of cycles to fracture of 
such physical materials is determined by the 

strain (or extent of deformation with each cycle 
of stress), and the number of cycles. The rela-
tionship between strain (S) and number of 
cycles (N) at the time of fracture can be 
described as S/N semi- logarithmic curves. Such 
relationship between S and N for natural rubber 
is shown in Fig.  25.3b  [ 4 ]. If this is applied to 
the elastin in the proximal aorta, fracture would 
be expected by 30 years of age for the heart 
beating some 70 times per minute and the aorta 
expanding by 10–20 % with each beat of the 
heart [ 4 ,  42 ].

   Fracture of elastin fi bres can account for the 
progressive degeneration of the proximal aorta 
with age. Because the aorta is so “elastic” and 
pulsates so much, it is subject to earlier degenera-
tion than peripheral arteries which pulsate by 
<5 %, and would not be expected to show elastin 
fi bre fracture within a life span of 100 years. The 
fracture of elastin fi bres in the aorta does not 
occur all at once, but progressively, causing the 
artery to dilate, and to stiffen as stress is trans-
ferred to collagenous fi bres in the wall. The 
dilated, stiffened aorta, pulsates far less in later 
years, and this, rather than catastrophic rupture, 
is the cause of altered function seen with aging – 
the increased characteristic impedance, increased 
pulse wave velocity, increased pulse pressure, 
and earlier return of refl ected waves from periph-
eral sites. The underlying structural cause is read-
ily apparent in the aortic wall itself – with 
fractured and frayed elastin fi bres, and disorgan-
isation of the orderly architecture of the youthful 
aorta ([ 42 ], Fig.  25.1b ). 

 Progressive stiffening of the thoracic aorta 
causes other ill-effects on highly perfused vascu-
lar beds such as the brain and kidney [ 18 ,  22 ,  48 ]. 
These are described below, and are a direct con-
sequence of impaired cushioning function. If pul-
sations generated by the heart cannot be absorbed 
by the normal aorta or other arteries and if they 
are not transmitted through the bed into the cen-
tral veins and right atrium, they must be absorbed 
elsewhere in the microvasculature. The most sus-
ceptible organs would be those with the highest 
blood fl ow and lowest resistance – ie. the brain 
and kidneys.  
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    Particular Features of the Cerebral 
Circulation 

 Blood supply to the brain is through the internal 
carotid and vertebral arteries. The former enters 
the cranium through the carotid canal in the skull 
and the latter through the foramen magnum after 
traversing canals in cervical vertebrae. The verte-
bral arteries join to form the basilar artery, then 
through communicating arteries, with the two 
carotid arteries to form the circle of Willis, from 
which arise the right and left anterior, middle, 
and posterior cerebral vessels. Venous blood 
leaves the brain parenchymal into the venous 
sinuses. All coalesce to form the transverse 
sinuses which become the internal jugular veins 
as they leave the skull. In the neck, the internal 
jugular vein is partially collapsed when the sub-
ject is upright so that pressure is near atmospheric 
unless right atrial pressure is elevated from car-
diac failure, other disease, or in physiological 
activities (coughing, straining, swimming). 

 Blood supply to the brain is high and continu-
ous. Cessation of blood fl ow causes unconscious-
ness within seconds and irreversible damage 
within minutes. The venous fl ow exiting the skull 
has relatively low oxygen saturation (around 
38 %), whereas arterial blood is nearly 100 % 
saturated. Blood fl ow to the brain is high – 
approximately 0.75 L per minute or around 0.54 L 
per kg/min (compared to around one eighth of 
this to the rest of the body at rest (0.07 L/kg/
min)). The high rate of perfusion and of oxygen 
extraction from blood fl owing through the brain is 
a consequence of its high metabolic rate, and this 
for function of its neural circuitry and the sup-
porting functions of its neuroglia. The high and 
sustained cerebral mean fl ow perfusion is 
achieved by auto regulation – with metabolites 
contributing to arterial dilation, and with arterial 
pressure and fl ow maintained by the carotid and 
aortic baroreceptors through nervous and hor-
monal action on the heart and blood vessels in 
other tissues throughout the body. Sympathetic 
activity has little infl uence on calibre of cerebral 
arteries. 

 The brain and its blood vessels are contained 
within the rigid skull which protects the brain 

from external trauma. The rigid skull can create 
disordered cerebral perfusion, when the brain is 
damaged or swollen. These issues are not consid-
ered in this paper, but they are extremely impor-
tant following head injury or stroke. They are 
considered elsewhere [ 48 – 53 ]. 

 Pressures waves in the ascending aorta are 
similar to those in the carotid artery, so much so 
that the carotid pulse is often regarded as a sur-
rogate of the aortic pulse. Pressure waves in the 
aorta are however quite different from the bra-
chial and radial pulse as a consequence of distor-
tion during transmission down the upper limb. A 
generalised transfer function can be used to com-
pensate for this upper limb distortion, and so to 
generate the aortic (or carotid) pulse from that 
recorded invasively or non-invasively at the wrist 
[ 4 ]. 

 Pressure waves cannot be recorded within the 
skull unless a catheter is advanced through the 
carotid or vertebral arteries. What data as are 
available show that the aortic, carotid, and intra-
cranial pressure waves are normally very similar 
in amplitude and shape when intracranial pres-
sure is normal (around atmospheric). Flow waves 
can be recorded by transcranial Doppler tech-
niques in the above named cerebral arteries 
within the skull, and in the carotid (usually com-
mon carotid) artery in the neck. Using the above 
techniques, we have with Japanese and Chinese 
colleagues [ 48 – 51 ,  53 ] measured fl ow waves and 
calculated pressure waves at different ages in 
over 1,000 normal subjects and in over 100 
patients with cardiovascular disease. 

 We have confi rmed that amplitude of the pres-
sure pulse in cerebral arteries increases approxi-
mately two-fold from that measured in the arm, 
and around three-fold from that measured in the 
aorta between age 20 and 80 years of age 
(Fig.  25.2 ). We have shown lesser increase (up to 
20 %) in the carotid or cerebral artery fl ow wave-
forms over this age span. We have shown that 
both the pressure and fl ow waveforms are altered 
in similar fashion, as a consequence of wave 
refl ection from the trunk and lower limbs, and 
that in older persons, the peak of both pressure 
and fl ow waves is created by the refl ected wave 
from the lower body and can be reduced by 
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nitrate therapy [ 48 ,  49 ]. These fi ndings have been 
supplemented by data obtained acutely in neuro-
logical intensive care wards; all support the com-
ments made here on chronic pathophysiology of 
cerebral vascular lesions. The data we have 
obtained in normal subjects show that cerebro-
vascular impedance is normally low, with charac-
teristic impedance modulus approximately 30 % 
of impedance modulus at zero frequency (resis-
tance) and with calculated refl ection coeffi cient 
in the bed approximately 40 % [ 53 ]. This com-
pares with around 90 % in the femoral vascular 
bed at rest, and 20 % in the kidney and around 
15 % in the lung [ 4 ]. Cerebral arteries are shorter 
than arteries of similar size elsewhere in the body 
so that as a consequence of very high fl ow, the 
smaller arteries, arterioles, capillaries and venules 
are not protected by upstream vasoconstriction, 
and hence are exposed to high wall tension and 
shear stress compared to those elsewhere in the 
systemic circulation. We have shown that cere-
brovascular impedance is not different in males 
and females and does not change with age in nor-
mal subjects.  

    Pathophysiology of Cerebral 
Microvascular Lesions 

 We believe that the above considerations can 
be linked with the observations of Byrom [ 16 ] 
and subsequently at the US National Institutes 
of Health by Fry [ 22 ,  23 ]. Byrom viewed pial 
arteries and arterioles through Lucite windows 
in the skull of rats during various physical and 
pharmacological pertubations. The most cogent 
are the effects of increasing arterial pressure in 
these vessels. Such elevated pressure (acutely 
or chronically) could cause incomplete tearing 
of the wall with serum exuding into the wall or 
red cells escaping from the lumen into the wall 
or through the wall. Such pertubations could 
cause complete rupture of the wall or closure 
of the lumen. Changes in calibre of the artery 
were seen to occur apparently spontaneously 
with extreme narrowing or extreme dilation 
within the same vascular segment [ 16 ]. Local 
pathology was worse in the regions of dilation, 

indicating that wall tension, being higher at 
such sites, was responsible for vascular dam-
age. Damage was associated with later infi ltra-
tion with leukocytes and macrophages in the 
process of infl ammation and repair, showing 
features identical to those seen in patients with 
 malignant hypertension [ 16 ]. 

 Cullen and colleagues [ 24 ] and Stone [ 25 ,  26 ] 
on the basis of pathology and modelling studies 
have argued that the lesions and plaques and 
tangles result from micro bleeds, with escape of 
blood cells through the wall damaged by 
repeated high pulsations, with the reparative 
process not completely removing the heme from 
broken down red cells, and that the heme induces 
oligomerisation and deposition of beta amyloid 
in plaques. When formed in the brain, these 
plaques and tangles described by Alzheimer are 
not readily able to be associated with previous 
cumulative vascular damage over years [ 24 ,  25 ]. 
We cannot exclude the possibility that the beta 
amyloid would cause further vascular damage 
from its presence in the brain. Indeed such a 
phenomenon could explain the progression of 
dementia after an amyloid plaque had formed in 
an elderly person, or a pugilist on his retirement 
from boxing [ 26 ]. However, two recently pub-
lished trials of anti-amyloid beta antibodies, 
which can clear amyloid plaque from the brain, 
have not shown benefi t in Alzheimer’s disease 
[ 54 ,  55 ]  

    Comparison of Brain and Kidney 
Circulation 

 The kidneys have lower resistance than the brain 
and receive even more blood fl ow than the brain – 
around 3.7 L/kg/min. Venous effl ux from the kid-
ney shows relatively high oxygen saturation, as 
one would expect, since the kidney’s function is 
to fi lter blood and reabsorb fl uid and electrolytes 
so as to maintain the constancy of the internal 
environment. Little of the renal blood fl ow is 
required to sustain healthy activity of the renal 
cells. A whole section of this book (Chaps.   9    ,   10    , 
  11    ,   12    ,   13    ,   14    ,   15    ,   16    ,   17    ,   18    , and   19    ) is devoted 
to normal and abnormal renal function. Here we 
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can just note some similarities and differences 
between the two organs, brain and kidney under 
normal and abnormal circumstances, and their 
blood supply, together with changes with age and 
intrinsic arterial disease. 

 Renal function deteriorates at least as much 
with age as cerebral function, but the kidneys do 
not show the lesions which correspond to white 
matter hyperintensities in the brain. This [ 23 ,  24 ] 
may be due to the marked difference in oxygen 
content of blood within the kidney and brain, and 
the probability that hypoxia is more readily 
induced in the brain than in the kidney. 

 The kidney shows pressure and fl ow waves 
similar to those in the cerebral arteries. Its imped-
ance and resistive index do increase with age [ 55 , 
 56 ]. Lesions of fi brinoid necrosis are seen just as 
in the brain with acute elevation of arterial pres-
sure, and chronic arterial changes with age and 
hypertension appear to be more extensive. More 
comparative studies need to be undertaken on 
this subject.  

    Clinical Evaluation 
and Management: The Ideal 
Approach 

 The fi rst and greatest clinical implications of the 
pathophysiological and epidemiological data 
presented above is that each and every middle- 
age or older subject with high CV risk and/or evi-
dence of stiffer and thicker large artery should be 
screened for cognitive function and followed-up 
for cognitive deterioration. Subjective symptoms 
and their onset should be recorded, including 
cognitive, behavioral symptom, and gait prob-
lems. Vascular patients should be asked, as part 
of the routine clinical examination, whether they 
have recently experienced changes in memory, 
speed of thinking and acting, or mood, or slowli-
ness or unsteadiness during walking. 

 In that regard, future clinical guidelines should 
make clear that cognitive impairment has to be 
considered and assessed as target-organ damage 
in hypertensive subjects, though it has been men-
tioned in the most recent one from European 
Society of Hypertension [ 57 ]. 

 How to assess large artery properties in clini-
cal practice has already been established [ 58 ,  59 ]. 
So at least three major areas remain to be better 
investigated and require a more standardized 
approach to make research fi ndings quickly 
transferable to clinical practice: (i) neuropsycho-
logical characterization of microvascular brain 
damage; (ii) specifi c fi ndings on neuroimaging; 
(iii) effect of pharmacologic treatment on micro-
vascular brain damage. 

 A major and yet unsolved issue concerns 
whether there are cognitive domains specifi -
cally affected by microvascular brain damage 
and if they differ from those more commonly 
detected in age-associated cognitive decline or in 
Alzheimer’s type dementia. Though microvascu-
lar brain lesion are commonly detected in subjects 
with Alzheimer’s type dementia [ 60 ], it is a gen-
eral hypothesis that microvascular brain damage 
electively and predominantly affects executive 
function, with a slower information processing, 
impairments in the ability to shift from one task 
to another, and defi cits in the ability to hold and 
manipulate information (i.e., working memory) 
[ 61 – 63 ]. Executive functions cannot be explored 
by Mini Mental State Examination (MMSE), the 
most widely adopted test for clinical screening 
of global cognitive function; in fact, its 3-word 
recall items is scarcely sensitive [ 64 ]. 

 Ideally, neuropsychological evaluation should 
include tests exploring multiple cognitive 
domains (executive function and activation, lan-
guage, visuospatial ability, memory) – in addi-
tion to neurobehavioural symptoms and mood. 
Efforts are made to identify whether one brief 
test can provide useful insight into different 
domains, anatomical regions, and brain networks 
[ 65 – 68 ]. 

 Though it is a more specialistic issue, clini-
cians should be aware of the complexity of the 
question and of the availability of neuropsycho-
logical tests to explore more in depth cognition in 
patients. Further, working groups of medical and 
scientifi c societies should propose a common, 
minimal, examination in order to detect and fol-
low- up patients on these consequences which 
may be subtle at their outset and could be 
unmasked during repetitive examination.  
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    Logic of Prevention 

 In this chapter we argue that an irreversible prob-
lem – degeneration of the elastic properties of the 
aorta and large arteries – is responsible for micro-
vascular disease in the brain, and for age-related 
dementia. While aging of arteries will continue 
as long as the heart beats, there are some reasons 
for optimism. The favoured drugs for treatment 
of hypertension (ACEIs, ARBs, CCBs, Renin 
antagonists, nitrates) have the effect of reducing 
wave refl ection from the trunk and lower limbs 
and these can offset a major ill effect of large 
artery stiffening [ 4 ,  42 ,  49 ]. Use of such drugs 
can decrease amplitude of pulse pressure and of 
pulsatile fl ow in central arteries by up to 50 % [ 4 , 
 48 , Chaps.   41     and   43    ]. In the PROGRESS trial 
[ 69 ], use of an ACEI/diuretic combination 
reduced substantially the progression of white 
matter hyperintensities over a 3 year period, com-
pared to placebo. Studies from England and the 
US provide evidence that the age adjusted inci-
dence of dementia is declining [ 40 ]; this is what 
we would expect from the basic principles 
described here on which modern cardiovascular 
medicine is based [ 70 , Chap.   19    ]. 

 The studies and considerations presented here 
provide another reason to physicians, and further 
motivation to patients for high blood pressure to 
be recognised and treated from middle age in the 
majority of the older population with drugs (i.e. 
those with systolic blood pressure persistently 
over 140 mmHg by cuff, or 130 mmHg as calcu-
lated for central aortic pressure [ 71 ], with the 
conventional drugs which reduce wave refl ection. 
While recent studies encourage reduction in 
blood pressure to prevent cerebral lesions, older 
patients with stiffened aorta and known brain 
lesions may show more rapid memory deteriora-
tion if they develop postural hypotension [ 72 ]. 
Such fi ndings support the more moderate views 
for treatment of elderly persons with hyperten-
sion in most recent guidelines [ 57 ,  73 ,  74 ]. Hope 
remains in Pandora’s Box of cerebral small ves-
sel disease in the elderly, despite negative fi nd-
ings for new drugs designed to clear amyloid beta 
from the brain [ 54 ,  55 ].     
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    Abstract

    Atherosclerotic disease comprises four major areas: coronary artery disease, 
cerebrovascular disease, peripheral arterial disease, and aortic aneurysm. 
Investigators have mainly focused on using arterial stiffness and central hemo-
dynamics indices for primary prevention and prediction of risk in patients 
without cardiovascular disease. Their role in these patients is constantly evolv-
ing, and in some cases such as hypertensives and diabetics, their clinical sig-
nifi cance has been corroborated by recent guidelines and recommendations. 
Despite the overwhelming data for their predictive role in primary prevention, 
secondary prevention prognostic studies are lacking. Especially, data on the 
role of arterial stiffness in peripheral arterial disease patients, including 
patients with vasculogenic erectile dysfunction or aortic disease such as aortic 
aneurysm, Marfan syndrome, and coarctation of the aorta, emerge mostly 
from cross- sectional studies. Respectively, most prospective predictive studies 
of arterial stiffness have not used peripheral arterial disease or aortic disease 
endpoints as an exclusive outcome but preferably as a part of a composite 
cardiovascular endpoint. This chapter will focus on the link between arterial 
stiffness and risk of cardiovascular events and organ damage in other cardio-
vascular diseases such as peripheral arterial and aortic diseases.  
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  Abbreviations 

   AAA    Abdominal aortic aneurysm   
  ABI    Ankle–brachial index   
  ACE    Angiotensin-converting enzyme   
  AIx    Augmentation index   
  ARB    Angiotensin receptor blocker   
  BP    Blood pressure   
  CLI    Critical limb ischemia   
  CV    Cardiovascular   
  ED    Erectile dysfunction   
  LV    Left ventricular   
  PAD    Peripheral arterial disease   
  PDE5i    Phosphodiesterase type 5 inhibitors   
  PWV    Pulse wave velocity   
  TGF-b    Transforming growth factor-b   

          Introduction 

 Atherosclerotic disease comprises four major 
areas: coronary artery disease, cerebrovascu-
lar disease, peripheral arterial disease, and aor-
tic aneurysm. The “Cardiovascular Continuum” 
was described by Dzau and colleagues in 2006 
[ 1 ] to explain the development over many years 
of coronary disease with its complications, then 
end- stage heart failure. William Osler described 
two forms of arteriosclerosis: “nodular arterioscle-
rosis” (atherosclerosis), a disease which may be 
superimposed on arterial aging (his “senile arterio-
sclerosis”). While the Cardiovascular Continuum 
put an emphasis on atherosclerosis in prosperous 
nations, it did not account fully for the problems 
of aging, which occur in all societies. Aging of the 
aorta and elastic arteries causes arterial stiffening 
and leads to the development of cardiac failure and 
microvascular disease in highly perfused organs 
such as the brain and kidneys. The term “Vascular 
Aging Continuum” was recently introduced which 
dovetails with the late phases of the Cardiovascular 
Continuum and provides a more comprehensive 
explanation, especially for vascular diseases in 
nations with little atherosclerosis [ 1 ]. 

 Investigators have mainly focused on using 
arterial stiffness and central hemodynamics indi-
ces for primary prevention and prediction of risk 
in patients without cardiovascular disease. Their 

role of these indices is constantly evolving, and 
in some cases such as hypertensives and diabet-
ics, their clinical signifi cance has been corrobo-
rated by recent guidelines and recommendations 
[ 2 ]. A big step in the substantiation of their clini-
cal role was the publication of meta-analyses of 
prognostic observational studies from published 
data and individual patient data [ 3 – 7 ] (Fig.  26.1 ). 
Despite the overwhelming data for their predic-
tive role in primary prevention, secondary pre-
vention prognostic studies are lacking. Most data 
stem from high cardiovascular (CV) risk patients 
such as diabetics with concomitant comorbidities 
like coronary artery disease, cerebrovascular dis-
ease, and to lesser extent peripheral arterial dis-
ease. Prognostic studies exclusively on patients 
with either one of the abovementioned diseases 
are rare. Especially, data on the role of arterial 
stiffness in peripheral arterial disease patients, 
including patients with vasculogenic erectile dys-
function or aortic disease, which is generally 
depicted as of lower clinical signifi cance to its 
“rivals” coronary artery disease and cerebrovas-
cular disease, emerge mostly from cross- sectional 

Summary data meta-analysis
(27 studies; 22,611 subjects)

Individual data meta-analysis
(16 studies; 17,635 subjects)

Total CV events

CV mortality

All-cause mortality

1.41

RR

1.47

1.36

1.28–1.54

95 % Cl RR (95 % Cl)

1.29–1.67

1.23–1.50

Total CV events

CV mortality

All-cause mortality

1.45

RR

1.41

1.22

1.30–1.61

95 % Cl RR (95 % Cl)

1.27–1.56

1.16–1.27

0.5 1 2

0.5 1 2

  Fig. 26.1    Relative risks and 95 % confi dence intervals 
for a 1-standard deviation increase in aortic pulse wave 
velocity and clinical events (Reproduced with permission 
from Vlachopoulos et al. [ 8 ])       
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hypothesis-generating studies. Respectively, 
most prospective predictive studies of arterial 
stiffness have not used peripheral arterial or aor-
tic disease endpoints as an exclusive outcome but 
preferably as a part of a composite cardiovascular 
event endpoint.

       Peripheral Arterial Disease 

 Peripheral arterial disease (PAD) is an athero-
sclerotic process that causes stenosis and occlu-
sion of non-cerebral and noncoronary arteries 
[ 8 ]. The defi nition of PAD is not the same both 
across studies and across continents, and it 
was used initially to describe lower extremities 
PAD. In particular, American guidelines include 
abdominal aortic aneurysm (AAA), whereas 
European guidelines discard AAA and incor-
porate instead extracranial carotid, vertebral, 
and upper extremity atherosclerotic disease. 
Both guidelines refer to renal artery and mesen-
teric atherosclerotic disease. Across this chap-
ter, with the term PAD we will refer to lower 
extremities PAD. 

 PAD has an estimated worldwide prevalence 
of almost 10 %, rising to 15–20 % in people over 
70 years of age, and it affects around 27 million 
people in Europe and North America alone [ 9 ]. 
Only a minority of patients present with classic 
intermittent claudication, and other symptoms 
include leg pain with exercise and at rest, leg 
weakness, and balance problems resulting in 
falls, all of which can signifi cantly affect func-
tional performance. Critical limb ischemia 
(CLI)—the most severe manifestation of the dis-
ease—can lead to limb loss or even death if not 
treated promptly. 

    Ankle–Brachial Index 

 The ankle–brachial index (ABI) is the ratio of the 
systolic blood pressure (BP) measured at the 
ankle to that measured at the brachial artery [ 10 ]. 
Originally described by Winsor in 1950, this 
index was initially proposed for the noninvasive 
diagnosis of PAD [ 10 ]. Without an obstruction to 

blood fl ow, systolic pressure in the ankle is 
greater than brachial systolic pressure (ABI 
≥1.0) because a great amount of refl ected waves 
from the toes merges with the forward wave at 
the systolic phase of the pressure waveform (due 
to the small distance between the toes and ankle). 
As the lumen narrows, systolic pressure beyond 
the obstruction falls, and a pressure gradient can 
be measured between sequential segments of 
each extremity. The fall in peripheral (ankle) sys-
tolic pressure lowers the ABI. ABI is also an 
indicator of atherosclerosis at other vascular sites 
and can serve as a prognostic marker for 
 cardiovascular events [ 11 ] and functional impair-
ment, even in the absence of symptoms of PAD 
[ 9 ]. The postexercise ABI is also predictive of 
risk [ 12 ]. In the case of a normal ABI at rest, the 
presence of an abnormal ABI after exercise is 
associated with increased mortality. ABI is a 
widely used measure of lower extremity athero-
sclerotic burden given its noninvasive nature, 
simplicity, and relatively low cost. ABI results 
should be uniformly reported with noncompress-
ible values defi ned as greater than 1.40, normal 
values 1.00–1.40, borderline 0.91–0.99, and 
abnormal 0.90 or less [ 12 ]. The level of ABI also 
correlates with PAD severity, with a high risk of 
amputation when the ABI is <0.50. An ABI 
change >0.15 is generally required to consider 
worsening of limb perfusion over time or improv-
ing after revascularization. The graph of mortal-
ity or other cardiovascular outcome by ABI level 
is a reverse J-shaped curve in which the lowest 
level of risk (normal) is from 1.11 to 1.40 [ 11 ]. 
One explanation for an increased risk associated 
with a high ABI is that a high ABI caused by cal-
cifi ed arteries especially in patients with diabetes 
and chronic kidney disease is associated 
 frequently with occlusive PAD.  

    PAD and Arterial Stiffness 

 Vascular dysfunction (arterial stiffness and endo-
thelial dysfunction) is also commonly present in 
PAD patients [ 13 ]. In a large population-based 
cohort study with over 3,000 elderly subjects, 
patients with PAD as defi ned by ABI < 0.9 had 
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higher values of carotid–femoral pulse wave 
velocity (PWV) compared to patients without 
PAD [ 14 ].    Even in case of an alternative clinical 
defi nition of PAD based primarily on the history 
of successful percutaneous interventions, bypass 
grafting, and/or amputation for PAD, heart–fem-
oral PWV was increased in PAD patients as well 
[ 15 ]. Moreover, brachial–ankle PWV was shown 
to correlate with both ABI and the angiographi-
cally established severity of PAD [ 16 ]. 

 The association between ABI and measures of 
arterial stiffness has been well established in sev-
eral cross-sectional studies [ 17 ] and extends both 
to patients with and without PAD. In fact, the 
tight link of PWV with CV outcomes becomes 
more apparent with the confi rmation of a 
U-shaped association between PWV and ABI, as 
shown for ABI and CV events [ 18 ]. In addition, 
this association remains largely undiluted even in 
patients with PAD refl ecting a relationship 
between severity of PAD and arterial stiffness. 

 Interpretation of arterial stiffness indices should 
be done with great caution in patients with 
extremely low ABI and especially CLI. In particu-
lar, brachial–ankle PWV due to inherent limita-
tions should be avoided in patients with ABI < 0.9. 
In advanced PAD, a reduced rather than increased 
aortic PWV may occur, a change that could be 
attributed to a decline in distending pressures dis-
tal to arterial stenoses. Decreases in distending 
pressures would result in an attenuation of arterial 
stiffness (a shift to a less steep portion of the expo-
nential vascular pressure–volume relationship) 
and thus PWV in these distal segments. However, 
if as a consequence of the presence of stenoses, 
PWV is reduced in advanced PAD, indices such as 
central BP and augmentation index (AIx) may 
remain increased. These observations were sub-
stantiated by a recent study [ 19 ] in African-
Americans with CLI where there was a dissociation 
of central hemodynamics indices and aortic 
PWV. Specifi cally, PWV was lower, whereas AIx 
and central pulse pressure were higher in partici-
pants with CLI compared to controls. It is also 
possible that blunting of the upstroke of the femo-
ral pressure waveform could lead to late foot 
detection, overestimation of the carotid–femoral 
transit time, and underestimation of PWV. 

 An association between arterial stiffness and 
exercise performance has also been described in 
patients with PAD. In a small cross-sectional study 
with patients who were referred for noninvasive 
PAD evaluation, measures of arterial stiffness 
(AIx, pulse pressure, and refl ected wave arrival 
time) were independently associated with shorter 
walking distance [ 20 ]. Almost 1 out of 2 could 
not complete the exercise protocol, and most had 
to stop due to either leg discomfort or a combi-
nation of leg discomfort and dyspnea. Moreover, 
brachial–ankle PWV is inversely  correlated with 
functional performance, independent of potential 
confounders, including ABI [ 21 ]. PWV along 
with undetected PAD was also incriminated for 
exercise intolerance during a 6 min walk test in 
patients with chronic obstructive lung disease 
[ 22 ]. Plausible explanation for this association 
could be the lack of diastolic augmentation, cou-
pled with the increased afterload that may contrib-
ute to decreased myocardial perfusion, leading to 
further supply/demand mismatch and ischemia. 
Moreover, ventricular–vascular uncoupling with 
concomitant diastolic dysfunction could amplify 
poor exercise tolerance, while increased stiffness 
may suggest microcirculatory dysfunction that 
leads to impaired perfusion of skeletal muscles 
during rest and exercise, thereby impairing the 
performance of skeletal muscles [ 13 ]. Finally, 
increased stiffness is associated with impaired 
fl ow volume in lower extremity arteries even in 
subjects with normal ABI [ 23 ].  

    Arterial Stiffness and PAD 
in Prognostic Studies 

 Prospective studies of the association between 
arterial stiffness and PAD are lacking. Indirect 
evidence of an association of arterial stiffness 
indices with future PAD events originate by stud-
ies that have included peripheral events in a com-
posite endpoint. However, in a prognostic study 
in hemodialysis patients that used PAD events 
as a secondary endpoint, brachial–ankle PWV 
with its inherent limitations failed to show any 
predictive role [ 24 ]. Likewise, in a study with 
520 subjects undergoing coronary angiography 
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(PAD = 42 subjects), none of the central hemo-
dynamics indices such as AIx were associated 
with the secondary combined endpoint of cere-
brovascular and peripheral revascularization 
[ 25 ]. Nevertheless, both studies had small-sized 
populations and were not designed to investigate 
future PAD events. On the other hand, some of 
the patients included in the recent relevant meta- 
analysis on arterial stiffness included patients 
with CV disease, where a small part of them 
had PAD. In fact, in the meta-analysis by Ben-
Shlomo et al., PWV in the clinical sample com-
prising high CV risk patients, including PAD, 
had similar predictive role to PWV in the general 
population [ 3 ]. However, no studies have been 
performed exclusively in PAD patients and thus 
no defi nitive conclusions can be drawn.  

    Effects of PAD Treatment 
on Arterial Stiffness 

 Finally, few studies have addressed the issue of 
the use of arterial stiffness as a surrogate end-
point of PAD treatment. Angiotensin-converting 
enzyme (ACE) inhibitors have been shown to 
increase walking distance in patients with PAD, 
and ACE inhibitor-related decreases in arterial 
stiffness have been suggested as the principal 
mechanism for improvement in function perfor-
mance [ 26 ]. In particular, in a study of 40 patients 
with PAD, subjects receiving ramipril 10 mg 
once daily for 24 weeks experienced a 2.5-fold 
increase in maximum walking time compared to 
subjects receiving placebo, while their arterial 
stiffness parameters improved substantially [ 26 ]. 
Similar results were described in patients with 
intermittent claudication [ 27 ]. Cilostazol, an 
agent used for relief of intermittent claudication, 
was also shown to reduce AIx [ 9 ]. Comparable 
results on arterial stiffness seem plausible with 
other benefi cial therapies in PAD patients such as 
statins and exercise. Finally, promising results 
are described in PAD patients after percutaneous 
transluminal angioplasty with improvement in 
central BP and AIx that translates to improve-
ments in left ventricular (LV) mass and renal dys-
function [ 28 ,  29 ].   

    Aortic Diseases 

 Aortic diseases are an important cause of cardio-
vascular morbidity and mortality. Except when 
complications are life-threatening, such as acute 
aortic syndrome (aortic dissection, intramural 
hematoma, penetrating atherosclerotic ulcer, and 
aortic rupture), aortic diseases (aortic atheroscle-
rosis and aortic dilatation/aneurysm) are 
 asymptomatic and without abnormalities on 
physical examination; thus, diagnosis and fol-
low-up depend exclusively on imaging tech-
niques such as ultrasound, computed tomography, 
and magnetic resonance imaging. Aortic aneu-
rysm is defi ned as a maximal aortic dimension 
greater than 3.0 cm or a 50 % increase in size 
compared with the normal segment proximal to 
the aneurysm. 

    Pathophysiology of Aortic Diseases 

 Central to the pathogenesis of the aneurysm for-
mation is a degenerative process of the media and 
its elastic components caused by either intrinsic 
weakness (such as in the Marfan syndrome) or 
excessive (i.e., hypertension) and/or accumula-
tive (i.e., aging) stress [ 30 ]. Ascending aortic 
aneurysms are mostly caused by medial degen-
eration, which is characterized by smooth muscle 
cell necrosis, elastic fi ber degeneration, increased 
deposition of proteoglycans and based on recent 
data by the presence of infl ammatory cell infi ltra-
tion. Medial degeneration is often seen in patients 
with inherited connective tissue disorders as the 
Marfan and the Ehlers–Danlos syndrome but also 
in patients with bicuspid aortic valve and tricus-
pid aortic valve stenosis and in elderly patients 
usually with long-standing hypertension. 
Preferential weakening of the adventitia and 
media—rather than an intimal proliferative pro-
cess, as in atherosclerosis—results in diminished 
aortic resilience and tensile strength, culminating 
in aortic wall thinning, dilation, and increased 
wall stress, all of which may result in rupture 
[ 30 ]. Even though atherosclerosis may be 
observed in the wall of aneurysms, usually in 
aneurysms of the descending thoracic and the 
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abdominal aorta, these changes may be a conse-
quence of local turbulent fl ow as opposed to a 
cause of aneurysm formation. Furthermore, the 
extent of systemic atherosclerosis in most cases 
does not correlate well with the degree of aneu-
rysm formation. However, the presence of detect-
able atherosclerotic plaques in the aorta indicates 
the presence of atherosclerotic disease and is a 
possible source of peripheral embolism while 
aortic calcifi cations have shown strong correla-
tion with atherosclerosis and events in other vas-
cular territories [ 12 ]. 

 The two critical structural elements in the 
formation of aortic aneurysms in the aortic wall 
are elastin and collagen, while matrix metal-
loproteinases may also play a role by regulat-
ing degradation and turnover of extracellular 
matrix. Elastin provides radial and longitudinal 
support, enabling the aorta to respond to pulsa-
tile fl ow while maintaining normal dimensions. 
Breakdown of elastin alone appears insuffi cient 
to cause aneurysmal expansion and rupture. Loss 
of collagen is an additional contributor, and the 
relative equilibrium of elastin and collagen depo-
sition, among other factors, may be critical for 
determining aneurysm formation. Early in aneu-
rysm formation, the aorta compensates for loss 
of elastin by increasing production of collagen, 
but as elastin content decreases, collagen (as the 
major source of tensile strength) is overwhelmed, 
and aortic expansion occurs. These combined 
structural alterations promote aortic stiffness 
that is also amplifi ed by the aging process. In 
particular, with aging, aortic stiffness due to 
fragmentation of elastin fi bers; deposition of gly-
cosaminoglycans, fi bronectin, and collagen; and 
reduced bioavailability of endothelium- derived 
nitric oxide is exacerbated [ 30 ]. 

 Such remodeling appears to initially protect 
against rupture, and importantly, failure of such 
remodeling appears to signifi cantly increase the 
risk of rupture. According to Laplace’s law 
( σ  =  P  ×  r / h , where  P  is the pressure in the vessel), 
wall stress ( σ ) is higher as the radius ( r ) of the 
vessel increases and the wall becomes thinner 
( h  = thickness of the vessel wall); thus, dilatation 
begets dilatation leading to a vicious circle, with 
progressively higher rate of aneurysm expansion. 

Ultimately, rupture or dissection occurs, unless a 
reparative process is initiated. 

 Decreased strength of the inner layer of the 
aortic wall, increased BP, and high-average wall 
stress due to increased aortic diameter and 
decreased wall thickness have been proposed as 
mechanisms for the development of aortic dissec-
tion. High circumferential stress at the inner wall 
is responsible for the initial tear in the intima 
leading into the media. Acute aortic syndromes 
occur when either a tear or an ulcer allows blood 
to penetrate from the aortic lumen into the media 
or within rupture of the “vasa vasorum” 
(Fig.  26.2 ) within the media [ 31 ]; the infl amma-
tory response to blood in the media may lead to 
aortic dilatation and rupture. Blood penetrates 
through the tear to the media, and the two layers 
of the aortic wall (the outer layer and the intimal 
fl ap) separate and slide relative to one another 
producing a false lumen. The vessel is further 
dilated and the outer wall is thinned due to its 
separation into two dissected layers; in conse-
quence, it is prone to total rupture. Aortic 

a b

  Fig. 26.2    Cross sections of the aortic wall: ( a ) media of 
an animal with intact vasa vasorum fl ow. Smooth muscle 
cells are apparently normal throughout the whole media. 
( b ) Media 15 days after vasa vasorum removal. Complete 
loss of smooth muscle cells is observed in the outer layers 
of the media (which are nourished by vasa vasorum), 
whereas smooth muscle cells appear normal in the inner 
layers. Changes were also observed in elastin fi bers in the 
respective areas (not shown). These changes were accom-
panied by a decrease in aortic distensibility (Reproduced 
with permission from Stefanadis et al. [ 31 ])       
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 compliance is further impaired from narrowing 
of its lumen, and systolic pressure tends to 
increase favoring progression of dissection.

       Aortic Diseases and Arterial Stiffness 

 The aorta plays an important role in modulating 
LV performance and arterial function throughout 
the entire CV system. A comprehensive assess-
ment of aortic and arterial biophysical properties 
includes (i) evaluation of the aortic pressure–
dimension relationship, (ii) arterial stiffness, and 
(iii) the refl ected waves [ 32 ]. 

 Arterial stiffness and wave refl ection indices 
have grown substantial attention in patients with 
aortic dilatation/aneurysm. The reasons are their 
pathophysiological proximity to the disease, their 
noninvasive and easy assessment, their well- 
established predictive role for future events in 
several disease populations, their alluring poten-
tial to predict future expansion or rupture, and 
their interpretation of treatment effects. Most of 
the studies were conducted in patients with inher-
ited and developmental aortopathies such as in 
Marfan syndrome, Ehlers–Danlos syndrome, 
Loeys–Dietz’s syndrome, bicuspid aortic valve 
diseases, and coarctation of the aorta. 

    Marfan Syndrome 
 Marfan syndrome is an autosomal dominant 
genetic disorder caused by a mutation of the 
FBN1 gene that encodes fi brillin-1. Fibrillin-1 
appears to be a key element in the normal spatial 
organization of the arterial wall, ensuring ade-
quate loading of elastic components, thereby 
maintaining physiological arterial stiffness. 
Fibrillin-1 mutation is associated with increased 
arterial stiffness [ 33 ]. Moreover, changes in the 
extracellular matrix of elastic tissue have been 
related to excessive signaling by transforming 
growth factor-b (TGF-b), with increased proteo-
lytic degradation by serine proteases and matrix 
metalloproteinases contributing to the pheno-
typic features of Marfan syndrome including pro-
gressive enlargement of the aortic root. Of 
importance is the fi nding that central and not 
peripheral pulse pressure has been found to be a 

major determinant of ascending aorta diameter 
[ 33 ], thus attesting to the importance of assessing 
central hemodynamics and stiffness indices. 
Interestingly, the increase in arterial stiffness is 
confi ned to the aorta, with no change in stiffness 
observed for the carotid, femoral, and radial 
arteries. A clinical hallmark of Marfan syndrome, 
and the major cause of morbidity and premature 
death from this syndrome, is aortic root dilatation 
and associated aortic regurgitation, dissection, 
and rupture. The exact mechanisms leading to 
dilatation are not fully elucidated, but steady and 
pulsatile stresses are probably important, leading 
to the mechanical fatigue of abnormal elastic 
fi bers and microdissections. Aortic dilatation 
probably results from the failure of abnormal 
elastic fi bers to sustain physiological pulsatile 
stress, by analogy with aging. Consequently, 
aneurysm growth rate is associated with aortic 
stiffness in Marfan [ 34 ]. In fact, aortic stiffness 
and wave refl ection indices such as augmentation 
index and probably central BP seem to have an 
independent predictive value for aortic dilatation, 
dissection, and rupture in longitudinal follow-up 
studies of patients with Marfan or Marfan-like 
syndromes [ 34 – 36 ]. Estimation of aortic biome-
chanics in Marfan by magnetic resonance imag-
ing is promising for early detection of future 
complications [ 32 ].  

    Aortic Aneurysms 
 Aortic aneurysms are also common in the general 
population with age, male gender, and smoking 
as essential risk factors and are characterized by 
location in abdominal and thoracic/thoracoab-
dominal aortic aneurysms. The aneurysmal dila-
tation of the abdominal aorta is associated with a 
signifi cant increase in aortic stiffness, which can 
be explained by the decreased volume fraction of 
elastin and smooth muscle cells and increased 
collagen and ground substance found at the histo-
logical examination of the resected aortic speci-
mens [ 30 ]. Of importance is the fi nding that 
patients with abdominal aortic aneurysm also 
have increased carotid artery stiffness compared 
to patients with coronary artery disease, even 
after adjustment for important risk factors [ 37 ]. 
This supports a causal role of arterial stiffness in 
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a generalized arterial wall disease. Interestingly 
enough, it has been shown that higher AAA dis-
tensibility is positively related to propensity to 
rupture [ 38 ]. Although aneurysms have generally 
increased stiffness, this may represent a specifi c 
phase in the course of some aneurysms during 
which the wall becomes weaker before rupture. 

 However, a recent study [ 39 ] showed that 
carotid–femoral PWV may underestimate the 
degree of aortic stiffness and AIx may overesti-
mate the magnitude of arterial wave refl ections in 
patients with AAA. Aortic PWV is proportional 
to the square root of aortic stiffness and inversely 
proportional to the square root of aortic radius 
with the assumption that there are no signifi cant 
changes in the vessel cross-sectional area or wall 
thickness along the arterial segment [ 30 ]. The 
markedly increased radius of the dilated segment 
of the aorta in patients with AAA apparently vio-
lates the assumption and would induce a reduc-
tion of aortic PWV. The study [ 39 ] showed that 
indices of arterial stiffness that incorporate also 
muscular arteries, such as brachial–ankle PWV 
contrary to carotid–femoral PWV that is mainly 
associated with elastic arteries, are less likely 
infl uenced by the presence of AAA. Specifi cally, 
carotid–femoral PWV was signifi cantly lower in 
patients with AAA than controls without AAA, 
when brachial–ankle PWV suggested similar 
degree of arterial stiffness between the two 
groups. Suggested explanations were that the 
length of AAA represents only a small fraction of 
the virtual traveling distance between brachial 
and ankle arteries and that the irregular vessel 
wall of AAA along with a potential decrease in 
BP after the aneurysm could passively decrease 
aortic PWV. However, in a similar earlier study, 
Kadoglou et al. showed that carotid–femoral 
PWV was signifi cantly higher in patients with 
AAA compared to controls [ 40 ]. As for other 
case–control studies, the matching of the patients 
with controls is critical and its inherent limita-
tions might explain the diversity of results. As far 
as indices of wave refl ection are concerned, aug-
mentation index seems to be higher in aortic 
aneurysm (thoracic or abdominal) patients com-
pared to controls [ 39 ,  41 ]; however, it does not 
seem to be able to discriminate between patients 

with fast and slow progression of aortic aneu-
rysm in their early phase [ 42 ] but rather in their 
late phase [ 43 ]. On the contrary, central BP shows 
a steady incremental value over peripheral BP in 
prediction of fast progression, dissection, and 
rupture of aortic aneurysm [ 43 ].   

    Effects of Treatment of Aortic 
Diseases on Arterial Stiffness 

 Aortic dilatation/aneurysm in its initial stages is 
conservatively managed with medical treatment, 
unless an acute aortic syndrome occurs that in 
most cases needs surgical intervention. The 
mainstream in the pharmacological treatment of 
aortic dilatation is β-blockade, which retards the 
rate of dilatation and risk of dissection by reduc-
ing wall stress. The benefi ts of β-adrenoreceptor 
blockers in this setting are attributable to their 
ability to reduce (i) peak stress and maximum 
rate of increase in aortic pressure during systole 
(dP/dT) through their negative inotropic effect 
and (ii) the number of cumulating fatiguing pul-
sations over time through their heart rate slowing 
effect. The effect of β-blocker therapy on aortic 
elastic properties is not the same for all agents. 
While some of them have been shown to improve 
aortic elastic properties [ 44 ], of concern may be 
the fact that some nonselective β-blocking agents 
may increase wave refl ections [ 30 ]. The discrep-
ancy in results seen in studies probably refl ects 
the fact that hemodynamic effects of β-blockers 
vary with the specifi c agent. Of particular benefi t 
appear to be β-blockers with vasodilating proper-
ties that reduce peak systolic pressure and arterial 
stress through the reduction in wave refl ections. 

 Experimental studies in an animal model 
demonstrated that ACE inhibitors and angioten-
sin receptor blocker (ARB) may prevent or delay 
the phenotypic expression of Marfan syndrome 
by antagonizing TGF-b and slowing or even 
reversing defragmentation of the elastic fi bers of 
the aorta. ACE inhibitors also reduce angiotensin 
II levels that are associated with medial degener-
ation contributing to aortic rupture in Marfan 
syndrome. Promising are the results from ACE 
inhibitors such as perindopril [ 45 ], as well as 
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ARB such as losartan [ 46 ], in reducing aortic 
dilatation in humans with Marfan syndrome, 
along with a reduction in aortic PWV indepen-
dent of BP reduction [ 45 ]. Recently, a small 
short-term (4 weeks) crossover randomized study 
compared the effects of perindopril, verapamil, 
and atenolol on arterial stiffness, wave refl ection, 
and aortic dilatation in Marfan syndrome [ 47 ]. 
Despite the slightly favorable effect of perindo-
pril on augmentation index and central BP com-
pared to atenolol, only atenolol induced delayed 
expansion in the aortic arch and abdominal aorta. 
No signifi cant changes were noted between drugs 
in aortic PWV during this short-term study [ 47 ]. 

 Several studies have also investigated the 
effect of interventional management of aortic 
aneurysm on arterial stiffness. There is compel-
ling evidence that repair of aortic aneurysm either 
surgically or with the endovascular method 
causes signifi cant increase in aortic stiffness [ 39 , 
 48 – 50 ]. This increase may refl ect the effect of 
restoration of the uniform cross-sectional area 
along the abdominal aorta and does not necessar-
ily indicate a real increase in aortic stiffness after 
intervention. However, this increase after 1 year 
seems to translate into increase of LV mass, dia-
stolic dysfunction, and ultimately exercise intol-
erance [ 49 ]. Interestingly, in a small pilot study 
[ 51 ], the open surgical repair induced a reduction 
of stiffness in AAA compared to an increase of 
the endovascular treatment, which was even 
higher when endoleaks were present. This may 
be explained by the fact that the sac, which is 
fl uid-fi lled, is not pressurized and therefore 
exhibits greatest wall movement at any given sys-
temic BP. In the case of endoleak after endovas-
cular repair, wall movement is less because the 
sac is pressurized as compared with the latter 
situation, implying an increase in stiffness. 
Integrating this information could partly explain 
the data from a recent comparison study between 
open and endovascular repair that showed similar 
long-term survival despite a perioperative sur-
vival advantage with endovascular repair for the 
fi rst 3 years [ 52 ]. Open repair has increased peri-
operative mortality compared to endovascular 
treatment. However, the increased aortic stiffness 
of endovascular repair that associates with future 

CV events and endoleaks could lead in the long 
term to increased CV mortality and deaths from 
aortic ruptures compared to open repair and thus 
weaken any initial survival advantage [ 52 ]. 
Therefore, it is important to use grafts that do not 
increase aortic stiffness based on their engineer-
ing characteristics and to investigate how this 
translates in future events.   

    Coarctation of the Aorta 

    Hemodynamic Alterations 

 The important role of arterial stiffness and wave 
refl ections are also prominent in coarctation of 
the aorta. The clinical features of aortic coarcta-
tion are primarily a consequence of altered arte-
rial hemodynamics in the upper part of the body, 
not of reduced blood fl ow to the lower part. This 
is because blood fl ow to the lower part of the 
body is maintained at near-normal levels at rest 
and during exercise through the development of 
collateral blood fl ow involving the intercostal, 
internal mammary, and scapular vessels, which 
circumvents the stenotic lesion. The pressure 
waves recorded from the upper part of the body 
are quite different from the normal. They display 
a steady rise to a high systolic peak and a near- 
exponential decay through all diastole. This is 
due to the following factors [ 30 ]:
    (i)    The site of stricture refl ects a great amount 

of the pulse wave, which otherwise would 
have traveled until the lower part of the 
body; thus the refl ecting site is transferred 
closer to the ascending aorta.   

   (ii)    PWV increases as a result of the increase in 
distending pressure, and thus the pressure 
waves travel faster within the aorta. In con-
sequence of factors (i) and (ii), the refl ected 
wave returns earlier adding to systole and is 
enhanced, thus augmenting pressure in the 
ascending aorta in systole rather than in 
diastole.   

   (iii)    There is a diminution in size of the arterial 
segment with cushioning properties; only one 
third of the total arterial system—the upper 
part—is able to distend at the ejection of the 
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left ventricle. The collaterals cannot compen-
sate for the altered cushioning function.    

  The pressure wave in aortic coarctation resem-
bles that recorded in hypertension and arterial 
degeneration. The main difference between these 
conditions is that in hypertension and arterial 
degeneration, the early return of the refl ected 
wave is mainly due to increased PWV; in con-
trast, in aortic coarctation, the early return of the 
refl ected wave is also due to the smaller distance 
the pulse and refl ected waves have to travel from 
the aortic valve to the site of stricture and back. 
During exercise, a dramatic increase in systolic 
and pulse pressure occurs, which is even greater 
than the increase seen in patients with essential 
hypertension. This is mainly due to the reduction 
of cushioning capacity of the arterial system [ 30 ]. 

 If collaterals did not exist, then a dramatic fall 
in both mean and pulse pressure beyond the 
obstruction would occur, depending on the degree 
of lumen narrowing. However, the collaterals are 
effi cient to maintain mean pressure beyond a nar-
rowing to normal levels, usually slightly lower 
than the mean pressure proximal to the narrowing 
serving well as substitutes of the aorta as regards 

its conduit function. On the other hand, pulse 
pressure is almost always markedly reduced 
beyond a signifi cant narrowing of the aortic 
lumen: while diastolic pressure beyond the 
obstruction remains at the same level or even 
higher than in the upper body in the presence of 
well-developed collaterals, systolic pressure is 
much lower in the arteries beyond the obstruction 
[ 53 ]. The latter is the result of attenuation and 
delay of the pulse through the long, tortuous and 
narrow collateral vessels (Fig.  26.3 ).

       Ill Effects Linked to Pathophysiology 

 Due to the smaller volume distensibility of the 
arterial system and the early return of pulse wave, 
high pulsations are produced in the upper body 
arteries, which result in systolic hypertension 
with high pulse pressure.    The presence of sys-
tolic hypertension from early age accounts for the 
detrimental effects of aortic coarctation on car-
diovascular system, such as LV hypertrophy, inti-
mal thickening, and medial degeneration of the 
arteries of the upper body, with arteriosclerosis 
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  Fig. 26.3    Diagrammatic 
representation of different 
degrees of collateral 
development on arterial 
pressure waves above and 
below an obstruction in the 
descending aorta. When 
collaterals are poorly 
developed, both systolic and 
diastolic pressures are lower 
beyond the obstruction. 
When collaterals are well 
developed, mean pressure is 
maintained; however, pulse 
pressure is reduced and 
diastolic pressure may be 
higher and systolic pressure 
reduced beyond the 
obstruction (Reprinted from 
O’Rourke [ 53 ], with 
permission)       
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and development of aneurysms located especially 
in the circle of Willis or within the brain sub-
stance itself and atherosclerosis of the coronary 
arteries. Consequently, main causes of death 
include heart failure, aortic rupture, aortic dissec-
tion, endocarditis, endarteritis, intracerebral 
hemorrhage, and myocardial infarction [ 54 ]. 
Most of these pathological features are attribut-
able to fatigue of the elastic components of the 
arterial wall due to the repeated high pulsatile 
stress over a long period of time and are similar 
to those seen with aging or long-standing hyper-
tension but occur at a much earlier age. The effect 
of these hemodynamic and structural changes on 
arterial function is expressed as decreased disten-
sibility of the proximal aorta, with preservation 
of the distensibility of the distal aorta. This fi nd-
ing is in contrast with the gradual decline in aor-
tic distensibility from proximal to distal aorta 
found in normal subjects.  

    The Effect of Repair on Hypertension 

 In order to prevent the deleterious effects of aor-
tic coarctation on cardiovascular structure and 
function, repair of aortic coarctation should be 
performed in infancy or early childhood [ 54 ]. If 
coarctation escapes early detection, repair should 
be performed at the time of subsequent diagnosis. 
In cases with excessive hemodynamic altera-
tions, intervention is performed even in the fi rst 
months of life. Early repair (which is made usu-
ally surgically with end-to-end anastomosis, sub-
clavian fl ap aortoplasty, bypass graft, or prosthetic 
patch aortoplasty but also percutaneously with 
balloon dilatation and stenting of the aorta) is 
associated with better survival rates; however, 
some operated patients die prematurely from car-
diovascular complications, such as myocardial 
infarction, sudden death, heart failure, cerebro-
vascular disease, and ruptured aortic aneurysm. 
All adult patients with a noninvasive pressure dif-
ference >20 mmHg between the upper and lower 
limbs, regardless of symptoms but with upper 
limb hypertension, pathological BP response 
during exercise, or signifi cant LV hypertrophy 
should have intervention; independent of the 

pressure gradient, hypertensive patients with 
≥50 % aortic narrowing relative to the aortic 
diameter at the diaphragm level should be con-
sidered for intervention [ 54 ]. 

 Correction usually reduces arterial pressure in 
the upper body and results in the restoration of 
normal femoral pulses and the regression of collat-
erals and LV hypertrophy. Although preoperative 
hypertension regresses in most cases postopera-
tively, it may recur later in life and is related to 
adverse outcomes [ 55 ]. Almost 1 out of 3 patients 
with repaired coarctation of the aorta developed 
hypertension in long-term studies. The mecha-
nisms and the risk factors leading to postoperative 
hypertension are not fully elucidated. Earlier pro-
spective studies suggested that faster repair of the 
aorta protects from future development of hyper-
tension; however, more recent longer follow-up 
studies tend to dispute these results. Interestingly, 
it seems that those who undergo end-to-end anas-
tomosis have lower systolic BP at follow-up than 
those who undergo subclavian fl ap repair or patch 
aortoplasty, while early reports do not show dif-
ference in future prevalence between surgical 
and percutaneous repair [ 55 ]. Anatomical causes 
such as residual stenosis, variations in anatomical 
shapes of the post- repair aorta, or even presence of 
prosthetic material may play a role; yet hyperten-
sion occurs even in the absence of such anatomi-
cal features. The role of sympathetic hyperactivity, 
renin–aldosterone axis activation, and infl amma-
tion has been debated [ 55 ]. Altered barorefl ex 
sensitivity, due to precoarctectomy hypertension, 
plays a major role in reactive hypertension seen in 
the early postoperative course, and it may also be 
implicated in late exercise-induced hypertension. 
However, the main defect leading to late rest and 
exercise-induced hypertension is the altered struc-
ture and function of the arteries in the upper body 
that remains even after successful repair due to 
their long-standing high pulsatile stress before the 
operation (see below “arterial function and struc-
ture in relation to repair”). Altered structure leads 
to altered function, with reduced arterial compli-
ance, which leads to hypertension with high sys-
tolic and pulse pressure. 

 Even in the absence of hypertension at rest, 
many patients exhibit exercise-induced hypertension. 
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Similarly to the prevalence of hypertension at 
rest, about 1 in 3 patients develop exercise- 
induced hypertension post repair [ 55 ]. Exercise
induced hypertension is a predictor of chronic 
hypertension in the general population. It is pos-
sible that the increases in cardiac output, seen 
with exercise, ejected into a less compliant aorta 
lead to signifi cant increases in pulse pressure, 
which normalizes when cardiac output returns to 
normal. Further aortic remodeling and stiffening 
induced by continuing low velocity shear stress 
may lead to changes in baroreceptor sensitivity 
and progression toward established hypertension. 
Therefore, recent studies advocate the usefulness 
of exercise testing as a predictive tool for future 
hypertension in patients with aortic coarctation 
repair.  

    Arterial Function and Structure 
in Relation to Repair 

 Altered structure of the wall of arteries in the upper 
body postoperatively has been demonstrated in 
experimental animals and includes intima–media 
proliferation of the aortic arch. These persistent 
after coarctectomy changes in animals are the 
same as those seen in coarctectomy specimens in 
humans or in hypertensive patients, as previously 
described. This could be translated into inability of 
coarctectomy to fully reverse the structural 
changes in the arteries of the upper body induced 
by increased pulsatile stress. 

 Several cross-sectional studies on endothelial 
function and arterial stiffness point to an underly-
ing vascular bed pathology as a cause for the 
development of hypertension despite early and 
anatomically successful surgical correction of the 
aortic coarctation. As regards arterial function, it 
has been shown that, in patients with coarctation 
of the aorta, proximal aorta distensibility remains 
much lower than in normal subjects both shortly 
and late after successful repair [ 56 ]. Furthermore, 
proximal aorta distensibility remains much lower 
than the distensibility in the distal aorta. These 
fi ndings are attributed to structural changes in the 
proximal aorta. The same changes also account 
for the increased brachial–radial PWV [ 57 ] 

despite a preserved femoral–dorsalis pedis veloc-
ity of pulse wave propagation seen in postcoarc-
tectomy patients. Kenny et al. found a signifi cant 
(yet moderate) relationship of aortic PWV with 
baroreceptor refl ex sensitivity and ambulatory 
BP measurements in their post-repair coarctation 
patients, a relationship that they could not dem-
onstrate for ambulatory BP in their control group 
[ 58 ]. Along these lines, ambulatory arterial stiff-
ness index, an indirect index of arterial stiffness 
with predictive ability for future CV events [ 59 ], 
was higher in children with repaired coarctation 
compared to other hypertensive or normotensive 
children despite no differences in age or BP lev-
els [ 60 ]. 

 Another fi nding in these patients is impaired 
vascular reactivity of the upper body arteries 
[ 57 ]. Hypertensive postcoarctectomy patients 
exhibit enhanced vasoconstrictor response to 
norepinephrine in the arms but normal vascular 
reactivity of the legs. Hyperemic fl ow, fl ow- 
mediated dilatation, and vasodilatation after 
administration of nitroglycerin are all impaired in 
brachial artery but the same is not true for the 
arteries of the lower limb [ 57 ]. Impaired vascular 
reactivity confi ned to the upper limb is also 
observed after exercise-induced hypertension in 
postcoarctectomy patients compared to controls 
with similar resting BP [ 55 ]. 

 Age at operation is of importance. As discussed 
earlier, postoperative hypertension is more com-
mon in patients with repair at an older age. 
According to the notion that the longest the high 
pulsatile stress remains, the greatest the structural 
and functional abnormalities will be, it was shown 
that age at intervention is correlated with impaired 
upper body arterial stiffness. Brili et al. [ 56 ] found 
that age at surgery was inversely correlated to the 
distensibility index of the aortic arch in postcoarc-
tectomy patients, and de Divitiis et al. found the 
same correlation with the distensibility of the 
upper limb arteries [ 57 ]. Similarly, in a recent 
study, Sarkola et al. [ 61 ] found more pronounced 
CV abnormalities (LV mass, adventitial thickness, 
lumen dimensions, thigh systolic BP, abdominal 
aorta, carotid and regional stiffness) after aortic 
coarctation stent implantation compared to sur-
gery that were primarily related to older patient 
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age at the time of intervention for stent implanta-
tion. These myocardial abnormalities are apparent 
even in normotensive patients with repaired aortic 
coarctation. However, the effect of age on vascular 
function has been debated [ 62 ]. Regarding vascu-
lar reactivity, no correlation could be found 
between age at surgery and vascular reactivity of 
the upper limb arteries [ 57 ]. An explanation is that 
patients who required surgery in the neonatal 
period could have a more severe congenital arterial 
abnormality and might have been exposed to very 
high BP from birth. Another possible explanation 
is that early “programming” of vascular reactivity 
exists during prenatal development or in the fi rst 
few weeks after birth, as suggests its association 
with birth weight. 

 The type of intervention and anatomical varia-
tions have been implicated in the development of 
hypertension. In accordance with studies for 
hypertension, end-to-end anastomosis is the pref-
erable surgical technique, as it is not associated 
with impaired vascular function contrary to the 
subclavian fl ap repair [ 63 ]. Plausible mecha-
nisms are an ongoing regional effect of residual 
“coarctation” tissue on the upper limb arterial 
dynamics in subclavian fl ap repair compared 
with the fully resected anastomosis approach and 
earlier refl ected waves from the subclavian fl ap 
repair site due to subclavian artery’s different 
wall structure or due to a more diffuse scar site 
that may lead to greater augmentation of central 
systolic pressure and abnormal arterial compli-
ance through increased mechanical forces. 
Importantly, elastic properties of the prestenotic 
aorta of patients with coarctation seem to be 
impaired primarily, even in neonates, and remain 
unchanged early after successful operation 
implying and inborn pathology of the prestenotic 
aortic vascular bed [ 64 ].    Endovascular treatment, 
on the other hand, does not seem to lead to 
changes in the inherent vascular pathology, nei-
ther acutely nor even in the long term [78,65]. 
Indeed, initial studies show that stenting is asso-
ciated with rather increased PWV compared to 
surgery and with a modest midterm benefi cial 
effect on aortic augmentation index [ 61 ,  62 ,  65 ]. 
Reasons for this increased PWV may be related 
to the mechanical properties of the stent (rigid 

structure) and to the fact that stent implantation is 
performed signifi cantly later in life, and it is 
likely, therefore, that regional BP and age at 
intervention or at re-intervention may have 
affected the preductal vascular phenotype. 
Variations in anatomical shapes also predispose 
in late hypertension. In particular, angulated 
Gothic aortic arch is associated with increased 
systolic wave refl ection, as well as increased cen-
tral aortic stiffness and LV mass index [ 55 ]. 
Importantly, it seems that central pulse pressure 
is more useful than peripheral BP in identifying 
patients with recoarctation [ 66 ].  

    Effect of Pharmacological Treatment 
on Vascular Function 

 There are a limited number of studies directly 
comparing the effects between antihypertensive 
medications on BP control in hypertensive 
patients with coarctation repair. Moltzer et al. 
[ 67 ] compared the effect of candesartan and 
metoprolol on BP, large artery stiffness, and neu-
rohormonal response in a small crossover trial 
and found that metoprolol for 4 weeks was more 
effective at reducing the mean arterial pressure 
compared to candesartan. However, there was no 
effect on aortic PWV with either treatment. On 
the contrary, we have shown (unpublished data) 
that both ramipril and candesartan have a benefi -
cial effect on aortic PWV and augmentation 
index in these patients. In accordance, Brili et al. 
showed a benefi cial effect of ramipril on endo-
thelial function [ 68 ]. Such a benefi cial effect on 
endothelial function was shown by the short-term 
use of statins as well.   

    Erectile Dysfunction 

 Vasculogenic erectile dysfunction (ED) may 
result from impairment of endothelial dependent 
and/or independent smooth muscle relaxation 
(i.e., functional vascular ED, early stages), occlu-
sion of the penile arteries by atherosclerosis (i.e., 
structural vascular ED, late stages), or a combi-
nation of these processes [ 69 ]. Vasculogenic ED 
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or primarily vasculogenic ED (i.e., in cases that 
the cause of ED is multifactorial along with hor-
monal disturbances or diabetic neuropathy) 
should be regarded as harbinger of incident or 
future CV disease [ 70 ]. In fact, ED is associated 
with a 44 % increase for future CV events and the 
risk is even higher at younger ages and in inter-
mediate CV risk groups [ 70 ]. 

 ED is associated with the presence and extent of 
subclinical atherosclerosis, including that of the 
coronary arteries, and precedes the development of 
clinically evident coronary artery disease (CAD) 
by a signifi cant amount of time (3–5 years) [ 71 ]. 
Several tests that measure the general atheroscle-
rotic burden (not necessarily obstructive) either in 
the coronary circulation (i.e., coronary calcium 
score by electron-beam computed tomography) or 
in extracoronary vessels (i.e., ankle–brachial index, 
carotid intima–media thickness) along with func-
tional arterial indices (fl ow-mediated dilatation) or 
mixed (functional and structural) arterial indices 
(aortic stiffness) are also considered surrogate 
markers of CVD [ 72 ]. We have shown that hyper-
tensive patients with ED had higher common 
carotid intima–media thickness (0.95 vs. 0.83 mm) 
and carotid–femoral PWV (8.89 vs. 8.11 m/s) and 
lower fl ow-mediated dilation of the brachial artery 
(absolute values of 2.96 vs. 4.07 %) compared to 
controls [ 69 ,  72 ]. 

 ED carries by itself an independent risk for 
CV events [89]. It would be extremely clinically 
useful to identify potential biomarkers that would 
predict future CV events in the ED population. 
Pulse pressure, a crude index of arterial stiffness, 
has also been shown to predict outcome in ED 
patients [ 69 ]. We have recently shown that higher 
aortic stiffness is associated with increased risk 
for a major adverse CV event in ED patients 
(unpublished data) (Fig.  26.4 ). Aortic PWV 
improves risk prediction when added to standard 
risk factors and may represent a valuable bio-
marker of CV risk prediction in these patients.

   While hypogonadism accounts for only 5 % of 
ED (defi ned when total testosterone is below 
12 nmol/l), approximately one out of three men 
who see a clinician for ED have testosterone lev-
els that are considered moderately lower than 
normal. Many studies show a signifi cant associa-
tion of low testosterone levels with the presence 
and extent of vasculogenic ED [ 69 ]. Low plasma 
testosterone is associated with increased risk for 
a CV event in hypertensive patients [ 73 ]. Low 
endogenous androgen concentration improves 
risk prediction when added to standard risk fac-
tors and may represent a valuable biomarker of 
prediction of cardiovascular disease risk in these 
patients. We also have shown that testosterone 
levels are independently associated with aortic 
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stiffening, and this relationship also contributes 
to the predictive role of aortic stiffness and tes-
tosterone for future CV events (unpublished 
data). The effect of low testosterone concentra-
tion on aortic stiffness is emphasized in young 
men and subjects with higher BP level. 

 Arterial stiffness can potentially aid in the (i) 
prediction of the response to an agent and thus 
determine the therapeutic approach (e.g., choice 
of drug, dose of drug) and (ii) prediction of the 
incidence of CV events within the context of 
ED. Several studies have shown improvement in 
arterial stiffness and wave refl ection indices with 
phosphodiesterase type 5 inhibitors (PDE5i), 
implying a possible benefi cial CV effect [ 74 ,  75 ]. 
The application of specifi c biomarkers for pre-
diction of a change in cardiovascular risk during 
treatment with “pleiotropic” agents (i.e., PDE5i, 
statins) represents a major challenge for future 
studies.     
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    Abstract   

  In recent years, many studies emphasized the role of arterial remodeling in 
the development of cardiovascular diseases, and it was shown that stiffening 
of arteries is associated with increased cardiovascular mortality and morbid-
ity. Moreover, arterial stiffening is linked to decreased glomerular fi ltration 
rate, and is predictive of kidney-disease progression and the patient’s cardio-
vascular outcome. Early vascular aging and arterial stiffening are observed 
with progression of chronic kidney disease (CKD) and in end-stage renal 
disease (ESRD). This accelerated aging is associated with outward remodel-
ing of large vessels, characterized by increased arterial radius not totally 
compensated for by artery wall hypertrophy. The mechanisms involved in 
large artery remodelling associated with CKD are complex including arterial 
calcifi cation, infl ammation, oxidative stress in association with mineral and 
bone metabolism disorders. Arterial stiffening in CKD and ESRD patients is 
of multifactorial origin with extensive arterial calcifi cations representing a 
major covariate. With aging, arterial stiffening is more pronounced in the 
aorta than peripheral conduit arteries, leading to the disappearance or inver-
sion of the arterial stiffness gradient and less protection of the microcircula-
tion from high-pressure transmission. Various non-pharmacological or 
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     Chronic    kidney disease (CKD) is associated with 
severe and frequent cardiovascular (CV) dis-
eases. Clinical and epidemiological studies 
emphasize the role of large and small artery 
remodeling as major contributing factors of CV 
diseases in CKD patients. The specifi city of CKD 
is the exposure to traditional CV risk factors and 
uremia-linked CV risk factors. Among them, 
hemodynamic disturbances including hypervol-
emia and metabolic disorders such as bone and 
mineral metabolism disorders play a central role 
in arterial remodeling. 

    Epidemiology of Chronic Kidney 
Disease 

 Chronic kidney disease (CKD) is defi ned as 
impaired kidney function or raised proteinuria 
on two or more occasions at least 3 months apart 
or abnormal kidney morphology. Current guide-
lines recommend that kidney function should be 
assessed by equation, preferentially the CKD- 
EPI equation (chronic kidney disease epidemi-
ology collaboration) which includes sex, age, 
serum creatinine concentration and ethnic ori-
gin, and proteinuria by the albumin to creatinine 
ratio. Regarding glomerular fi ltration rate (GFR) 
values and proteinuria levels, the new classifi ca-
tion of CKD includes 6 categories and 3 catego-
ries, respectively (Table  27.1 ) [ 1 ]. Following this 
defi nition, CKD affects ≈ 10 % of the popula-
tion in Europe and North America. Data for the 
NHANES study emphasizes the growing preva-
lence of CKD during the last 20 years [ 2 ].

   Life expectancy is signifi cantly reduced in 
patients with CKD proportionally to the decrease 
in GFR. The effect of age on mortality almost 
disappears at advanced stages meaning that renal 

failure is the main determinant of mortality in 
this population [ 3 ] (Fig.  27.1 ). For example, the 
risk    of death of a 40-year-old patient with end- 
stage renal disease (ESRD) is similar to the risk 
of death of a 75-year-old subject in the general 
population [ 4 ].

   Cardiovascular disease is a major cause of 
death in patients with end-stage renal disease 
(ESRD) [ 5 ] and also at moderate stages [ 6 ]. 
Even after adjustment for traditional cardio-
vascular risk factors, an inverse linear rela-
tion exists between GFR estimated with the 
MDRD (Modifi cation of Diet in Renal Disease) 
formula and cardiovascular events and hos-
pitalizations [ 6 ,  7 ]. It is worth to notice that 
patients with stage 4 CKD (eGFR between 15 
and 30 mL/min/1.73 m 2 ) are more likely to die 
from cardiovascular diseases than to progress 
to ESRD [ 8 ]. Data from the ARIC study (the 
Atherosclerosis Risk in Communities) showed 
that the risk of heart failure [ 9 ], stroke [ 10 ], 
peripheral artery disease [ 11 ], coronary heart 
disease [ 12 ], and atrial fi brillation [ 13 ] is at 
least doubled in patients with eGFR below 
60 mL/min/1.73 m 2 . Despite this high cardio-
vascular risk, traditional cardiovascular risk 
factors predict poorly the cardiovascular out-
come in patients with CKD. When Framingham 

   Table 27.1    Chronic kidney disease classifi cation, 
 following the international guidelines KDIGO [ 1 ]   

 Categories, 
GFR 

 eGFR, mL/
min/1.73 m 2   Categories 

 Albuminuria 
mg/g 

 G1  ≥90  A1  <30 
 G2  60–89  A2  30–300 
 G3a  45–59  A3  >300 
 G3b  30–44 
 G4  15–29 
 G5  <15 

pharmacological interventions can modestly slow the progression of arterial 
stiffness, but arterial stiffness is, in part, pressure-dependent and treatments 
able to stop the process mainly include antihypertensive drugs.  

  Keywords 

 Arterial stiffness   •   Cardiovascular events   •   Epidemiology   •   Surrogate end 
point  

M. Briet et al.



341

equations were used to calculate the cardiovas-
cular risk in patients with CKD from the ARIC 
and CHS (Cardiovascular Health Study) trials, 
the prediction of cardiovascular events was 
very low, predicting only 13.9 and 4.8 % of the 
10-year events in men and women, respectively 
[ 14 ]. Part of the specifi city of CKD patients 
comes from the exposure to traditional CV 
risk factors to uremia-linked CV risk factors, 
such as anemia, mineral metabolism disorders, 
infl ammation, oxidative stress, asymmetric 
dimethyl arginine, sympathetic nervous sys-
tem activation, and uremic toxins [ 15 ,  16 ]. 
These metabolic abnormalities, in addition to 
the hemodynamic disturbances including high 
blood pressure, increased extracellular volume, 
and sustained activation of the renin-angioten-
sin system, impact the vascular structure and 
the cardiovascular prognosis of patients with 
CKD [ 15 ].  

    Large Artery Remodeling 
Associated with Chronic Kidney 
Disease 

    Hypertrophy and Enlargement 

 The fi rst observation of an abnormal arterial 
remodeling in CKD patients was made by Bright 
in 1843 himself reporting a hypertrophy and 
enlargement of the arteries in the kidney [ 17 ]. 

Recent development of high-resolution imaging 
technology helped to improve the characteriza-
tion of the remodeling of large arteries in CKD 
patients. In 1990, London et al. were the fi rst to 
describe an increase in aortic stiffness and an 
enlargement of the carotid artery in patients with 
ESRD [ 18 ]. In an oversimplifi ed scheme, large 
artery stiffness or resistance to distension can be 
defi ned as the ability of the arteries to accommo-
date to the stroke volume. During ventricular 
contraction, part of the stroke volume is for-
warded directly to peripheral tissues, and part of 
this is stored in the aorta. During the diastole, the 
stored energy recoils the aorta and propels the 
blood forward into the peripheral tissues ensur-
ing continuous fl ow [ 19 ]. When the stiffness of 
the aorta is increased, the energy necessary for 
arterial distension is high, i.e., for a given stroke 
volume, the pressure increase is high. In this situ-
ation the entire stroke volume fl ows through the 
arterial system mainly during the systole. As a 
consequence, the fl ow is intermittent and the cap-
illary transit time is short, which reduces meta-
bolic exchanges. This oversimplifi ed view is 
useful; however, it must be modulated toward a 
more complex and realistic one by reading the 
dedicated chapters in the present book. This 
physiological relation between the cardiac work 
and aortic stiffness has been shown in patients 
with ESRD. Indeed, aortic stiffness was strongly 
correlated with left ventricular mass volume in 
this population [ 18 ].  
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    Time Course of the Change in Arterial 
Stiffness During CKD 

 As stated earlier, six stages are defi ned in CKD 
among the level of eGFR. Changes in arterial 
geometric and functional properties are not 
only the prerogative of ESRD patients but 
appear earlier during the progression of the 
disease which takes years. By comparison with 
healthy subjects and hypertensive patients, 
large artery (aortic and carotid) stiffness is 
increased in patients with CKD stages 2–5 
[ 20 ,  21 ]. During CKD evolution from stage 2 
to stage 4, large artery stiffness progression is 
debated [ 20 ,  22 – 24 ]. In the NephroTest cohort, 
the yearly evaluation of arterial parameters in 
CKD patients stages 2–5 did not show any pro-
gression of aortic stiffness [ 24 ] (Table  27.2 ). 
This observation has been confi rmed in another 
small cohort of CKD patients where aortic 
stiffness was estimated through brachial-ankle 
pulse wave velocity [ 25 ]. Accordingly, left 
ventricular mass was stable in CKD patients 
stages 2–5 in the CRIC (chronic renal insuffi -
ciency cohort) study [ 26 ]. This may be due to 
the relative short follow-up period, combined 
to powerful pathological mechanisms at play 
during CKD.

   At end stage, there is a step increase in arte-
rial stiffness, and a rapid progression of aortic 
stiffness is observed [ 27 ]. The slope of progres-
sion of aortic stiffness is almost ten times 
higher than the one observed in hypertensive 
patients. The “accelerated aging” in ESRD 
patients is observed at the level of the aorta and 
central arteries, whereas arterial stiffness in 
peripheral muscular arteries remains stable [ 28 ] 
reversing the arterial stiffness gradient between 
central and peripheral arteries. The stiffness 
gradient together with arterial branching, 
changes in arterial diameter, and aortic geome-
try changes causes partial refl exion of forward 
pressure waves regulating pressure transmis-
sion to the microcirculation. At ESRD, the 
acceleration in the reduction of the impedance 
mismatch reduces the buffering capacity to 
lower pulsatile pressure transmission to the 
microcirculation.  

    Alterations in the Intrinsic Properties 
of the Arterial Wall During CKD 

 Besides age, blood pressure is the main deter-
minant of arterial stiffness. At low distending 
pressure, the tension is borne by the distensible 
elastin fi bers. At high distending pressure, the 
tension is transferred to the less extensible colla-
gen fi bers. For example, in hypertensive patients, 
most of the reduction in arterial distensibility is 
due to distending blood pressure level. Indeed, 
under isobaric conditions, the elastic modulus 
and distensibility are similar to those observed 
in normotensive controls age matched [ 29 ,  30 ]. 

     Table 27.2    Arterial remodeling parameters progression 
in CKD patients   

 Parameters 

 Age- and 
gender-adjusted 
slope (unit/year)   P  

 Brachial 
 Systolic blood pressure, 
mmHg 

 −0.4 ± 0.5  0.45 

 Diastolic blood pressure, 
mmHg 

 −0.7 ± 0.3  0.02 

 Pulse pressure, mmHg  0.4 ± 0.3  0.22 
 Central 
 Systolic blood pressure, 
mmHg 

 −0.5 ± 0.7  0.5 

 Diastolic blood pressure, 
mmHg 

 −0.8 ± 0.3  0.01 

 Pulse pressure, mmHg  0.47 ± 0.52  0.37 
 Carotid 
 Intima-media thickness, 
μm 

 −22 ± 4  <0.0001 

 Wall cross-sectional area, 
mm 2  

 −0.39 ± 0.09  <0.0001 

 External diameter, mm  0.039 ± 0.014  0.006 
 Internal diameter, mm  0.083 ± 0.015  <0.0001 
 Media-to-lumen ratio  −1.1 ± 0.2  <0.0001 
 Stiffness, m/s  0.28 ± 0.05  <0.0001 
 Young’s elastic modulus, 
kPa 

 59.9 ± 9.9  <0.0001 

 Circumferential wall 
stress, kPa 

 2.08 ± 0.43  <0.0001 

 Aorta 
 Aortic pulse wave velocity  0.01 ± 0.04  0.89 
 Kidney 
 Measured GFR, mL/
min/1.73 m 2  

 −1.6 ± 0.3  <0.0001 

  Adapted with permission from Ref. [ 24 ]  
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In ESRD patients, stiffening is associated with an 
alteration of the intrinsic elastic properties of the 
arterial wall. Profound alteration of the compo-
sition of the arterial wall is observed at ESRD, 
including fi broelastic intimal thickening, calci-
fi cation, elastinolysis, infl ammation, increased 
collagen content, and apoptosis of vascular 
smooth muscle cells [ 19 ]. These arterial changes 
are infl uenced by classical CV risk factors such 
as hypertension, age, diabetes, dyslipidemia, 
genetic, and overweight (Fig.  27.2 ). However, 
classical cardiovascular risk factors play a mini-
mal role in the progression of arterial stiffness in 
ESRD, leaving a place for CKD-related risk fac-
tors among them, advanced glycation products 
[ 27 ]. At ESRD, arterial calcifi cation is a determi-
nant of arterial stiffness [ 31 – 33 ], and the accel-
eration of arterial calcifi cation observed in ESRD 
is associated with the progression of arterial 
stiffness [ 34 ]. Arterial calcifi cation is a complex 
process implicating osteogenic differentiation of 
vascular smooth muscle cells and a crystalliza-

tion step in the so-called matrix vesicles extruded 
from viable vascular smooth muscle cells or 
apoptotic bodies, in addition to a disequilibrium 
between activators and inhibitors of the calcifi ca-
tion (Fig.  27.2 ) [ 35 – 37 ].

       Maladaptive Remodeling of Large 
Arteries During CKD 

 The originality of CKD arterial properties con-
cerns the remodeling pattern. Arterial remod-
eling associated with CKD stages 2–4 is 
characterized by a paradoxical thinning associ-
ated with an enlargement of the diameter lead-
ing to an increase in circumferential wall stress 
[ 21 ,  38 ]. ESRD patients’ arterial remodeling is 
characterized by increased arterial diameters 
and intima-media thickness; however, the wall-
to- lumen ratio is comparable to control subjects 
[ 39 ]. As in earlier CKD stages, the hypertrophic 
response is not adequate. According to Laplace’s 
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  Fig. 27.2    Mechanisms involved in large artery remodel-
ing associated with chronic kidney disease. Patients with 
CKD are exposed to traditional and nontraditional cardio-
vascular risk factors including mineral metabolism dis-
turbances, infl ammation, oxidative stress, and increased 
plasma ADMA levels. Altogether, these metabolic and 
hemodynamic disturbances induce arterial calcifi cation, 

extracellular matrix remodeling, and vascular smooth mus-
cle cell apoptosis leading to an increase in arterial stiffness 
and a maladaptive arterial remodeling. Increased arterial 
stiffness and maladaptive arterial remodeling impact the 
cardiovascular and renal prognosis of the patients.  ADMA  
Asymmetric dimethyl arginine,  PP  Pulse pressure,  ECM  
Extracellular matrix,  VSMC  Vascular smooth muscle cells       
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Law, an increase in blood pressure and regard-
less of the internal arterial diameter, the thickness 
of the arterial wall should increase. The posi-
tive correlation between systolic blood  pressure 
and carotid wall-to-lumen ratio observed in the 
general population is lost and even reversed in 
ESRD patients. The maladaptive remodeling is 
not limited to large vessels, and small vessels 
are also affected. Wall-to-lumen ratio of resistant 
arteries isolated from subcutaneous tissues from 
ESRD patients is similar even lower than the one 
measured in controls [ 40 ]. The defect of wall 
thickening has also been described at the level of 
the radial artery in ESRD patients in an experi-
mental situation of increased blood fl ow caused 
by arteriovenous fi stula surgery. An increase in 
radial artery diameter was measured at the side 
of the arteriovenous fi stula without increase in 
radial artery thickness, by comparison with the 
opposite side. As a consequence, the wall cross-
sectional area was unchanged and circumferen-
tial wall stress increased [ 41 ]. 

 In the longitudinal NephroTest study with 
yearly evaluation of arterial parameters, the pro-
gression of arterial thinning was fast (adjusted 
slope, −22 ± 4 μm/year;  P  < 0.0001) [ 24 ] and was 
the exact opposite of the progression observed in 
high CV patients (+18 μm) (Table  27.2 ) [ 42 ]. In 
the PROG-IMT meta-analysis, the intima-media 
thickness progression in the general population 
ranges from 0 to 30 μm/year [ 43 ]. The carotid 
internal diameter increased faster than the carotid 
external diameter leading to a signifi cant decrease 
in the wall-to-lumen ratio and wall cross- sectional 
area over time. Brachial and central blood pres-
sures remained stable during follow-up except a 
moderate decrease in central and peripheral dia-
stolic blood pressure (Table  27.2 ) [ 24 ].   

    Impact of Large Artery Remodeling 
and Stiffening on Renal, 
Cardiovascular, and General 
Outcomes 

 In CKD, large artery remodeling and stiffening are 
linked with general and cardiovascular prognosis 
as well as with renal disease progression. The kid-

ney perfusion is characterized by low resistances 
and high fl ow. Renal resistances in afferent arteri-
oles are relatively low by comparison with resis-
tances in the efferent arterioles in order to maintain 
renal blood fl ow.    Fluctuations in renal perfusion 
pressure result in proportional changes in vascular 
resistance, but glomerular fi ltration is unchanged. 
This autoregulatory vascular resistance response is 
mainly confi ned to the preglomerular arterioles. 
As a consequence, glomerular capillary pressures 
are maintained relatively constant and protected 
from barotrauma as long as the autoregulatory 
mechanisms are intact and the BP remains within 
the autoregulatory range. Conversely, if renal auto-
regulatory ability is impaired, even modest 
increases in systemic BP are transmitted to the 
glomerular capillaries. Two mechanisms are 
involved in renal autoregulation: (1) rapid myo-
genic vasoconstriction and (2) tubuloglomerular 
feedback system. The myogenic response is fast 
and primarily responsible for protecting against 
hypertensive injury. In chronic kidney disease, 
autoregulation response to increase in blood pres-
sure is impaired and represents the predominant 
mechanism for chronic kidney disease progression 
[ 44 ,  45 ]. In accordance with these observations, 
Hashimoto et al. have shown that central pulse 
pressure and aortic pulse wave velocity were inde-
pendently associated with the resistive index of the 
kidney. The latter was associated with proteinuria 
[ 46 ]. From these observations, large artery stiff-
ness and central pulse pressure may be related to 
CKD progression. In CKD patients, central pulse 
pressure or aortic stiffness was inconstantly asso-
ciated with CKD progression or incident ESRD 
[ 24 ,  47 ,  48 ]. On the contrary, the outward mal-
adaptive remodeling was an independent determi-
nant of CKD progression and incident ESRD 
(Fig.  27.3 ) [ 24 ].

   In recent years, more than 20 studies have 
demonstrated that aortic stiffness is an indepen-
dent predictor of CV events and all-cause mortal-
ity, in the various populations including the 
general population, hypertensive patients, coro-
nary heart disease patients, and diabetes [ 49 ]. 
This was confi rmed in a meta-analysis of 17 lon-
gitudinal studies that evaluated aortic stiffness 
and followed 15,877 subjects for a mean of 
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7.7 years. The pooled relative risk for all-cause 
mortality was 1.90 (95 % confi dence interval: 
1.61–2.24) [ 50 ]. In CKD patients stages 2–4 and 
ESRD, aortic stiffness was also independently 
associated with all-cause mortality [ 51 ,  52 ]. 
Among parameters directly related to large artery 
stiffness (aortic or carotid stiffness) or indirectly 
(central pulse pressure, augmentation index), 
aortic stiffness evaluated through carotid-femoral 
pulse wave velocity had the strongest correlation 
with survival in CKD patients stages 2–5 
(Fig.  27.3 ) [ 51 ]. In addition, aortic stiffness eval-
uation improves the prediction of the risk in this 
population. Indeed, net reclassifi cation improve-
ment based on COX prediction signifi cantly 
reclassifi ed patients for the risk of all-cause mor-
tality (   NRI, 95 % confi dence interval, 29 % [2.3–
42 %]) [ 51 ]. Using competing risk models, 
carotid-femoral pulse wave velocity was signifi -
cantly associated with fatal and nonfatal CV 
events [ 51 ]. In CKD stage 5, improvement of aor-
tic stiffness by antihypertensive treatment was 
associated with a better outcome [ 53 ]. This pro-
vides strong basis for interventional trials target-
ing this parameter in ESRD. In CKD stages 2–5, 
carotid internal diameter enlargement has been 
associated with overall mortality. The absence of 
signifi cant association between carotid internal 
diameter with fatal and nonfatal CV events but 
the positive and signifi cant association with the 
competing risk (mortality from non-CV origin) 

suggests that the remodeling abnormalities may 
not only be limited to the vascular system but 
may affect other tissues [ 51 ].  

    Vascular Remodeling Following 
Kidney Transplantation 

 Few longitudinal studies have investigated the 
impact of kidney transplantation on recipient 
large arteries in the recent years, and confl icting 
results have been reported. Covic et al. have 
shown a short-term improvement of aortic stiff-
ness after living-donor kidney transplantation 
[ 54 ], whereas others did not measure any changes 
1 year after cadaveric kidney transplantation 
[ 55 ,  56 ]. With current shortage of organs, the het-
erogeneity of donor characteristics increases, and 
this fact must be taken into account when inter-
preting the impact of kidney transplantation on 
recipient large arteries. In a prospective cohort 
including 78 deceased donor kidney recipients 
with serial PWV measurements, Delahousse 
et al. have shown that donor age was the main 
determinant of aortic stiffness change within the 
fi rst year posttransplantation, independently of 
any change in blood pressure [ 57 ]. In fact, the 
arterial benefi t of kidney transplantation was 
restricted to recipients of young, “ideal” donor 
kidneys. By contrast, an increase in aortic stiff-
ness was observed in recipients of the oldest kid-
neys harvested from so-called extended criteria 
donors. These observations suggest that removal 
of uremic “vasculotoxins” by the allograft could 
play a role in the reduction/progression of aortic 
stiffness, in addition to undetermined immuno-
logic or non-immunologic factors related to 
donor age and donor source. Future studies 
should elucidate the GFR-independent patho-
physiological pathways linking donor age and 
donor source to arterial remodeling and stiffness 
in renal transplant recipients. 

 Despite general improvement of indices of 
arterial function after kidney transplantation, at 
least in recipients of kidneys harvested from 
young deceased donors or living donors, cross- 
sectional studies consistently showed that arterial 
stiffness remains elevated in kidney recipients 
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  Fig. 27.3    Kaplan-Meier survival curves estimating the 
overall survival of CKD patients (Adapted from Ref. [ 51 ] 
with permission)       
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compared to normal volunteers or hypertensive 
patients matched for age, gender, and blood pres-
sure [ 58 ,  59 ]. The potential benefi t of kidney 
transplantation is probably limited by the incom-
plete restoration of kidney function and offset by 
the emergence of specifi c transplantation-related 
mechanisms responsible for ongoing subclinical 
arterial damage. Indeed, cross-sectional studies 
showed an independent association between 
recipient arterial indices and allograft-related 
parameters or posttransplant events such as 
allograft function [ 58 ], acute rejection [ 59 ], 
microinfl ammation [ 58 ], new-onset diabetes 
mellitus after transplantation [ 60 ], and hypomag-
nesemia [ 61 ]. 

 Importantly, recent evidences have underlined 
the effect of components of the immunosuppres-
sive regimen itself on recipient large arteries. 
Calcineurin inhibitors (CNI) remain the corner-
stone of immunosuppression in kidney transplan-
tation. In a prospective randomized study, a 
CNI-free immunosuppressive regimen based on 
mTOR inhibitors and MMF was able to prevent 
conduit artery endothelial dysfunction [ 62 ], aor-
tic stiffening, and to improve cardiovascular cou-
pling and central hemodynamics by comparison 
with cyclosporin A and mycophenolate mofetil 
[ 63 ]. These fi ndings were observed in the context 
of a decrease in plasma endothelin 1 and oxida-
tive stress markers suggesting that an improve-
ment in endothelial function and oxidative stress 
balance contributed to the benefi cial effect of the 
CNI-free regimen. 

 Both aortic stiffness and central wave refl ec-
tions (augmented pressure) were recently estab-
lished as strong and independent predictors 
of fatal and nonfatal cardiovascular events in a 
large cohort of renal transplant recipients extend-
ing the available evidence from the dialysis and 
hypertensive population to patients with a kidney 
transplant [ 64 ]. Premature CV death with a func-
tioning allograft remains the leading factor in 
reducing long-term overall graft survival. Taken 
together, these considerations strongly support 
a widespread use of carotid-femoral PWV and 
central pulse pressure in renal transplant recipi-
ents in order to stratify the cardiovascular risk 
more precisely. An important issue will be to 

 determine whether the benefi cial impact of CNI-
free, mTOR inhibitor-based immunosuppressive 
regimen on large artery structure and function 
can be effectively translated into overall graft 
survival improvement in the all population of 
patients including older donors, older recipients 
with high cardiovascular risk, who are now cur-
rently considered for renal transplantation.  

    Mechanisms Involved in Arterial 
Remodeling in CKD 

 The mechanisms involved in arterial remodeling 
in CKD are complex and involve uremia-linked 
hemodynamic and metabolic disturbance such as 
high blood pressure, high extracellular volume, 
mineral metabolism disturbance, infl ammation, 
and oxidative stress. In addition, traditional clas-
sical risk factors, for example, diabetes, could 
also infl uence arterial remodeling (Fig.  27.2 ) [ 65 ]. 

    Hypertension 

 Hypertension remains the most important risk 
factor for CKD progression and premature 
 cardiovascular death [ 66 ] and the major determi-
nant, with age, of arterial remodeling. Increased 
extracellular volume, sustained activation of the 
renin-angiotensin system, and increased sympa-
thetic tone are the main mechanisms involved in 
hypertension associated with CKD [ 15 ]. Vascular 
cells can sense and respond mechanical forces 
generated by pressure and shear stress [ 67 ]. 
Forces are transmitted to the cells by the cyto-
skeleton and other structural components 
involved in connections between intra- and extra-
cellular milieus. Mechanotransduction involves 
these integrated structures such as focal adhesion 
sites, integrins, cellular junctions, and extracel-
lular matrix. Mechanotransduction initiates 
transduction cascades, involving among others 
nuclear factor-kappa B and MAP kinase path-
ways, leading to functional changes within the 
cells, growth, and proliferation when stress is 
increased. Mechanotransduction can be altered 
by defects in attachment between cells and 
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 extracellular matrix [ 68 ]. In patients with CKD, 
chronic increase in circumferential wall stress 
with progression of disease can be interpreted as 
a defect in mechanotransduction or in the trophic 
response to pressure sensing.  

    Dyslipidemia 

 Lipid profi le evolves during CKD progression. 
At moderate stages, lipid profi le is characterized 
by an increase in serum total cholesterol and 
LDL cholesterol, whereas at ESRD serum total 
cholesterol and LDL cholesterol are usually low 
[ 69 ] but associated with adverse outcome that is 
the so-called inverse epidemiology. The interpre-
tation of inverse epidemiology is complex and 
involves both survival bias and confounding vari-
ables such as severe concomitant condition. At 
ESRD, the lipid profi le associates high serum tri-
glycerides and very low-density lipoprotein 
(VLDL), impairment in the clearance of the chy-
lomicrons and their atherogenic remnants, and 
the presence of small dense LDL and oxidized 
LDL are described [ 65 ]. Observational studies 
have shown that lipid profi le, in particular LDL 
and HDL cholesterol levels, was an independent 
determinant of carotid intima-media thickness 
and aortic stiffness in patients with CKD [ 70 ]. 
However, the AURORA (A Study to Evaluate the 
Use of Rosuvastatin in Subjects on Regular 
Hemodialysis) study failed to demonstrate the 
effi cacy of rosuvastatin in CV prevention [ 71 ].  

    Mineral and Bone Metabolism 
Disorders 

 Mineral metabolism disorders associated with CKD 
classically include hyperphosphatemia, hyperpara-
thyroidism, and vitamin D defi ciency. Serum phos-
phate levels have been associated with arterial 
calcifi cation and a poor cardiovascular and kidney 
outcome [ 72 ]. Phosphate levels are regulated by 
several hormones including parathyroid hormone 
(PTH), fi broblast growth factor 23 (FGF-23), 
klotho, and 1.25 dihydroxy vitamin D. All of these 
factors are implicated in arterial calcifi cation [ 73 ]. 

 FGF-23 has been widely studied the last years 
and has been associated with poor cardiovascular 
and kidney outcome in the CRIC study [ 74 ]. 
FGF-23 is a circulating factor, produced by 
osteoblasts and osteocytes, which exerts its effect 
binding the FGF receptor in presence of its cofac-
tor klotho. FGF-23 increases urinary phosphate 
excretion. FGF-23 has been positively associated 
with aortic calcifi cation in CKD [ 75 ]. However, it 
is complex to disentangle the specifi c effect of 
FGF-23 on arterial calcifi cation from its effect on 
plasma phosphate levels.   

    Conclusion 

 CKD progression toward ESRD and kidney 
transplantation is associated with large artery 
damage, including arterial stiffening and mal-
adaptive remodeling, which impacts the renal 
and cardiovascular prognosis of the patients. 
Kidney transplantation could reverse partially 
this deleterious arterial remodeling especially 
in young donors. The mechanisms involved in 
large artery remodeling associated with CKD 
are complex including arterial calcifi cation, 
 infl ammation, and oxidative stress in association 
with mineral and bone metabolism disorders.     

  Disclosures 
 Marie Briet, none 
 Michel Delahousse, none 
 Pierre Boutouyrie, none 
 Stéphane Laurent, none  

   References 

        1.    Stevens PE, Levin A, Kidney Disease: Improving 
Global Outcomes Chronic Kidney Disease Guideline 
Development Work Group Members. Evaluation and 
management of chronic kidney disease: synopsis 
of the kidney disease: improving global outcomes 
2012 clinical practice guideline. Ann Intern Med. 
2013;158:825–30.  

    2.    Castro AF, Coresh J. CKD surveillance using labora-
tory data from the population-based National Health 
and Nutrition Examination Survey (NHANES). Am J 
Kid Dis. 2009;53:S46–55.  

     3.    Gansevoort RT, et al. Chronic kidney disease and car-
diovascular risk: epidemiology, mechanisms, and pre-
vention. Lancet. 2013;382:339–52.  

    4.    Murphy SW, Foley RN, Parfrey PS. Screening and 
treatment for cardiovascular disease in patients with 

27 Large Artery Remodeling and Chronic Kidney Disease



348

chronic renal disease. Am J Kidney Dis. 1998;32:
S184–99.  

    5.    Foley RN, Parfrey PS, Sarnak MJ. Clinical epidemiol-
ogy of cardiovascular disease in chronic renal disease. 
Am J Kidney Dis. 1998;32:S112–9.  

     6.    Go AS, Chertow GM, Fan D, McCulloch CE, Hsu 
CY. Chronic kidney disease and the risks of death, 
cardiovascular events, and hospitalization. N Engl J 
Med. 2004;351:1296–305.  

    7.   Couser WG, Remuzzi G, Mendis S, Tonelli M. The 
contribution of chronic kidney disease to the global 
burden of major noncommunicable diseases. Kidney 
Int. 2011;80(12):1258–70.  

    8.    Keith DS, Nichols GA, Gullion CM, Brown JB, 
Smith DH. Longitudinal follow-up and outcomes 
among a population with chronic kidney disease in 
a large managed care organization. Arch Intern Med. 
2004;164:659–63.  

    9.    Kottgen A, et al. Reduced kidney function as a risk 
factor for incident heart failure: the atherosclerosis 
risk in communities (ARIC) study. J Am Soc Nephrol. 
2007;18:1307–15.  

    10.    Abramson JL, Jurkovitz CT, Vaccarino V, Weintraub 
WS, McClellan W. Chronic kidney disease, anemia, 
and incident stroke in a middle-aged, community- 
based population: the ARIC Study. Kidney Int. 
2003;64:610–5.  

    11.    Wattanakit K, et al. Kidney function and risk of 
peripheral arterial disease: results from the 
Atherosclerosis Risk in Communities (ARIC) Study. 
J Am Soc Nephrol. 2007;18:629–36.  

    12.    Jurkovitz CT, Abramson JL, Vaccarino LV, Weintraub 
WS, McClellan WM. Association of high serum cre-
atinine and anemia increases the risk of coronary 
events: results from the prospective community-based 
atherosclerosis risk in communities (ARIC) study. 
J Am Soc Nephrol. 2003;14:2919–25.  

    13.    Alonso A, et al. Chronic kidney disease is associated 
with the incidence of atrial fi brillation: the 
Atherosclerosis Risk in Communities (ARIC) study. 
Circulation. 2011;123:2946–53.  

    14.    Weiner DE, et al. The Framingham predictive instru-
ment in chronic kidney disease. J Am Coll Cardiol. 
2007;50:217–24.  

      15.    Schiffrin EL, Lipman ML, Mann JF. Chronic kidney 
disease: effects on the cardiovascular system. 
Circulation. 2007;116:85–97.  

    16.    Drueke TB, Massy ZA. Chronic kidney disease: 
medial or intimal calcifi cation in CKD-does it matter? 
Nat Rev Nephrol. 2011;7:250–1.  

    17.    Toynbee J. On the intimate structure of the human 
kidney, and on the changes which its several compo-
nent parts undergo in “Bright’s disease”. Med Chir 
Trans. 1846;29:303–26.  

     18.    London GM, et al. Aortic and large artery compli-
ance in end-stage renal failure. Kidney Int. 1990;37:
137–42.  

     19.    Briet M, Boutouyrie P, Laurent S, London 
GM. Arterial stiffness and pulse pressure in CKD and 
ESRD. Kidney Int. 2012;82:388–400.  

     20.    Wang MC, Tsai WC, Chen JY, Huang JJ. Stepwise 
increase in arterial stiffness corresponding with the 
stages of chronic kidney disease. Am J Kidney Dis. 
2005;45:494–501.  

     21.    Briet M, et al. Arterial stiffness and enlargement in 
mild-to-moderate chronic kidney disease. Kidney Int. 
2006;69:350–7.  

    22.    Townsend RR, et al. Aortic PWV in chronic kidney 
disease: a CRIC ancillary study. Am J Hypertens. 
2010;23:282–9.  

   23.    Ford ML, Tomlinson LA, Chapman TP, Rajkumar C, 
Holt SG. Aortic stiffness is independently associated 
with rate of renal function decline in chronic kid-
ney disease stages 3 and 4. Hypertension. 2010;55:
1110–5.  

          24.    Briet M, et al. Arterial remodeling associates with CKD 
progression. J Am Soc Nephrol. 2011;22:967–74.  

    25.      Chen SC, et al. The longitudinal change of arterial 
stiffness in patients with chronic kidney disease. Am J 
Med Sci. 2012;343(2):109–13.  

    26.    Bansal N, et al. A longitudinal study of left ventricular 
function and structure from CKD to ESRD: the CRIC 
study. Clin J Am Soc Nephrol. 2013;8:355–62.  

     27.    Utescu MS, et al. Determinants of progression of aor-
tic stiffness in hemodialysis patients: a prospective 
longitudinal study. Hypertension. 2013;62:154–60.  

    28.    Pannier B, Guerin AP, Marchais SJ, Safar ME, 
London GM. Stiffness of capacitive and conduit arter-
ies: prognostic signifi cance for end-stage renal dis-
ease patients. Hypertension. 2005;45:592–6.  

    29.    Hayoz D, et al. Conduit artery compliance and disten-
sibility are not necessarily reduced in hypertension. 
Hypertension. 1992;20:1–6.  

    30.    Bussy C, Boutouyrie P, Lacolley P, Challande P, 
Laurent S. Intrinsic stiffness of the carotid arterial 
wall material in essential hypertensives. Hypertension. 
2000;35:1049–54.  

    31.    van Guldener C, Lambert J, Janssen MJ, Donker AJ, 
Stehouwer CD. Endothelium-dependent vasodilata-
tion and distensibility of large arteries in chronic hae-
modialysis patients. Nephrol Dial Trans. 1997;12 
Suppl 2:14–8.  

   32.    London GM, et al. Arterial media calcifi cation in end- 
stage renal disease: impact on all-cause and 
 cardiovascular mortality. Nephrol Dial Trans. 2003;
18:1731–40.  

    33.    Raggi P, et al. Association of pulse wave velocity with 
vascular and valvular calcifi cation in hemodialysis 
patients. Kidney Int. 2007;71:802–7.  

    34.    Sigrist MK, Taal MW, Bungay P, McIntyre 
CW. Progressive vascular calcifi cation over 2 years is 
associated with arterial stiffening and increased mor-
tality in patients with stages 4 and 5 chronic kidney 
disease. Clin J Am Soc Nephrol. 2007;2:1241–8.  

    35.   Hruska KA, Mathew S, Saab G. Bone morphoge-
netic proteins in vascular calcifi cation. Circ Res. 
2005;97:105–14.  

   36.    Mori K, et al. Association of serum fetuin-A with 
carotid arterial stiffness. Clin Endocrinol (Oxf). 
2007;66:246–50.  

M. Briet et al.



349

    37.    Gross ML, et al. Calcifi cation of coronary intima and 
media: immunohistochemistry, backscatter imaging, 
and x-ray analysis in renal and nonrenal patients. Clin 
J Am Soc Nephrol. 2007;2:121–34.  

    38.    Hermans MM, et al. Albuminuria, but not estimated 
glomerular fi ltration rate, is associated with maladap-
tive arterial remodeling: the Hoorn Study. J Hypertens. 
2008;26:791–7.  

    39.    London GM, et al. Cardiac and arterial interactions in 
end-stage renal disease. Kidney Int. 1996;50:600–8.  

    40.    Luksha N, et al. Impaired resistance artery function in 
patients with end-stage renal disease. Clin Sci. 
2011;120:525–36.  

    41.    Girerd X, et al. Remodeling of the radial artery in 
response to a chronic increase in shear stress. 
Hypertension. 1996;27:799–803.  

    42.    Mack WJ, et al. One-year reduction and longitu-
dinal analysis of carotid intima-media thickness 
associated with colestipol/niacin therapy. Stroke. 
1993;24:1779–83.  

    43.    Lorenz MW, et al. Carotid intima-media thickness 
progression to predict cardiovascular events in the 
general population (the PROG-IMT collaborative 
project): a meta-analysis of individual participant 
data. Lancet. 2012;379:2053–62.  

    44.    Bidani AK, Polichnowski AJ, Loutzenhiser R, Griffi n 
KA. Renal microvascular dysfunction, hypertension 
and CKD progression. Curr Opin Nephrol Hypertens. 
2013;22:1–9.  

    45.    Bidani AK, Griffi n KA, Williamson G, Wang X, 
Loutzenhiser R. Protective importance of the myo-
genic response in the renal circulation. Hypertension. 
2009;54:393–8.  

    46.    Hashimoto J, Ito S. Central pulse pressure and aortic 
stiffness determine renal hemodynamics: pathophysi-
ological implication for microalbuminuria in hyper-
tension. Hypertension. 2011;58:839–46.  

    47.    Upadhyay A, et al. Arterial stiffness in mild-to- 
moderate CKD. J Am Soc Nephrol. 2009;20:2044–53.  

    48.    Gosse P, Coulon P, Papaioannou G, Litalien J, 
Lemetayer P. Long-term decline in renal function is 
linked to initial pulse pressure in the essential hyper-
tensive. J Hypertens. 2009;27:1303–8.  

    49.    Laurent S, Mousseaux E, Boutouyrie P. Arterial stiff-
ness as an imaging biomarker: are all pathways equal? 
Hypertension. 2013;62:10–2.  

    50.    Vlachopoulos C, Aznaouridis K, Stefanadis C. 
Prediction of cardiovascular events and all-cause mor-
tality with arterial stiffness: a systematic review and 
meta-analysis. J Am Coll Cardiol. 2010;55:1318–27.  

         51.    Karras A, et al. Large artery stiffening and remodeling 
are independently associated with all-cause mortality 
and cardiovascular events in chronic kidney disease. 
Hypertension. 2012;60:1451–7.  

    52.    Blacher J, et al. Impact of aortic stiffness on survival 
in end-stage renal disease. Circulation. 1999;99:
2434–9.  

    53.    Guerin AP, et al. Impact of aortic stiffness attenuation 
on survival of patients in end-stage renal failure. 
Circulation. 2001;103:987–92.  

    54.    Covic A, Goldsmith DJ, Gusbeth-Tatomir P, Buhaescu 
I, Covic M. Successful renal transplantation decreases 
aortic stiffness and increases vascular reactivity in 
dialysis patients. Transplantation. 2003;76:
1573–7.  

    55.    Zoungas S, et al. Arterial function after successful 
renal transplantation. Kidney Int. 2004;65:1882–9.  

    56.    Bachelet-Rousseau C, et al. Evolution of arterial stiff-
ness after kidney transplantation. Nephrol Dial Trans. 
2011;26:3386–91.  

    57.    Delahousse M, et al. Aortic stiffness of kidney trans-
plant recipients correlates with donor age. J Am Soc 
Nephrol. 2008;19:798–805.  

      58.    Verbeke F, Van Biesen W, Peeters P, Van Bortel LM, 
Vanholder RC. Arterial stiffness and wave refl ections 
in renal transplant recipients. Nephrol Dial Trans. 
2007;22:3021–7.  

     59.    Bahous SA, et al. Aortic pulse wave velocity in renal 
transplant patients. Kidney Int. 2004;66:1486–92.  

    60.    Opazo Saez A, Kos M, Witzke O, Kribben A, 
Nurnberger J. Effect of new-onset diabetes mellitus 
on arterial stiffness in renal transplantation. Trans Int. 
2008;21:930–5.  

    61.    Van Laecke S, et al. The relation between hypomag-
nesaemia and vascular stiffness in renal transplant 
recipients. Nephrol Dial Trans. 2011;26:2362–9.  

    62.    Joannides R, et al. Comparative effects of siroli-
mus and cyclosporin on conduit arteries endothelial 
function in kidney recipients. Trans Int. 2010;23:
1135–43.  

    63.    Joannides R, et al. Immunosuppressant regimen based 
on sirolimus decreases aortic stiffness in renal trans-
plant recipients in comparison to cyclosporine. Am J 
Trans. 2011;11:2414–22.  

    64.    Verbeke F, et al. Aortic stiffness and central wave 
refl ections predict outcome in renal transplant recipi-
ents. Hypertension. 2011;58:833–8.  

     65.    Briet M, Burns KD. Chronic kidney disease and vas-
cular remodelling: molecular mechanisms and clini-
cal implications. Clin Sci. 2012;123:399–416.  

    66.    Faqah A, Jafar TH. Control of blood pressure in 
chronic kidney disease: how low to go. Nephron Clin 
Pract. 2011;119:c324–31; discussion c331–22.  

    67.    Lehoux S, Tedgui A. Signal transduction of mechani-
cal stresses in the vascular wall. Hypertension. 
1998;32:338–45.  

    68.    Loufrani L, et al. Key role of alpha(1)beta(1)-integrin 
in the activation of PI3-kinase-Akt by fl ow (shear 
stress) in resistance arteries. Am J Physiol Heart Circ 
Physiol. 2008;294:H1906–13.  

    69.    Vaziri ND, Norris K. Lipid disorders and their rele-
vance to outcomes in chronic kidney disease. Blood 
Purif. 2011;31:189–96.  

    70.    Preston E, Ellis MR, Kulinskaya E, Davies AH, 
Brown EA. Association between carotid artery 
intima-media thickness and cardiovascular risk fac-
tors in CKD. Am J Kidney Dis. 2005;46:856–62.  

    71.    Fellstrom BC, et al. Rosuvastatin and cardiovascular 
events in patients undergoing hemodialysis. N Engl J 
Med. 2009;360:1395–407.  

27 Large Artery Remodeling and Chronic Kidney Disease



350

    72.    Chue CD, et al. Serum phosphate but not pulse wave 
velocity predicts decline in renal function in patients 
with early chronic kidney disease. Nephrol Dial 
Trans. 2011;26:2576–82.  

    73.    Kovesdy CP, Kuchmak O, Lu JL, Kalantar-Zadeh 
K. Outcomes associated with phosphorus binders in 
men with non-dialysis-dependent CKD. Am J Kidney 
Dis. 2010;56:842–51.  

    74.   Scialla JJ, et al. Fibroblast growth factor-23 and car-
diovascular events in CKD. J Am Soc Nephrol. 
2014;25(2):349–60.  

    75.   Desjardins L, et al. FGF23 is independently associ-
ated with vascular calcifi cation but not bone mineral 
density in patients at various CKD stages. Osteoporos 
Int. 2012;23(7):2017–25.      

M. Briet et al.



351M.E. Safar et al. (eds.), Blood Pressure and Arterial Wall Mechanics in Cardiovascular Diseases,
DOI 10.1007/978-1-4471-5198-2_28, © Springer-Verlag London 2014

    Abstract  

  Renal transplantation is the best renal replacement modality for patients 
with end-stage renal disease in terms of patient survival and quality of life. 
Despite substantial improvement in recipient outcome, stiffness of the 
large arterial system and cardiovascular (CV) mortality remain high com-
pared to age- and sex-matched subjects in the general population. In addi-
tion to traditional CV risk factors, transplantation-specifi c parameters 
emerge and are related to immune interactions, drug specifi cations, and 
donor characteristics. Some of these parameters appear to be modulators 
of risk factors and graft and recipient outcome. Acute rejection, for exam-
ple, appears as a major and independent determinant of high arterial stiff-
ness in recipients of kidney grafts. Furthermore, past history of CV events, 
low graft fi ltration function, and donor age determine long-term patient 
and graft outcome. Living kidney donors, on the other hand, are normally 
protected especially that they are carefully selected prior to transplanta-
tion. Despite a similar long-term outcome compared to the general popula-
tion, donors may be at higher risk for stiffening of the large arterial system, 
especially if they cluster with time, CV comorbidities.  
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        Introduction and Epidemiologic 
Background 

 Kidney transplantation has long been regarded as 
the most optimal modality of renal replacement 
therapy in patients with end-stage renal disease 
(ESRD). Although other forms of renal replace-
ment, such as hemodialysis, help in reducing 
the complications of ESRD, they do not restore 
the full functions a normal kidney provides [ 1 , 
 2 ]. In addition to being cost-effective, the renal 
allotransplant has been shown to confer both 
substantial improvement in the quality of life 
and increased survival in patients with ESRD 
when compared with long-term hemodialysis 
[ 3 ]. Studies have persistently demonstrated that 
patients on hemodialysis have a susceptibility to 
accelerated vascular disease and increased car-
diovascular mortality independently of other risk 
factors [ 4 ]. This further justifi es the advantage of 
preemptive renal transplantation whenever avail-
able [ 5 ]. 

 The types of renal transplants differ according 
to the donor-recipient familial relationship, i.e., 
related or unrelated donor, and according to the 
graft source, i.e., living, conventional cadaveric, 
or non-heart-beating donors [ 6 ]. Whereas related 
donors were previously the preferred source of 
the renal graft due to lower rejection rates, with 
the advent of novel immunosuppressants, unre-
lated or emotionally related donors have become 
an important source of living-donor kidney grafts 
[ 7 ]. Transplants from living donors have risen 
worldwide in the past decade [ 8 ] especially in 
light of the shortage of cadaveric grafts, with 
reported rates of up to 39 % of all kidney trans-
plants [ 9 ]. By the end of 2004, some 412,000 
patients (23 % of patients receiving renal replace-
ment therapy worldwide) were living with a 
functioning renal graft, and the numbers since 
have steadily increased [ 10 ].  

    Benefi ts of Kidney Transplantation 

 Several studies have shown the noteworthy 
improvement in overall health and non-health- 
related quality of life with a functional renal 

graft. Patients reported improvement in general 
and mental health, physical and social function-
ing, and a marked decrease in generalized pain 
[ 11 ]. Although pain associated with the surgery 
and side effects of the immunosuppressive regi-
men can have a toll on the quality of life, they 
tend to diminish signifi cantly after the fi rst post- 
transplant year [ 12 ]. Improvement in the quality 
of life has also been reported independently of 
other comorbid conditions and recipient age [ 12 ]. 

 But the impact of renal transplantation goes 
beyond the improvement of the quality of life. It 
reduces cardiovascular mortality, which would 
otherwise be tenfold higher when compared to 
the general population [ 13 ]. This is related basi-
cally to the restoration of renal function, espe-
cially that studies have shown that even a 
moderate decrease in kidney function can signifi -
cantly increase all-cause and cardiovascular mor-
tality as well as the number of hospitalizations 
[ 14 ]. 

 Although renal transplantation does not 
restore the cardiovascular risk to that of the gen-
eral population, it shrinks the gap when com-
pared to patients maintained on hemodialysis. 
Mortality from cardiovascular disease is almost 
halved in transplant patients but still remains at 
least three to fi ve times higher in comparison to 
the general population [ 15 ]. This may be due in 
part to the improvement in renal function and the 
subsequent decrease in the progression of vascu-
lar calcifi cations with improvement of calcium 
and phosphorus homeostasis and a slower evolu-
tion of the accelerated atherosclerosis and ESRD- 
associated arterial changes [ 16 ,  17 ]. Furthermore, 
cardiovascular risk factors may be moderated fol-
lowing renal transplantation. Patients frequently 
have a signifi cant decrease in blood pressure and 
cholesterol levels [ 18 ]. In parallel, it has been 
documented that an increasing renal transplant 
vintage strongly correlates with a decrease in 
death from cardiovascular disease [ 19 ]. 
Conversely, loss of the renal function after trans-
plantation has been shown to be a strong predic-
tor of cardiovascular mortality [ 20 ]. Despite the 
noted benefi ts of kidney transplantation, death 
with a functional graft, basically from cardiovas-
cular causes, remains the most important etiology 
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of transplant failure in patients over 55 years of 
age [ 21 ]. This has been attributed to alterations in 
arterial structure and function with associated 
decrease in arterial distensibility that likely per-
sists after transplantation.  

    Evolution of Arterial Stiffness After 
Transplantation 

 Several studies have documented increased arte-
rial stiffness in the renal transplant population 
when compared to the general population. 
Bahous et al. reported higher aortic pulse wave 
velocity (PWV) values in the renal transplant 
population when compared to age-matched 
healthy controls despite a lower mean blood 
pressure in the renal transplant group [ 22 ]. 
Similarly, Verbeke et al. demonstrated that cen-
tral PWV and augmentation index (AIx) values 
remained higher in transplant recipients com-
pared to healthy controls even after adjustment 
for confounding factors [ 23 ]. Several hypotheses 
have been provided to explain this discrepancy, 
including irreversible loss of elastic tissue and 
medial calcifi cation prior to transplantation, the 
effect of immunosuppressive treatment [ 24 ], and 
persistent infl ammatory changes after transplan-
tation [ 23 ]. 

 Despite that fact, renal transplantation does 
provide a form of arterial protection that can 
partly be demonstrated by the more substantial 
arterial stiffness found in patients maintained 
on other renal replacement modalities. To date, 
few cross-sectional and cohort studies have stud-
ied the short-term effects of transplantation on 
arterial stiffness. Covic et al. showed that serial 
measurements of aortic augmentation index 
in the same population decreased from a mean 
of 25.1 % while on dialysis to 15.9 % within 3 
months after a successful kidney transplanta-
tion [ 25 ]. In parallel, Zoungas et al. showed a 
signifi cant decrease of 11 % in peripheral mean 
arterial pressure (MAP)-adjusted PWV and a 
49 % reduction in mean AIx adjusted for heart 
rate, 1 year after functional transplantation com-
pared to pretransplant levels [ 26 ]. In comparison, 
Bachelet-Rousseau et al. found no difference 

in the 1-year central PWV evolution despite a 
decrease in MAP values [ 27 ]. 

 The long-term effect of renal transplantation 
on arterial stiffness has not been studied exten-
sively. In 2011, Strozecki et al. surprisingly found 
a signifi cant progressive increase in PWV and 
pulse pressure in a cohort of 61 transplant recipi-
ents aged 46 ± 12 years and followed for 24–34 
months, with baseline PWV measured within 
36 ± 27 months after transplant [ 28 ]. Complete 
data on arterial compliance in late transplant 
cohorts is still lacking.  

    Predictors of Arterial Stiffness 
in Renal Transplant Recipients 

 Increased arterial stiffness in the transplant popu-
lation spans beyond the traditional causes of 
decreased compliance seen in other subjects. 
Artery structure and function in renal transplant 
patients are affected by a multitude of factors 
associated with recipient-related, transplantation- 
related, and donor-related parameters. A sum-
mary of parameters associated with higher 
arterial stiffness is presented in Table  28.1 .

       Recipient-Related Predictors 
of Arterial Stiffness 

 In contrast to the general population, traditional 
cardiovascular risk factors are not the only major 
contributors to increased arterial stiffness in renal 
transplant recipients. Although age, male gender, 
and elevated MAP have been shown to be related 
to increased arterial stiffness in the transplant 
population in most studies, other traditional risk 
factors for cardiovascular disease were not as 
strongly linked [ 22 ,  23 ,  30 ]. These fi ndings are 
mirrored in several studies in which traditional 
cardiovascular risk scores, such as the 
Framingham Risk Score, were applied to the 
transplant population. These scores noticeably 
undervalued the cardiovascular risks in these 
patients by underestimating the incidence of car-
diovascular events [ 36 ]. This suggests the impor-
tance of other transplantation-specifi c risk factors 

28 Arterial Changes in Renal Transplantation



354

    Table 28.1    Individual studies addressing association between arterial stiffness and various parameters   

 Author and year  Type of study   N   Outcome variable  Main fi ndings 

 Barenbrock et al. 1998 [ 29 ]  Cross-sectional  54  Common carotid  Lower values associated with: 
 Distensibility coeffi cient   Older age 
 Common carotid   Elevated MAP 
 End-diastolic diameter   Elevated iPTH levels 

 Higher values associated with: 
  Older age 
  Elevated serum creatinine 

 Ferro et al. 2002 [ 24 ]  Cross-sectional  250  Augmentation index  Higher values associated with: 
  Female gender 
  Older age 
  Elevated MAP 
  Persistent AV fi stula 
  Increased dialysis vintage 
  Cyclosporine 

 Bahous et al. 2004 [ 22 ]  Cross-sectional  106  Aortic PWV  Higher values associated with: 
  Older age 
  Elevated MAP 
  Acute Rejection 
  Smoking 

 Zoungas et al. 2004 [ 26 ]  Cross-sectional  36  Augmentation index  Higher values associated with: 
  Cyclosporine 

 Kneifel et al. 2006 [ 30 ]  Cross-sectional  48  Radial artery stiffness by 
applanation tonometry 

 Higher values associated with: 
  Male gender 
  Reduced eGFR 
  Older age of donor 

 Bahous et al. 2006 [ 31 ]  Cross-sectional  101  Aortic PWV  Higher values associated with: 
  Older age 
  Elevated MAP 
  Acute rejection 
  Smoking 

 Verbeke et al. 2007 [ 23 ]  Cross-sectional  200  Aortic PWV  Higher values associated with: 
  Reduced eGFR 
  Elevated CRP 

 Seckinger et al. 2008 [ 32 ]  Randomized 
controlled trial 

 39  Aortic PWV  Elevation associated with: 
  Cyclosporine 
 Unchanged with: 
  Everolimus 

 Delahousse et al. 2008 [ 33 ]  Cohort  74  Aortic PWV  Higher values associated with: 
  Older age 
  Elevated MAP 
  Female gender 
  Older donor age 

 Opazo Saez et al. 2008 [ 34 ]  Cross-sectional  318  Aortic PWV  Higher values associated with: 
  Older age 
  Elevated SBP 
  New-onset diabetes mellitus 
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in addition to the traditional cardiovascular risk 
factors. Nevertheless, some studies have reported 
the contribution of certain traditional risk factors 
on arterial stiffness. Bahous et al. observed that 
tobacco consumption was independently corre-
lated with higher carotid-femoral PWV and lower 
graft function [ 22 ]. Furthermore, new-onset dia-
betes following transplantation has also been 
linked to accelerated arterial stiffening and higher 
PWV values [ 34 ]. 

 An important predictor of aortic calcifi cations 
and arterial stiffness in the renal transplant popu-
lation includes pretransplant dialysis vintage. 
Several studies have reported an increase in large 
artery calcifi cation as a function of time on hemo-
dialysis in the ESRD population [ 4 ]. This was 
also highlighted in transplant recipients with 
increasing prevalence of aortic calcifi cations in 
those with greater dialysis vintage prior to trans-
plantation [ 37 ]. This proposes that duration of 
dialysis and the associated arterial calcifi cations 
carry through after transplantation. Ferro et al. 
found that a higher AIx was independently cor-
related with longer durations on dialysis prior to 
renal transplantation [ 24 ]. Furthermore, mortal-
ity rates from cardiovascular events were propor-
tional to the vintage on the transplant waiting list 
and decreased substantially with earlier referral 
for transplantation [ 19 ]. 

 Many nonclassical risk factors for increased 
arterial stiffness in renal transplant recipients 
have been proposed, but substantial evidence is 
still defi cient. Ferro et al. showed that the persis-
tence of an arteriovenous fi stula after transplanta-

tion was independently associated with an 
increased AIx [ 24 ]. Subclinical infl ammation has 
also been proposed as a mechanism of increase in 
arterial stiffness possibly accounting for the dis-
crepancy in cardiovascular risk estimation. It has 
been previously reported that pretransplantation 
C-reactive protein (CRP) levels are indepen-
dently correlated with all-cause and cardiovascu-
lar mortality [ 38 ]. Correspondingly, CRP levels 
above the median have been associated with a 
14 % higher AIx and a 0.9 m/s higher PWV, anal-
ogous to approximately a 10-year increase in vas-
cular age [ 23 ]. Additionally, hypomagnesemia 
has also been associated with arterial stiffness in 
the transplant population. Van Laecke et al. 
showed PWV to be inversely proportional to 
magnesium levels particularly in patients aged 55 
years or more [ 35 ]. Moreover, elevated parathy-
roid hormone (iPTH) levels have been linked to 
decreased large artery distensibility [ 29 ]. 

 The correlation between other novel parame-
ters, such as fi brinogen, vitamin D, adiponectin 
and homocysteine, and arterial stiffness has not 
been thoroughly studied in renal transplant recip-
ients, and knowledge is mostly inferred from 
studies done on other populations.  

    Transplantation-Related Predictors 
of Arterial Stiffness 

 Although transplant recipients may have rela-
tively normal renal function, their arterial stiffness 
level remains high compared to their age-matched 

Table 28.1 (continued)

 Author and year  Type of study   N   Outcome variable  Main fi ndings 

 Van Laecke et al. 2011 [ 35 ]  Cross-sectional  512  Aortic PWV  Higher values associated with: 
  Older age 
  Elevated MAP 
  Elevated CRP 
  Diabetes mellitus 
  Hypomagnesemia 
 Lower values associated with: 
  Sirolimus 

   N  number of study participants,  MAP  mean arterial pressure,  iPTH  serum levels of parathyroid hormone,  AV  arteriovenous, 
 PWV  pulse wave velocity,  eGFR  estimated glomerular fi ltration rate,  CRP  C-reactive protein,  SBP  systolic blood pressure  
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healthy controls [ 22 ]. This may be due to several 
factors, acquired after transplantation, that aid in 
the progression of arterial changes. These factors 
may be related to the transplantation procedure, 
the immunosuppressive treatment, and/or to the 
immune status of the recipient. 

 Cold ischemia time (CIT) in deceased-donor 
kidney transplants is an important predictor of 
arterial stiffness and overall graft loss [ 39 ]. CIT 
is defi ned as the time interval between kidney 
immersion in the ice solution and removal from 
ice immediately before transplantation [ 40 ]. 
PWV was found to be lower among patients with 
cold ischemia time less than 8.3 ± 1.6 h [ 39 ]. In 
contrast, warm ischemia time, defi ned as the 
period of circulatory arrest to the kidney graft 
under normothermic conditions (outside cold 
perfusion) during both organ retrieval and 
implantation, has not yet been studied in associa-
tion with arterial stiffness. 

 In order to ensure proper engraftment and 
circumvent imminent rejection, immunosup-
pressive therapies have been the mainstay in the 
management of transplant patients. However, 
these treatments have had their share in the 
alteration of arterial structure and function in 
numerous studies. Patients maintained on cyclo-
sporine have been shown to have a higher MAP 
when compared to patients on other immuno-
suppressive modalities. A higher AIx was also 
observed when compared to patients on tacroli-
mus even after correction for blood pressure 
[ 24 ,  26 ]. Similarly, when compared to everoli-
mus, cyclosporine was consistently associated 
with a more elevated PWV after 6 months of 
therapy [ 32 ]. A possible explanation would be 
the effect of cyclosporine on arterial structure 
and function, through alteration of endothelial 
function and decreased nitric oxide production 
[ 41 ]. Furthermore, the hypertensive effect of 
cyclosporine and its nephrotoxic potential close 
the loop around an altered vascular status in 
renal transplant patients. In contrast, Van Laecke 
et al. demonstrated in a sample of 60 patients 
that sirolimus immunotherapy was indepen-
dently associated with a decreased PWV [ 35 ]. 
Little is known about the effect of other novel 

immunosuppressive medications on arterial 
compliance. 

 Although our understanding of the effect of 
graft function on arterial stiffness is limited due 
to the small populations studied, one can extrap-
olate the consequence of glomerular fi ltration 
rate (GFR) loss from the chronic kidney disease 
population. It has been shown that a stepwise 
increase in arterial stiffness occurs with advanc-
ing stages of renal disease [ 42 ]. Similarly, cer-
tain studies on graft function in transplant 
recipients have shown PWV and AIx to be 
higher in renal transplant recipients with a lower 
eGFR [ 23 ,  30 ]. Another important aspect of 
graft function linked to altered arterial compli-
ance is graft rejection. Bahous et al. reported 
that acute renal rejection was associated with 
increased PWV, independently of serum creati-
nine, proposing that the mechanism of increased 
arterial stiffness is not solely related to the 
decrease in renal function but maybe due to an 
underlying immune mechanism [ 22 ]. Although 
chronic allograft nephropathy was associated 
with a decreased graft function and elevation of 
serum creatinine [ 43 ], further studies are still 
needed to examine the exact contribution of this 
entity on arterial stiffness.  

    Donor-Related Predictors 
of Arterial Stiffness 

 The impact of donor characteristics on recipient 
cardiovascular and graft outcome is poorly under-
stood. Recently, many studies have shown that the 
effect of the donor may be more infl uential on the 
recipient than previously thought. It was sug-
gested that donor characteristics affect recipient 
aortic stiffness, renal outcome, and ultimately car-
diovascular mortality despite the signifi cant 
improvement conferred by transplantation [ 33 ]. 

 Conventional donor eligibility criteria 
required that deceased donors meet standard-
criteria- donor (SCD) stratifi cation system, where 
donors are under 50 years of age and free of car-
diovascular disease. However, expanded-criteria-
donor (ECD), a novel and more lenient deceased 
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donor stratifi cation system established in the 
early 1990s following the growing demand for 
renal grafts, has widely replaced the traditional 
SCD. ECD donor characteristics include age 
≥60 years or 50–59 years plus any two of the 
following parameters: cerebrovascular accidents 
as cause of death, preexisting hypertension, or 
serum creatinine prior to kidney removal greater 
than 1.5 mg/dL or 130 μmol/L [ 44 ]. ECD has 
permitted researchers to study new donor char-
acteristics following its introduction; its use has 
allowed the reevaluation of the role of the donor 
kidney in the recipient aortic stiffness and cardio-
vascular mortality. 

 In 2008, Delahousse and colleagues studied 
donor determinants of recipient PWV following 
a fi rst cadaveric kidney transplantation. Old 
donor age was an independent determinant of 
increased recipient PWV only after the third 
month of transplantation, but not immediately 
following renal transplantation [ 33 ]. At 12 
months posttransplantation, the carotid-femoral 
PWV in recipients of older kidneys (upper tertile 
of donor age) was >1 m/s higher than those of 
younger kidneys (lower tertile of donor age). 

Notably, the association was independent of 
established important recipient characteristics 
such as age, gender, blood pressure, dialysis 
duration, GFR, cardiovascular risk factors, or 
medications [ 33 ]. 

 Further investigation into donor characteris-
tics revealed that donor large artery stiffness is 
also a predictor of recipient cardiovascular and 
graft outcome [ 45 ]. Donor large artery stiffness, 
as measured by donor aortic PWV, is associated 
with the occurrence of adverse recipient out-
comes [ 45 ]. 

 The effect of donor gender was not clearly 
studied in relation with arterial stiffness; how-
ever, studies including donor gender in the analy-
sis did not show signifi cant correlation [ 45 ]. 
Assessment of the association between recipient 
arterial stiffness and donor type, whether cadav-
eric or living, has not yet been described. Despite 
the high survival rates and the superior graft out-
come associated with related and unrelated living 
kidney donation in comparison to cadaveric 
donation [ 7 ], studies that compare arterial stiff-
ness in living vs. cadaveric donation are still 
lacking (Fig.  28.1 , Table  28.1 ).

Recipient-related predictors

Transplantation-related predictorsDonor-related predictors

•  Increased age

•  Increased age
•  Expanded-criteria donor
•  Large artery stiffness

•  Elevated cold ischemia time
•  Cyclosporine
•  Acute rejection
•  Decreased graft function

Arterial
stiffness
in renal

transplant
recipients

•  Female gender
•  Elevated MAP
•  Smoking
•  New-onset diabetes
•  Dialysis vintage
•  Functioning AV fistula
•  Hypomagnesemia
•  Elevated CRP
•  Elevated iPTH

  Fig. 28.1    Proposed predictors of increased arterial stiffness in renal transplant recipients.  MAP , mean arterial pressure; 
 AV , arteriovenous;  CRP , C-reactive protein;  iPTH , serum levels of parathyroid hormone       
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       Arterial Stiffness in Donors 
of Kidney Grafts 

 Kidney transplantation from living donors fol-
lows rigorous donor selection criteria that guaran-
tee donor protection fi rst. The risks to which a 
donor may be exposed include those related to the 
pretransplant work-up, the transplantation proce-
dure itself, and to the short- and long-term effect 
of nephrectomy. Most of the studies addressing 
donor safety in renal transplantation have con-
fi rmed that the incurred risks are minimal and that 
altruistic kidney donation is safe for the living 
donor, both on the short and long term [ 46 ]. 
However, other studies have shown that kidney 
donation predisposes the donor to hemodynamic 
and/or renal changes without carrying an unjusti-
fi ed risk compared to the general population. 

 Living donor uninephrectomy is associated 
with increased blood pressure levels. Despite 
elevation of blood pressure values, evidence is 
unclear as to whether the increase in blood pres-
sure is signifi cant enough in normotensive 
donors to become in the hypertensive range. A 
meta- analysis by Kasiske and colleagues in 1995 
of 48 studies using 3,124 uninephrectomized 
patients and 1,703 controls showed that unine-
phrectomy was not associated with hypertension 
over time despite mild increases in systolic 
(+2.4 mmHg) and diastolic (+3.1 mmHg) blood 
pressure values [ 47 ]. Following uninephrectomy, 
studies have illustrated that the incidence of 
hypertension ranges from 9 to 48 %, using vari-
ous defi nitions of hypertension in this specifi c 
patient population [ 48 ,  49 ]. 

 In 1987, Torres et al. showed in a cohort of 66 
uninephrectomized donors after a 10-year fol-
low- up that 15 % of previously normotensive 
patients and 38 % of borderline hypertensive 
donors eventually developed defi nite hyperten-
sion, defi ned at the time of the study as systolic/
diastolic blood pressure values of ≥ 160/95 mmHg 
[ 50 ]. Many mechanisms have been suggested to 
explain the high blood pressure values, including 
increased renal reactivity to angiotensin II, renal 
and glomerular hemodynamic modifi cations 
[ 51 ], and changes in arterial elasticity after 
nephrectomy. In contrast, four larger studies with 

11–30-year follow-up showed no signifi cant risk 
of developing hypertension among uninephrecto-
mized donors in comparison to healthy controls 
[ 47 ,  52 – 54 ]. 

 Bahous and colleagues showed that arterial 
pulse wave velocity is signifi cantly increased in 
donors when compared to healthy controls [ 31 ]. 
Factors associated with increased PWV and pulse 
pressure (PP) in kidney donors were exclusively 
of renal origin. Time since kidney donation was 
positively correlated with PWV, whereas the 
presence of proteinuria and/or microalbuminuria 
was linked to higher PP. Compared to the general 
population, where determinants of aortic PWV 
are principally age, MAP, and gender, the donor 
population seems to show additional determining 
factors related to kidney donation and other car-
diovascular risk factors. The authors attribute the 
increased stiffness and the link between the latter 
and time since donation to altered renal hemody-
namics that occurs after nephrectomy. The 
decrease in pre-glomerular arteriolar resistance 
that occurs normally to enhance compensatory 
hypertrophy allows for augmented transmission 
of systemic pressure pulsations and may contrib-
ute to arterial changes without affecting overall 
donor outcome and life span [ 31 ,  55 ]. 

 Ultimately, the survival of renal transplant 
donors has not been shown to be compromised 
following uninephrectomy. Literature continues 
to emphasize on the safety of kidney transplanta-
tion and the unaffected donor outcome. 
Nonetheless, further long-term follow-up of 
donors is still warranted to study the exact rela-
tionship between uninephrectomy and arterial 
structure and function.  

    Arterial Stiffness as a Predictor 
of Cardiovascular and Graft 
Outcome in Recipients 

 Despite clear improvement in PWV level and 
cardiovascular outcome following renal trans-
plantation, the risk of cardiovascular events 
remains higher in the transplant patients com-
pared to their age- and gender-matched subjects 
in the general population [ 15 ,  19 ,  25 ,  45 ]. Large 
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artery stiffness has been shown to be a predictor 
of cardiovascular outcome in many populations 
at risk, such those with hypertension and with 
chronic kidney disease [ 56 ,  57 ]. 

 The measurement of arterial stiffness in recip-
ients and donors has widely gained clinical value 
as an early independent predictor of cardiovascu-
lar function, risk, and mortality in kidney trans-
plant recipients [ 22 ,  31 ,  58 – 60 ]. Arterial stiffness 
level was advanced as a cardiovascular prognos-
tic tool in many studies. In the renal transplant 
population, elevated arterial stiffness is signifi -
cantly associated with systolic blood pressure, 
pulse pressure, and coronary artery disease [ 60 ]. 
Similarly, common carotid distensibility, mea-
sured by vessel wall movement using pulsed 
multigate Doppler system, is a signifi cant inde-
pendent correlate with cardiovascular events and 
cardiovascular death when measured 3–6 months 
after transplantation [ 61 ]. The role of recipient 
arterial stiffness in renal transplant recipients has 
also been credited in left ventricular systolic 
pressure, left ventricular hypertrophy, and ven-
tricular oxygen and blood demand, explaining 
the raised cardiovascular morbidity [ 61 ]. 

 Bahous and colleagues studied the role of 
donor aortic stiffness in graft and cardiovas-
cular outcome in 95 adult kidney transplant 
recipients by following the doubling of serum cre-
atinine, development of ESRD (eGFR <15 mL/
min/1.73 m 2 ), return to dialysis, development of 
myocardial infarction, stroke, and occurrence of 
cardiovascular death [ 45 ]. In the study, donor 
PWV showed borderline signifi cance with the 
outcome. It was postulated that transplantation 
transmits donor baseline arterial and renal status 
to the recipient [ 45 ]. 

 Finally, the role of central arterial stiffness as 
a predictor of outcome in the renal transplant 
population has been demonstrated in small stud-
ies while larger ones are needed to clearly estab-
lish its predictive value and suggest early 
measurement and potential interventions.  

    Conclusion 

 There is no doubt that arterial stiffness, an inde-
pendent marker of cardiovascular outcome, 
improves in ESRD patients following renal 

transplantation but may still be inferior to age- 
and gender-matched individuals in the general 
population. Arterial stiffness in the renal trans-
plant population was associated with several 
recipient, transplant, and donor parameters. 
Despite possible renovascular changes associ-
ated with uninephrectomy, the safety of renal 
transplantation has been highlighted in donors; 
and kidney donation and transplantation is still 
considered the most optimal modality of renal 
replacement therapy for patients with ESRD.     
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    Abstract   

 Central blood pressure is closer to the heart, coronary and carotid arteries, 
which are the most important sites of cardiovascular events. The infl uence 
of cyclic stretch (owing to cyclic changes in blood pressure) on the arterial 
wall has been documented at every stage of atherosclerosis development. 
Apart from mediating atherosclerosis progression and plaque instability, 
the pulsatile component of blood pressure is the main mechanism leading 
to plaque rupture and, consequently, to acute coronary syndromes and 
other vascular complications. A number of studies reported a signifi cant 
relation between central blood pressure and the extant of coronary athero-
sclerosis as well as between central blood pressure and cardiovascular risk 
in patients with coronary heart disease. A lot of attention has been given 
recently to break the link between pulse pressure and cardiovascular events. 
Because of the vicious circle consisting of arterial wall stiffness, pulse 
pressure, and atherosclerosis, the most promising intervention is reduction 
in arterial stiffness, although increase of the potential benefi t requires inter-
ventions aiming at all three components of the vicious circle.  
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        Introduction 

    Increased blood pressure (BP) is one of the most 
important risk factors for cardiovascular (CV) 
disease. Hypertension is the leading cause of 
death among women and the second most impor-
tant cause of death among men [ 1 ]. This is a 
result of the high prevalence of hypertension and 
a close relationship between BP values and the 
risk of cardiovascular disease. Increased BP leads 
to hypertrophy and remodelling of left ventricle 
and muscular arteries, impairment of endothelial 
function and fi nally to the initiation and progres-
sion of atherosclerosis. The above alterations, as 
well as the direct infl uence of intravascular pres-
sure, increase the frequency of plaque ruptures 
leading to acute coronary syndromes [ 2 ]. Indeed, 
increasing evidence has been demonstrated that 
hypertension-initiated abnormal biomechanical 
stress is strongly associated with CV disease. 
Reduction of systolic blood pressure (SBP) has 
explained most of the treatment benefi t in out-
come trials in which patients with hypertension 
were studied [ 3 – 5 ]. These results focused atten-
tion on factors that infl uence SBP and pulse pres-
sure (PP) levels in hypertensive individuals, i.e. 
on the role(s) of increased arterial stiffness and/or 
wave refl ections. 

 BP is composed of two components: one a 
steady component, which is approximately equal 
to mean arterial pressure (MAP), and the other 
pulsatile (which may be represented by PP). MAP 
is the product of cardiac output and peripheral 
resistance, whereas PP is determined by stroke 
volume, wave refl ections and arterial stiffness. 
The last factor contributes to the “Windkessel” 
effect, i.e. the ability to transform the cyclic fl ow 
coming from the heart into a steady fl ow at the 
peripheral level, thereby providing an optimal 
oxygenation of tissues. MAP and PP are both 
independent predictors of CV events [ 6 ]. While 
MAP is a predictor of overall event risk (including 
heart failure and renal insuffi ciency), PP predomi-
nantly predicts atherosclerosis- related complica-
tions [ 2 ,  7 ]. It should be, however, underlined that 
small value of PP may be required for the mainte-
nance of a differentiated and fully functional phe-
notype of vascular wall cells, as well as for the 

regulation of migratory properties, proliferation 
and matrix turnover [ 8 ]. 

 One could argue that PP is not an ideal mea-
sure representing the pulsatile component of BP 
as it is quite well correlated with MAP [ 9 ]. 
   However, other measures of pulsatile component 
are also related both to end-organ damage and the 
extent of coronary atherosclerosis as well as to 
cardiovascular event risk [ 10 ,  11 ]. Moreover, 
measures which almost do not correlate with 
MAP, e.g. fractional pulse pressure (pulsatility), 
are at least as good predictors of cardiovascular 
risk as central PP [ 7 ].  

    Blood Pressure and Cardiovascular 
Risk in Patients with Coronary Heart 
Disease 

 High blood pressure is considered as a major car-
diovascular risk factor. Data from observational 
studies involving more than 1 million individuals 
without pre-existing vascular disease have indi-
cated that the risk of cardiovascular deaths 
increases progressively with brachial BP [ 12 , 
 13 ]. Generally, it is accepted that brachial DBP is 
a better cardiovascular risk predictor compared to 
SBP and PP in young patients, in older patients 
SBP become better predictor compared to DBP 
and PP, whereas in the elderly PP have the high-
est predictive value. These relations not necessar-
ily are the same in patients with coronary heart 
disease. Indeed, in the population of INVEST 
trial, PP was a weaker predictor of cardiovascular 
events than SBP, DBP or MAP [ 14 ]. Moreover, 
Protogerou et al. did not fi nd any signifi cant 
 relation between brachial PP and total or cardio-
vascular mortality in very old (mean age 85 
years) subjects with cardiovascular disease [ 15 ]. 
In addition, some studies suggest that this rela-
tion in patients with coronary heart disease may 
be J or U shaped, with higher event rates at very 
low and very high blood pressure [ 14 – 17 ]. Some 
studies suggest even lower risk with increasing 
pulse pressure in patients with cardiovascular 
disease [ 18 ]. 

 Several potential “pathophysiological” mech-
anisms have been proposed to explain the exis-
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tence of the above discrepancies. The fi rst 
explanation is an epiphenomenon of reduced left 
ventricular function. Indeed, reduced left ven-
tricular stroke volume is related to higher mortal-
ity and lower BP values. The latter especially 
concerns SBP and PP. It is logical that when 
stroke volume is decreased, the primary wave 
(often referred to as P1) is lower when aortic 
walls compliance is not changed. Although wave 
refl ections are a major factor determining aortic 
pressure augmentation and systolic as well as 
pulse pressure in patients with normal ejection 
fraction [ 10 ], when ventricular systolic function 
is impaired, wave refl ection does not augment 
pressure but has a suppressive effect on ventricu-
lar ejection and the aortic fl ow waveform [ 19 , 
 20 ]. It means that wave refl ection is manifested 
more as a negative infl uence on fl ow than a posi-
tive infl uence on pressure. Therefore, the relation 
between central PP and prognosis is blunted. The 
second explanation could be an epiphenomenon 
of other chronic illness, which increase mortality. 
Third, low DBP may compromise coronary per-
fusion during the diastolic phase of the cardiac 
cycle.    Indeed, it was suggested that myocardial 
revascularization procedures may transform “J” 
shape into more linear relation, especially when 
cardiovascular risk – diastolic blood pressure is 
considered [ 17 ]. The fourth explanation could be 
an epiphenomenon of increased arterial stiffness, 
a well-known independent marker of vascular 
disease and increased mortality leading to high 
PP and low DBP. Finally, the central-to-brachial 
pressure wave amplifi cation should be taken into 
account. Indeed, there is increasing evidence that 
the difference between central and peripheral BP 
impacts the predictive value of brachial BP. It has 
been known since several dozen years that BP 
and the shape of the pulse wave vary throughout 
the arterial tree [ 21 – 23 ]. Thus, pressure–oscilla-
tion amplitude between systole and diastole 
increases considerably along the aorta. These 
SBP and PP amplifi cations are physiological 
fi ndings, approximating 10–20 mmHg between 
the thoracic aortic root and the brachial artery in 
young, healthy subjects [ 2 ,  24 ]. However, this 
difference is slightly lower in patients with hyper-
tension and, as proven by Safar et al., amounts to 

6 – 11 mmHg on average [ 25 ]. BP varies also 
along the aorta. As shown by Temmar et al., SBP 
amplifi cation along the aorta is about 8.1 mmHg, 
whereas DBP decreases by about 2.6 mmHg 
[ 26 ]. From mechanistic point of view, the pres-
sure wave amplifi cation is associated with 
changes in magnitude of each harmonic compo-
nent of the pressure wave [ 27 ].    Although the dif-
ference between central and peripheral BP is 
smaller in older subjects [ 28 ] as well as in those 
with diseases leading to reduced arterial wall 
compliance (e.g. renal insuffi ciency, atheroscle-
rosis), the difference still may have clinical 
signifi cance. 

 Indeed, central BP is closer to the heart, coro-
nary arteries and carotid arteries, which are the 
most important sites of CV events [ 3 ]. More spe-
cifi cally, aortic, but not brachial, PP has been 
shown to be independently associated with coro-
nary atherosclerosis in patients undergoing coro-
nary angiography [ 9 ,  29 ,  30 ]. In 1,109 subjects 
undergoing coronary angiography followed for 
4.5 years, a 10-mmHg aortic PP increase was 
associated with a 13 % increase of CV events [ 7 ]. 
Moreover, the pulsatile component of central BP 
was the best predictor of future CV events in this 
population. In end-stage renal disease patients 
and in elderly subjects with essential hyperten-
sion, central PP was also demonstrated to be an 
independent predictor of mortality [ 31 ]. Central 
PP was a better predictor of CV events in subjects 
without overt CV disease at baseline compared 
with peripheral pressure [ 32 ,  33 ]. Although 
Mitchell et al. did not fi nd signifi cant association 
between central PP and CV risk [ 34 ], a recently 
published meta-analysis of fi ve prospective 
 studies showed higher predictive value of central 
as compared with peripheral PP (although the 
difference was of borderline signifi cance) [ 35 ]. 
In addition, Wang showed that when central and 
peripheral SBP are both included into the statisti-
cal model, only central SBP remains signifi cantly 
related to the CV risk [ 32 ]. Finally, in a study by 
Weber at al., who followed 674 patients with nor-
mal or only slightly impaired left ventricular sys-
tolic function, the hazard ratio of major 
cardiovascular events related to increase in bra-
chial PP by one standard deviation was (after 
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multivariate adjustments) 1.29, whereas hazard 
ratio related to the increase of central PP was 
1.38 [ 11 ]. Table  29.1  summarizes the contempo-
rary evidence of the relation between CV risk and 
central BP in patients with or suspected to have 
CAD. Clinical models have been recently 
described suggesting that aortic PP integrates the 
predictive value of aortic, infl ammatory and renal 
factors [ 26 ]. Taken together, these fi ndings dem-
onstrated that central PP was superior to brachial 
PP for the prediction of CV risk.

   As described above several studies have been 
published assessing the predictive value of cen-
tral BP in coronary patients (Table  29.1 ). The 
fi rst small studies showed the relation between 
ascending aortic PP and pulsatility and the risk of 
restenosis after coronary angioplasty [ 36 ,  37 ]. 
Indeed, it was proved that vascular wall remodel-
ling after balloon angioplasty and arterial wall 
cell proliferation is signifi cantly related to the 
cyclic stress of the vascular wall [ 38 ]. Kozuma 
et al. were the fi rst to show the signifi cant relation 
between tensile stress and plaque growth after 
coronary angioplasty [ 39 ]. However, it seems 
that stent implantation may diminish the close 
relation between PP and restenosis, as suggested 
by the results published by Philippe et al. [ 40 ]. 

Indeed, as stent may carry most of the cyclic ten-
sion related to cyclic changes in intra-arterial 
pressure, these results may be seen as another 
proof for the role of haemodynamic forces in the 
development of the “disease” of the vascular 
walls. Unfortunately, no study investigating the 
relation between ascending aortic BP and the risk 
of restenosis in the era of drug-eluting stents has 
been published so far. Subsequently, Chirinos 
et al. showed a correlation between central PP 
and cardiovascular death risk in 324 men with 
angiographically confi rmed coronary atheroscle-
rosis [ 41 ]. They also showed higher risk in sub-
jects with lower DBP in the ascending aorta with 
greater effect in subjects with more severe coro-
nary atherosclerosis.    The results of the biggest 
published study so far were presented in 2008 
[ 7 ]. This study followed 1,109 patients, of which 
83 % had confi rmed coronary artery disease, and 
showed that pulsatile but not steady component 
of ascending aortic BP is related to cardiovascu-
lar risk. In contrast to a number of studies show-
ing the infl uence of age on the predictive value of 
brachial PP, age did not infl uence the predictive 
value of central PP or pulsatility in this popula-
tion (Fig.  29.1 ). Of note the predictive value of 
central PP was similar in patients with and with-

    Table 29.1    List of studies assessing the predictive value of central BP in coronary patients   

 Study   N  
 How central pressure 
was measured 

 Mean follow-up 
[years]  Main results 

 Lu et al. [ 36 ]  87  Invasively, fl uid-fi lled 
system 

 0.5  The risk of restenosis after PCI increases 
by 6 % when central PP increases by 
1 mmHg 

 Jankowski et al. [ 37 ]  84  Invasively, fl uid-fi lled 
system 

 0.7  The risk of restenosis after PCI increases 
by 72 % when central PP increases by 
10 mmHg 

 Philippe et al. [ 40 ]  96  Invasively, fl uid-fi lled 
system 

 1  The risk of restenosis after PCI is related 
to central MAP. No signifi cant relation 
with central PP 

 Chirinos et al. [ 41 ]  324  Invasively, fl uid-fi lled 
system 

 3.2  The risk of death increases by 18 % when 
central PP increases by 10 mmHg and 
decreases by 24 % when central DBP 
increases by 10 mmHg 

 Jankowski et al. [ 7 ]  1,109  Invasively, fl uid-fi lled 
system 

 4.6  The risk of CV events increases by 13 % 
when central PP increases by 10 mmHg; 
MAP does not infl uence prognosis 

 Weber et al. [ 11 ]  725  Noninvasively, 
applanation tonometry 

 3.8  The risk of CV events increases by 21 % 
when central PP increases by 10 mmHg; 
MAP does not infl uence prognosis 
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out myocardial infarction in the history. The last 
study was published by Weber and co-workers 
who followed 725 patients undergoing coronary 
angiography including 41.5 % with angiographi-
cally confi rmed coronary artery disease and once 
again showed that pulsatile but not steady com-
ponent of central BP is related to cardiovascular 
risk [ 11 ]. In addition, Weber et al. showed that 
several other measures of pulsatile haemodynam-
ics are related to the prognosis, among which the 
backward wave amplitude was the most consis-
tent predictor [ 11 ].

       Arterial Stiffness 
and Cardiovascular Risk 

 Although structural changes related to increased 
arterial wall stiffness may be quantifi ed patho-
logically, the clinical evaluation of arterial 
mechanical properties is more complex, and a 
complete description of the stress–strain relation-

ship of arteries in vivo is not possible owing to 
uncertainties arising from non-linear behaviour, 
viscoelasticity, anisotropy, active tone, residual 
stresses and tethering [ 42 ]. A number of studies 
have shown that various indices of arterial com-
pliance are related to cardiovascular risk. In the 
light of the fundamental mechanical principle 
that pulse waves travel faster in stiffer arteries, 
PWV measurement is considered the best surro-
gate to evaluate arterial stiffness, especially in 
everyday clinical practice. The clinical utility of 
PWV measurements was recently summarized 
by Vlachopoulos et al. [ 43 ]. The authors calcu-
lated that the increase in PWV by 1.0 m/s 
increases the risk of cardiovascular events by 
14 %. This relation is also present in patients with 
coronary artery disease [ 44 ]. Choi et al. showed 
that the risk of cardiovascular events is increased 
by 118 % when PWV is higher than 12.5 m/s in 
patients undergoing coronary angiography [ 44 ]. 
Pressure wave refl ections were also shown to be 
related to end-organ damage and the risk of 

Central pulse pressure

Age => 60 years
Age < 60 years

Men
Women

No significant stenosis
1-vessel disease
2-vessel disease
3-vessel disease

Revascularization
No revascularization

Ejection fraction > 55%
Ejection fraction ≤= 55%

Previous mycocardial infraction
No previous mycocardial infraction

Heart failure
No heart failure

Hypertension
No hypertension

Diabetes
No diabetes

Creatinine => 120 μmol/l
Creatinine < 120 μmol/l

Total

0.8 1.0 1.2

HR

1.4

  Fig. 29.1    Subgroup 
analysis of the relationship 
between central pulse 
pressure and the risk of the 
primary end point in 1,109 
patients undergoing 
coronary angiography [ 7 ]. 
Multivariate hazard ratios 
( HR ) and 95 % confi dence 
intervals are shown 
according to a central pulse 
pressure value increase of 
10 mmHg. None of the 
differences between HRs 
in the analysed subgroups 
are signifi cant (all  p  = NS)       
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 cardiovascular events in atherosclerotic subjects. 
Indeed, T. Weber and colleagues in an elegant 
study showed that backward wave amplitude not 
only was related to the left ventricular diastolic 
function parameters, left ventricular hypertrophy, 
left atrium diameter and GFR but also was inde-
pendent and the most consistent predictor of the 
cardiovascular events risk [ 11 ]. 

 It is important to understand the mechanism of 
increased cardiovascular risk in subjects with 
increased arterial stiffness. The literature suggests 
several explanations. The fi rst conception under-
lines that arterial wall stiffness is related to lower 
DBP and higher SBP in the ascending aorta. Low 
DBP is related to low perfusion pressure through 
myocardium and therefore to reduction in coro-
nary perfusion. On the other hand, high SBP 
increases afterload and oxygen demand of the 
myocardium and contributes to left ventricular 
hypertrophy. The net effect is that an increase in 
arterial stiffness (higher PWV, higher central PP) 
leads to an imbalance between myocardial oxy-
gen demand and supply, hence ischaemia. This 
has been proven invasively by Leung and col-
leagues, who observed a strong inverse relation-
ship between coronary blood fl ow and PWV/cPP 
in patients following a coronary intervention [ 45 ]. 
All these effects may increase cardiovascular risk. 
Second conception underlines that increased stiff-
ness is a symptom of the  arterial wall’s “disease”. 
Indeed, structural changes contributing to an 
increase in arterial stiffness include fragmentation 
of elastin, increased deposition of collagen, arte-
rial calcifi cation, glycation of both elastin and col-
lagen fi bres and cross- linking of collagen 
molecules by advanced glycation end products 
[ 46 ,  47 ]. In line with this conception, the athero-
sclerotic plaques develop more easily in the dif-
fusely “diseased” arterial walls leading to 
coronary and cerebrovascular events. The third 
conception insists that high arterial stiffness 
increases the pulsatile component of BP, espe-
cially of central BP, which in turn is related to 
development of atherosclerosis and its complica-
tions as well as to damage of microvasculature. 
Other explanations, including damage of micro-
vasculature leading among others to coronary 
slow fl ow [ 48 ] as well as to kidney failure [ 49 ] 

   Table 29.2    List    of studies assessing the relation between 
central blood pressure and coronary atherosclerosis   

 Study   N   Main results and conclusions 

 Nishijima 
et al. [ 74 ] 

 293  Central PP, but not MAP, is 
higher in patients with 
CAD. Central pulsatility 
correlates with the mean stenosis 
in the coronary tree 

 Nakayama 
et al. [ 75 ] 

 406     The ratio of DBP to MAP, but 
not the ratio of SBP to MAP, is 
related to probability of a 
signifi cant stenosis in the 
coronary tree 

 Philippe et al. 
[ 40 ] 

 99  Only central PP is related to the 
extent of coronary 
atherosclerosis 

 Weber et al. 
[ 10 ] 

 Central PP is higher in patients 
with CAD. Augmented pressure 
correlates with coronary 
atherosclerosis only in patients at 
age <60 years 

 Danchin 
et al. [ 76 ] 

 280  Central PP is related to the extent 
of coronary atherosclerosis in 
men, but not in women 

 Jankowski 
et al. [ 9 ] 

 423  Central PP, pulsatility and 
pulsatility index are related to the 
number of diseased coronary 
arteries 

 Jankowski 
et al. [ 77 ] 

 445  Central PP and the ratios of 
central SBP to MAP as well as 
central DBP to MAP are related 
to the number of diseased 
coronary arteries 

 Jankowski 
et al. [ 78 ] 

 447  Central PP, pulsatility and 
pulsatility index are related to the 
presence of a signifi cant stenosis 
in coronary tree in women, but 
not in men 

 Guray et al. 
[ 29 ] 

 262  Central PP and pulsatility are 
related to coronary 
atherosclerosis in women 

 Jankowski 
et al. [ 79 ] 

 375  Central BP-derived indices are 
not correlated with the extent of 
coronary atherosclerosis in 
patients with CAD and impaired 
left ventricular function 

 Jankowski 
et al. [ 52 ] 

 821  The signifi cant relation between 
pulsatile component of BP and 
coronary atherosclerosis is 
present in patients with and 
without hypertension 

 Wykrętowicz 
et al. [ 30 ] 

 201  Central, but not peripheral, 
pulsatility is related to CAD 

 Mourad et al. 
[ 80 ] 

 1,337  Central PP is related to coronary 
calcifi cation and coronary artery 
occlusions. Central SBP is 
related to coronary occlusions 
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and indirectly to progression of  atherosclerosis 
and its complications, are also possible.  

    Blood Pressure and Atherosclerosis 

 Blood vessels are constantly exposed to two kinds 
of dynamic mechanical forces. One of them is 
shear stress and the other is the cyclic strain of the 
vascular wall, which, according to the Laplace’s 
law, is mainly determined by cyclic change of BP 
[ 50 ]. While shear stress affects predominantly 
endothelial cells, BP changes (and the resulting 
changes in arterial wall strain) infl uence all struc-
tures of the arterial wall. It is logical to accept that 
arteries are permanently exposed to a basal stretch, 
which is related to MAP. MAP is paired to a pulsa-
tile component, owing to the presence of cardiac 
cycle. Changes in the intramural tension have been 
recognized as an important factor in the pathogen-
esis of atherosclerosis [ 2 ]. Interestingly, it was 
suggested that cyclic stretch is a more important 
factor determining superoxide anion production in 
the endothelium than shear stress [ 51 ]. 

 A number of studies have been published 
showing the signifi cant relation between cen-
tral BP and the presence or extent of athero-
sclerosis in the coronary arteries (Table  29.2 ). 
Importantly, the fi ndings that measures such as 
fractional pulse pressure are related to athero-
sclerosis suggest that pulsatile component of BP 
is more closely related to development and pro-
gression of atherosclerosis than steady compo-
nent [ 9 ]. Interestingly, the relation between these 
measures and coronary atherosclerosis tends to 
be closer in normotensives than in subjects with 

hypertension [ 52 ]. In addition, a recent study 
showed that PP may be higher in patients with 
stenosed right coronary artery as compared to 
those with stenosed left coronary artery, which 
could suggest that the difference in haemody-
namic conditions in right coronary artery and 
left coronary artery may infl uence the athero-
sclerosis development [ 53 ]. However, it should 
be underlined that all these studies were cross-
sectional in nature. On the other hand, an in vivo 
study by Tropea et al. (using an animal model) 
showed that inhibition of cyclic stretch of the 
aorta is related to inhibition of the atherosclerotic 
plaque formation [ 54 ]. In the sample studied by 
Tropea et al., atherogenic diet was not related to 
the development of atherosclerotic plaque in the 
absence of cyclic stretch of the arterial wall [ 54 ]. 
Indeed, this report suggests that the arterial wall 
cyclic stress is an indispensable factor for ath-
erosclerosis development.

   Nowadays, the differential effects of steady 
and pulsatile forces on arterial wall should be 
considered as obvious, even if several fi ndings 
have been investigated mainly in vitro. The cor-
responding in vivo fi ndings remain scarce. Most 
of them are simply deduced from human epide-
miological investigations, indicating that pulsa-
tile stress, as represented by PP, wave refl ections 
and/or arterial stiffness, is a more important pre-
dictor of CV risk than steady stress, especially in 
patients with atherosclerosis [ 7 ,  11 ,  55 ,  56 ]. 
Nevertheless, it should be emphasized that the 
infl uence of cyclic stretch on atherosclerosis has 
been documented on every stage of its develop-
ment [ 2 ]. PP was shown to be an important factor 
conditioning the infi ltration of arterial wall by 
lipids [ 57 ]. Cyclic stretch stimulates the expres-
sion of adhesion molecules in the endothelial 
cells, which facilitates the migration of infl am-
matory response cells into vascular wall, as well 
as the production of scavenger receptors, thereby 
facilitating the transformation of macrophages 
into foam cells [ 2 ,  58 ]. The activity of metallo-
proteinases in the atherosclerotic plaque also 
depends partially on the cyclic stretch of the arte-
rial wall [ 2 ]. The infl uence of vascular wall 
stretch on migration and proliferation of smooth 
muscle cells was also documented as well as its 

Table 29.2 (continued)

 Study   N   Main results and conclusions 

 Pařenica 
et al. [ 81 ] 

 1,075  Central PP correlates with the 
number of stenosed coronary 
arteries 

 Khoueiry 
et al. [ 53 ] 

 433  Central PP is higher in patients 
with stenosis in right compared 
to left coronary artery 

 Refi ker et al. 
[ 82 ] 

 245  Central DBP and the extent of 
coronary atherosclerosis are 
related to the coronary collateral 
development 
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impact on the production of glycosaminoglycans 
by vascular smooth muscle cells [ 2 ,  59 ]. Cyclic 
stretch causes also plasminogen activator inhibi-
tor- 1 (PAI-1) release from endothelial cells [ 60 ]. 
Recently, mechanical strain was proved to induce 
expression of C-reactive protein in human blood 
vessels [ 61 ]. Finally, apart from mediating ath-
erosclerosis progression and atherosclerotic 
plaque instability, the pulsatile component of BP 
is the main mechanism leading to degradation 
and weakening of the atherosclerotic fi brous cap, 
plaque rupture and consequently to acute coro-
nary syndromes and other vascular complica-
tions. Moreover, Selwaness et al. showed that PP 
is the strongest determinant of intraplaque haem-
orrhages [ 62 ]. These results are important as 
intraplaque haemorrhage, besides plaque rupture 
and plaque erosion, is the main mechanism lead-
ing to plaque progression and destabilization and 
fi nally to myocardial infarctions, strokes and car-
diovascular deaths. The relation between PP and 
intraplaque haemorrhage can be explained on the 
basis of damage of microcirculation due to 
enhanced pulsatile load. Importantly, odds ratios 
of the presence of intraplaque haemorrhage 
related to one standard deviation increase in PP 
and fractional pulse pressure were similar (1.22 
and 1.23, respectively), whereas MAP was not 
related to the presence of haemorrhages. 
Although it was a cross-sectional study, these 
fi ndings are another proof that the pulsatile 
mechanical load that acts on the arterial wall is 
related to progression of atherosclerosis and its 
complications, irrespectively of the absolute 
value of blood pressure [ 62 ]. 

 In conclusion, currently there is no doubt as to 
the existence of a signifi cant relationship between 

the pulsatile BP component and atherosclerosis. 
Increased PP may be both the cause and the effect 
of atherosclerosis: on one hand the presence of 
the diffuse atherosclerosis may impair elastic 
properties of the arterial walls [ 63 ] (although 
unstable, lipid-rich plaques do not impair arterial 
compliance), while reduced large artery compli-
ance enhances the pulsatile component of BP 
leading to the progression of atherosclerotic 
plaques. These mechanisms may lead to a vicious 
circle wherein the pulsatile BP component 
causes/enhances the progression of atherosclero-
sis, which in turn, through a reduced arterial 
compliance and an enhanced wave refl ection, 
augments the pulsatile BP component (Fig.  29.2 ). 
According to this concept, a therapeutic interfer-
ence with this vicious cycle might improve 
patients’ prognosis.

       The Benefi cial Effects 
of Interventions Aiming at 
Improving Survival in CAD Patients 

 It should be underlined that taking into account 
the close relation between pulsatile component of 
BP, arterial stiffness and atherosclerosis, maxi-
mizing the benefi t requires interventions aiming 
at all three components of the vicious circle 
(Fig.  29.2 ). The recent studies have shown that it 
is possible to slow the progression of atheroscle-
rosis and to obtain a selective and long-term 
reduction of brachial and, what is even more 
important, central SBP and PP by decreasing 
arterial stiffness and/or wave refl ections. 

    Lifestyle Changes 

 Lifestyle interventions can reduce arterial stiff-
ness and/or wave refl ections. Physical activity is 
especially effective in reducing arterial wall stiff-
ness [ 64 ,  65 ]. Also low-salt diet improves arterial 
distensibility by reduction in BP as well as direct 
effects nondependent on BP changes [ 66 ,  67 ]. 
Direct benefi cial effects of fi sh oils have been 
reported by several researchers [ 68 ,  69 ]. Weight 
loss was also suggested to improve arterial wall 

Pulsatile
component of BP

AtherosclerosisArterial stiffness

  Fig. 29.2    A vicious circle consisting of arterial stiffness, 
blood pressure and atherosclerosis       
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compliance [ 67 ]. Some researchers have sug-
gested that one of the potential “anti-ageing” 
benefi ts of prolonged caloric restriction is a 
reduction in the rate of increase in arterial stiff-
ness that occurs with age. Of note lifestyle 
changes reduce cardiovascular risk. It should be, 
however, underlined that the  evidence of benefi -
cial effects of lifestyle interventions (with the 
exception of cardiac rehabilitation) on arterial 
wall compliance or central BP in patients with 
coronary artery disease is scarce.  

    The Infl uence of Antihypertensive 
Drugs on Peripheral and Central BP 

 Numerous studies have examined the infl uence 
of various antihypertensive drugs on central in 
comparison with brachial BP, including agents 
which improve survival in patients with cardio-
vascular disease [ 70 ]. The recent consensus 
 document has underlined the clinical conse-
quences of overestimation of the antihyperten-
sive effect of some drug classes and 
underestimation of BP changes due to the use of 
other drugs when analysing brachial instead of 
central BP [ 71 ]. The infl uence of CV drugs on 
central BP, wave refl ections and arterial stiffness 
is described in detail in other book chapters.   

    Central Blood Pressure, Coronary 
Artery Disease and Everyday 
Clinical Practice 

 Central wave form assessment might be a useful 
non-invasive clinical test that stratifi es the likeli-
hood of coronary disease and assists in identify-
ing patients who require diagnostic coronary 
angiography [ 72 ]. The recent development of 
new methods and new devices which allow for 
quick and (from the physician’s point of view) 
simple measurement of central BP may result in 
the use of central BP assessment in everyday 
clinical practice in the near future [ 73 ]. However, 
it should be noted that the usefulness of serial 
central BP determinations in everyday clinical 
practice has been never convincingly demon-

strated. More data is needed before defi nitive 
recommendation about central BP measure-
ments in clinical practice can be done. Especially, 
better prognosis in patients managed according 
to central in comparison with peripheral BP 
should be proved.  

    Conclusions 

 Although the differences between central and 
peripheral blood pressure have been known 
for decades, the consequences of decision- 
making based on central rather than periph-
eral BP have only recently been recognized. 
Central PP is closer to the heart, coronary and 
carotid arteries, which are the most important 
sites of cardiovascular events. The infl uence 
of cyclic stretch (owing to cyclic changes in 
BP) on the arterial wall has been documented 
at every stage of atherosclerosis development. 
Apart from mediating atherosclerosis pro-
gression and plaque instability, the pulsatile 
component of BP is the main mechanism 
leading to plaque rupture and, consequently, 
to acute coronary syndromes and other vascu-
lar complications. A lot of attention has been 
given recently to break the link between pulse 
pressure and cardiovascular events. Because 
of the vicious circle consisting of arterial wall 
stiffness, pulse pressure and atherosclerosis, 
the most promising intervention is reduction 
in arterial stiffness, although increase of 
the potential benefi t requires interventions 
aiming at all three components of the vicious 
circle.     
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     The    continuously increasing number of elderly 
people, especially those 80+ years of age, leads 
into a growing population prone to frailty, multiple 
comorbidities, and partial loss of autonomy. This 
is now one of the target populations for geriatric 
medicine necessitating the development of spe-
cifi c diagnostic and therapeutic approaches [ 1 ]. 
These approaches cannot be derived however from 
a simple extrapolation of the strategies applied in 
younger populations or even in elderly robust pop-
ulations. Thus, assessment of  cardiovascular (CV) 

risk in these subjects represents a major issue. High 
blood pressure (BP), especially systolic hyperten-
sion, is a common condition in the elderly and is 
considered a major determinant not only of CV 
morbidity and mortality but also of several other 
age-related diseases, frailty, and loss of autonomy 
[ 2 ]. Thus, high blood pressure has been related to 
several age-related diseases such as osteoporosis 
[ 3 ] and Alzheimer’s disease [ 4 ]. It has also been 
shown that life expectancy is reduced in middle-
aged hypertensives [ 5 ,  6 ]. 

 Therefore, there is no doubt that high blood 
pressure and high risk of morbidity and mortal-
ity go hand in hand. This concept has dominated 
hypertension epidemiology as well as clinical 
trials which have shown that in hypertensive 
subjects, the more important the decrease in sys-
tolic or diastolic BP (DBP), the more important 
the benefi ts in terms of cardiovascular morbidity 
and mortality in young, middle-aged, and older 
populations of both genders [ 7 – 10 ]. Numerous 
large clinical trials in individuals 65 years or 
older showed that antihypertensive treatment in 
older adults is as benefi cial as that in younger 
adults [ 11 ]. Thus, large studies such as the 
Systolic Hypertension in the Elderly Program 
[ 12 ], Swedish Trial in Old Patients [ 13 ], Medical 
Research Council [ 14 ], Systolic Hypertension in 
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Europe [ 15 ], and Systolic Hypertension in China 
[ 16 ] have shown the benefi ts of reducing BP in 
elderly subjects. The results of the Hypertension 
in the Very Elderly (HYVET) study [ 17 ] also 
showed the benefi cial effect of antihypertensive 
treatment in patients 80 years or older. 

 Although the concept “the lower the blood 
pressure, the better the prognosis” may be a 
very appealing message in terms of public health 
policy, several results especially in the elderly 
show that this dogma may not always represent 
the truth. One of the most typical examples is 
the inverse relationship between DBP and CV 
risk observed in elderly individuals [ 18 – 21 ]. 
Furthermore, such an inverse relationship with 
risk has even been observed with systolic blood 
pressure (SBP) in very elderly subjects present-
ing several comorbidities [ 22 ,  23 ]. Actually, 
although in relatively fi t elderly people [ 7 ,  17 ] 
high SBP is associated with higher morbidity 
and mortality, no association between high BP 
and morbidity and mortality was found in very 
old persons with several comorbidities [ 22 ,  24 , 
 25 ]. Notably, a J-shape or an inverse relation-
ship between BP (both systolic and diastolic) 
and morbidity/mortality was observed in a sub-
set of studies [ 26 ,  27 ]. Clinical studies in very 
old persons reported a poor prognosis in those 
with systolic BP (SBP) <140 mmHg [ 28 ,  29 ]. 
The J-shape  phenomenon associated with exces-
sive diastolic BP reduction in elderly patients 
has been reported in the Practitioner’s Trial on 
the Effi cacy of Antihypertensive Treatment in 
the Elderly [ 30 ] and in some post hoc analyses 
of large clinical studies, such as the Systolic 
Hypertension in the Elderly Program [ 31 ] and 
Systolic Hypertension in Europe [ 32 ]. In another 
post hoc analysis of the Systolic Hypertension 
in the Elderly Program, the greatest benefi ts in 
terms of lowering stroke risk were observed in 
patients with SBP <150 mmHg but not in those 
with SBP <140 mmHg [ 33 ]. Accordingly, exces-
sive reduction of BP in the elderly, particularly 
in elderly patients with cardiovascular disease, 
might be harmful because of decreased perfusion 
of target organs [ 30 ]. 

 Hence, the issue that we have attempted to 
address herein is what does measured BP really 

means and what are its determinants during the 
aging process. Actually, as we have developed 
in a recent review, the demographic, technologi-
cal, and therapeutic changes over the past 20–30 
years make possible now to reconsider the con-
cept of the “role of blood pressure in the cardio-
vascular risk determination” [ 34 ]. 

   The Transition from Diastolic 
to Systolic and Pulse Pressure (PP) 
During Aging 

   The Reasons of Increase in PP 
with Age 

 Until the ages of 50–60 years, both SBP and DBP 
increase with age. Thereafter, in the majority of 
cases, SBP increases with age disproportionally 
to DBP. The most common cause for the disrup-
tion of the correlation between SBP and DBP 
(leading to an excessive increase in SBP and PP) 
is the progressive stiffening of the arterial wall 
[ 35 ,  36 ]. Indeed, arterial stiffness develops as a 
consequence of several structural and functional 
changes of large arteries. Wall hypertrophy, cal-
cium deposits, and changes in the extracellular 
matrix, such as an increase in collagen and in 
fi bronectin, fragmentation and disorganization of 
the elastin network, non-enzymatic cross-links, 
and cell-matrix interactions, are the predominant 
structural determinants of the decrease in elastic 
properties and the development of large-artery 
stiffness [ 37 ]. 

 It is important at this juncture to point out that 
SBP is dependent on left ventricular performance 
and on the stiffness of the aorta and other large 
arteries [ 35 ]. Thus, peak systolic pressure will be 
greater if the arterial wall is more rigid. On the 
other hand, after closure of the aortic valves, arte-
rial pressure gradually falls as blood is drained 
to peripheral vascular networks. Minimum DBP 
is determined by the duration of the diastolic 
interval and the rate at which pressure falls. The 
rate of fall in pressure is infl uenced by the rate 
of outfl ow, i.e., peripheral resistance, and by vis-
coelastic arterial properties. At a given vascular 
resistance, the drop in diastolic pressure will be 
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greater if the rigidity of large arteries is increased. 
The viscoelastic properties of arterial walls are 
also a determinant of the speed of propagation 
of the arterial pressure wave (pulse wave veloc-
ity (PWV)) and of the timing of wave refl ections. 
Thus, stiffening of the arteries increases PWV 
and may be responsible for an earlier return of 
the refl ected waves, which overlaps the incident 
pressure wave, thus further contributing to the 
increase in SBP and PP [ 35 ,  36 ]. Moreover, sev-
eral clinical    cross-sectional and longitudinal stud-
ies have shown that increases in arterial stiffness 
with age are not linear, being more pronounced 
after the age of 55–60 [ 38 ,  39 ], which may in 
turn explain the more pronounced increase in 
PP after this age, as reported in the Framingham 
study [ 19 ]. In addition to age, any disease and/or 
situation that induces an accelerated increase in 
arterial stiffness will be clinically expressed by 
an increase in SBP and PP. Diabetes is a typical 
example of accelerated arterial aging leading to a 
more noticeable increase in PP with age as com-
pared to nondiabetic patients, due to a more pro-
nounced increase in arterial stiffness [ 40 – 42 ]. In 
accordance with this concept, increased PP with 
age is more pronounced in diabetics with initial 
micro- or macroalbuminuria and retinopathy, 
suggesting that the progression in arterial aging 
is more prominent in the presence of target organ 
damage [ 42 ].  

   The Increasing Impact of Systolic/
Pulse Pressure in the Elderly 

 Taking into account these considerations can bet-
ter explain why SBP and PP better refl ect CVD 
risk in older subjects, whereas DBP better refl ects 
the risk in younger subjects [ 20 ,  43 ]. Indeed, 
DBP in young patients is predominantly depen-
dent on peripheral resistance, and, therefore, low 
DBP refl ects low peripheral resistance. In addi-
tion, in younger subjects with hyperkinetic circu-
lation, DBP is less variable than SBP, thus better 
refl ecting cardiovascular risk. In older subjects, 
a low DBP may refl ect high arterial stiffness, 
which is a major manifestation of arterial aging, 
rather than low peripheral resistance [ 35 ,  36 ]. In 

this case, low DBP is associated with high SBP 
and high PP and increased cardiovascular risk. 
The clinical application of these considerations 
is that, as clearly stated in the latest guidelines of 
the JNC, “in persons older than 50 years, SBP is 
a much more important cardiovascular risk factor 
than DBP” [ 8 ]. 

 Also, in 2003, for the fi rst time, the European 
recommendations on the management of 
 hypertension [ 44 ] have suggested that PP may 
represent an independent risk factor and that 
therapeutic studies should henceforth be con-
ducted to assess the benefi ts of reducing PP in 
terms of cardiovascular morbidity and mortal-
ity, especially among those over 60 years of age 
[ 43 ]. Indeed, since the fi rst study, conduced in 
1989, which demonstrated a positive associa-
tion between PP and target organ damage [ 45 ], 
a large number of clinical studies notably over 
the past 10 years have shown that increased PP 
is a strong predictor of coronary disease, inci-
dence of heart failure, and cardiovascular mor-
bidity and mortality, independently of mean BP 
levels [ 19 ,  46 – 51 ]. Such observations have been 
made in a variety of different populations but are 
apparently more pronounced in diabetics and 
elderly subjects. Threshold PP risk values have 
been proposed, notably a value of approximately 
65 mmHg [ 52 ,  53 ]. The association between 
PP and CV mortality has also been observed in 
elderly patients enrolled in large clinical trials, as 
shown in a meta-analysis published in 2002 [ 54 ], 
during which seven clinical trials in the elderly 
were analyzed (EWPHE, HEP, MRC1, MRC2, 
SHEP, STOP, Syst-Eur). The subjects enrolled 
in these trials were elderly patients with sys-
tolic-diastolic hypertension or isolated systolic 
hypertension.  

   The SBP/PP-Related Increase 
in Cardiovascular Risk: Is It Only 
a Barometric Phenomenon? 

 To date, at least three hypotheses can be put for-
ward to explain the association between SBP/PP 
and CV risk. Actually, these three hypotheses are 
complementary rather than contradictory:
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    (a)    PP increases arterial cyclic stress: Experi-
mental studies indicate that fatigue and 
fracture of elastic fi bers within the arterial 
wall are related to both steady-state and pul-
satile stress [ 55 ,  56 ]. In vivo, the former is 
primarily dependent on mean arterial pres-
sure, whereas the latter is related to ampli-
tude of PP and also to heart rate. Therefore, 
increased PP by itself could be responsible 
for cardiac and arterial fatigue and subse-
quent complications such as left ventricular 
hypertrophy, arterial hypertrophy and dilata-
tion, endothelial damage, and extracellular 
matrix changes.   

   (b)    Altered ventricular-aortic coupling infl u-
ences myocardial perfusion by elevating the 
proportion of coronary fl ow during the sys-
tolic time period [ 57 ]. Thus, increased PP 
and low DBP lead to decreased coronary per-
fusion, which mainly occurs during the dia-
stolic phase of the cardiac cycle.   

   (c)    PP as an indicator of arterial stiffness: PP is 
associated with CV risk since it is an indicator 
of arterial stiffness; therefore, PP is merely an 
epiphenomenon and not responsible for car-
diovascular alterations. This third hypothesis 
seems to be the main explanation of the rela-
tionship between SBP/PP and CV morbidity 
and mortality. This assumption is based on the 
fact that the risk related to the PP is mainly 
observed in the elderly and is due to both high 
SBP and low DBP [ 19 ,  43 ], refl ecting the typi-
cal clinical manifestations of arterial aging on 
the macro- and microcirculation.     

 The results of epidemiological studies con-
ducted in subjects over 80 years of age also sup-
port the view that the association between PP and 
CV complications is not observed when other 
than arterial stiffness are the main determinants 
of PP. In a study involving very elderly insti-
tutionalized patients (mean age 87 years.), we 
found that PP failed to predict cardiovascular 
mortality. In fact, in this very frail population, 
low SBP and low PP mainly refl ect comorbidities 
than low arterial stiffness; this explains why in 
this population aortic PWV, a direct indicator of 
arterial stiffness, was an independent predictor of 
cardiovascular mortality [ 25 ]. 

 Similar results were also observed in other 
observational studies in very old, frail patients with 
absence or even reverse relationships between BP 
levels and cardiovascular risk [ 23 ,  27 ]. 

 We recently studied this question in the 
PARTAGE ( P redictive Values of Blood Pressure 
and  Art erial Stiffness in Institutionalized Very 
 Aged  Population) multicenter study performed 
in 1,130 frail subjects 80 years or older liv-
ing in nursing homes [ 39 ]. Almost 80 % of the 
participants were treated for hypertension with 
a mean 2.2 ± 1.0 drugs, and 63 % of men and 
53 % of women treated for hypertension had 
an SBP <140 mmHg [ 58 ]. This contrasts with 
the much lower frequency (38 % of men, 23 % 
of women) with SBP <140 mmHg reported for 
subjects 80 years or older treated for hyperten-
sion in a community- living setting [ 59 ]. In the 
PARTAGE study [ 25 ], after 2 years, there was a 
30 % increase in all-cause mortality in patients 
ranked in the lowest tertile of SBP (<130 mmHg) 
compared to the two upper tertiles. These results 
held after adjusting for several confounders such 
as age, sex, history of previous cardiovascular 
disease, index of comorbidity (Charlson), cog-
nitive function (MMSE), and autonomy status 
(ADL). Thus, a low SBP in very old frail subjects 
may not simply be a sign of good arterial health. 
Rather, it might be the expression of malnutri-
tion, heart failure, neurological disorders, and 
other comorbidities associated with poor prog-
nosis. In fact, at present no study has provided 
evidence that higher morbidity-mortality rates in 
elderly patients with very low BP are due to low 
BP itself or are just a sign of general bad health. 
It is therefore of particular relevance that partici-
pants in the PARTAGE study had several comor-
bidities and were polymedicated (receiving on 
average 7.1 different drugs). 

 Hence, the absence or even the inverse asso-
ciations between BP levels and CVD risk in the 
very elderly appears to be linked to several age- 
related changes as summarized below:
    (a)    The presence of frequent comorbidities in the 

very elderly, in particular denutrition, heart 
failure, and several neurological disorders, 
reduces BP levels, thereby masking the asso-
ciation between high BP and CVD risk [ 60 ].   
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   (b)    Exaggeration of BP variability, mainly SBP 
and PP variability, due to alterations in 
homeostatic mechanisms. Arterial stiffness, 
baroreceptor failure, and neurological dis-
eases are responsible for this variability and 
for the presence of orthostatic or postpran-
dial hypotension [ 61 ]. Therefore, SBP and 
PP recorded during casual measurements 
may not refl ect more permanent SBP and PP 
levels. Actually, several studies have shown 
that in the elderly, 24 h ambulatory [ 62 – 64 ] 
or self-measured [ 65 ] BP is a better predictor 
of cardiovascular risk than clinical 
BP. Bjorklund et al. [ 66 ] showed that PP 
measured with ABPM has the most powerful 
prognostic value for cardiovascular morbid-
ity. The Ohasama study [ 67 ] also showed that 
the prediction of stroke was much more pre-
cise with self-measurements than with casual 
clinical measurements, whereas Bobrie et al. 
[ 65 ] have clearly demonstrated in 5,000 
treated hypertensive elderly subjects    that 
home measurements but not clinical mea-
surements of BP were able to predict cardio-
vascular events in these subjects. In the 
PARTAGE study, we investigated this spe-
cifi c question in the very old institutionalized 
individuals by comparing the BP levels 
obtained with standard casual measurements 
with those recorded following multiple self- 
measurements. These analyses showed no 
difference in both BP levels [ 39 ] and the pre-
dictive value of these BP levels on morbidity 
and mortality [ 59 ]. This result is in contrast 
with the results observed in community- 
living more robust elderly persons and shows 
that the “paradoxical” relationship between 
BP and events observed in the very old frail 
subjects cannot be the sole result of BP 
variability.   

   (c)    Finally, we should mention the relatively 
frequent overestimation of BP levels in the 
presence of severe mediacalcosis (pseudo-
hypertension) [ 68 ] due to the lack of com-
pressibility of peripheral arteries. However, 
a recent study has shown that the role of 
“pseudohypertension” in the elderly has 
been exaggerated and that what has been 

perceived as false elevation in brachial BP, 
as compared with intra-arterial pressure, is 
the result of discrepancies in offi ce/clinic BP 
versus home/ambulatory measurements [ 69 ]. 
The authors concluded this interesting analy-
sis on this topic, pointing out that “there are 
no legitimate elevated BP phenotypes that 
should be labeled as spurious, artifactual, or 
as pseudohypertension.”     

 Therefore, we think that the “paradoxical” 
results observed in old frail individuals are mainly 
related to the presence of comorbidities and/or 
conditions that profoundly modify the regulation 
of blood pressure in these subjects. These data 
point out the fact that BP measurements are not 
adequate or even misleading for the evaluation of 
CVD risk in the very old patients.   

   Infl uence of Arterial Aging 
on the Response 
to the Antihypertensive Treatment 

 Beyond this epidemiological evidence, the 
response to the antihypertensive treatments 
clearly shows that arterial aging should be taken 
into account in order to answer a number of ques-
tions:  Why is SBP not controlled in the majority 
of the treated hypertensives? Is there an optimal 
BP decrease? What is the J-shape curve thresh-
old for DBP, SBP, and PP? Should we be appre-
hensive of an excessive decrease of the BP in frail 
patients?  

   Failure to Control SBP 

 It has been suggested that SBP should be under 
140 mmHg and that DBP be under 90 mmHg for 
all treated hypertensive subjects, unless diabetes 
or target organ damage is present, in which case 
lower BP levels (<130/85 mmHg) should be tar-
geted [ 8 ,  70 ,  71 ]. However, this latter statement 
has been recently questioned by the latest guide-
lines of the ESC-ESH [ 2 ,  72 ]. Observational 
studies from several countries have demonstrated 
that among treated hypertensive individuals, the 
proportion of those who are well controlled is 
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less than 30 % [ 73 ,  74 ], and a recent survey in 
the United Kingdom indicated that only 6 % of 
hypertensive subjects presented BP levels below 
the limit of 140/90 mmHg [ 75 ]. 

 In France, the situation is similar: In a study 
conducted in a general elderly population (over 
60 years of age) in Nancy (Northeast part of 
France), we found that only 50 % of treated 
patients were well controlled, i.e., SBP <140 and 
DBP <90 mmHg [ 76 ]. This study showed 2 key 
results: First, better control rates were observed 
in women than in men, probably due to a better 
compliance to the treatment by women. Second, 
most patients had a well-controlled DBP but still 
had high SBP levels. Thus, among uncontrolled 
subjects, 84 % were uncontrolled only for SBP 
(>140 mmHg) and 14 % for both SBP and DBP 
(>90 mmHg), while only less than 2 % were con-
trolled for SBP but uncontrolled for DBP. These 
results are of importance in the prognosis of 
treated patients, since lack of control of SBP (but 
not DBP) has been shown to be a major deter-
minant of mortality in treated hypertensives [ 77 ]. 

 Several factors can contribute to a poor control 
of high SBP. Among these, the increasing preva-
lence of obesity, sedentary life, and high- salt diet 
can contribute to the resistance to antihyperten-
sive treatment [ 78 ]. In addition to these important 
factors, arterial aging is the main determinant, 
which could explain current failure in controlling 
systolic blood pressure. Hence, despite the use 
of combination therapies, SBP in most patients 
remains well above the goals determined by 
international guidelines. However, as we men-
tioned above, the opposite is observed in very old 
frail individuals who show much lower BP levels 
due to the presence of several comorbidities and 
polymedication [ 39 ].  

   BP Drop with Treatment: The “J-Shape 
Curve” 

 Classically, a clinical relevant decrease in BP 
following antihypertensive treatment signifi es a 
decrease by at least 6–7 mmHg, since this thresh-
old is considered to be associated with a signifi -
cant decrease in cardiovascular complications [ 8 ]. 

We believe that in order to correctly answer this 
question, we must follow a different approach: 
The clinical relevant decrease in BP is the one that 
results from an improvement in arterial function. 
In other words, a permanent  progressive decrease 
in DBP and SBP of 10 mmHg in a 50-year-old 
hypertensive subject with a pretreatment level of 
160/100 mmHg can be considered as clinically 
relevant since it is certainly due to a signifi cant 
improvement in microcirculation and a decrease 
in peripheral vascular resistance. On the other 
hand, the same decrease in DBP but without a 
decrease in SBP in a 75-year-old diabetic with an 
initial BP of 175/100 is clearly a bad sign since it 
refl ects the incapacity of the drug to reduce arte-
rial stiffness which is the main determinant of 
systolic hypertension in this subject. Finally, an 
abrupt decrease in SBP and DBP from 180/85 to 
160/70 in an 80-year-old subject following a com-
bination therapy may be dangerous since it may 
be an indicator of dehydration and/or a decrease in 
cardiac output and systolic function due to admin-
istered drugs. By contrast, a progressive decrease 
in SBP by 20 mmHg and DBP by 10 mmHg could 
be again an indicator of improvement of vascular 
stiffness and peripheral resistance. 

 This approach is clearly more complicated 
than “tell me a number and I’ll tell you the risk,” 
but it nonetheless remains the only single pos-
sibility to truly answer questions regarding the 
“J”-shape curve and the clinical relevance and 
benefi ts from systolic and/or diastolic BP reduc-
tion, especially in the various subgroups of 
elderly and frail patients. 

 The “J-curve” describes the relationship 
between BP and the risk of CV morbidity and 
mortality. CV risk is high for an elevated BP level 
and is reduced in parallel with BP reduction until 
a nadir is reached, below which further BP reduc-
tion increases risk [ 79 – 81 ]. Several studies have 
shown that a J-shape curve exists mainly between 
DBP and coronary disease especially patients 
with several CV diseases [ 79 ,  80 ]. 

 Thus, the “J-curve” legitimately brings the 
motto “the lower, the better” into question and 
confi rms the need for using further diagnostic 
methods to evaluate arterial hypertension and per-
sonalizing the treatment. As mentioned earlier, 
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high PP and isolated systolic hypertension in the 
elderly are signs of exaggerated vascular aging; 
thus, these subjects may be considered at high CV 
risk. Thus, in the presence of large- artery stiffen-
ing, antihypertensive treatment can excessively 
reduce DBP levels and notably protodiastolic 
pressure, hence contributing to a reduction in 
coronary fl ow. Thus, the association between the 
lowering of BP and the increase in cardiovascular 
risk recorded in clinical trials most likely results 
from marked arteriosclerosis and/or a previous 
unknown coronary artery disease [ 81 ]. 

 The question of the J-curve is also of particular 
interest in the very old subjects. As we mentioned 
above, the results of the HYVET study [ 17 ] 
showed the benefi cial effect of antihypertensive 
treatment in patients 80 years or older. However, 
one should always have in mind the design of 
this study: Actually, this trial was conducted in a 
highly selected population of fi t elderly patients 
with baseline SBP >160 mmHg and a target SBP 
<150 mmHg. 

 Based on these considerations, the 2013 
ESC- ESH Guidelines [ 2 ] for the management of 
arterial hypertension stated that “in the elderly, 
evidence is limited to individuals with initial 
SBP of  > 160 mmHg, whose SBP was reduced 
to values  < 150 mmHg but not  < 140 mmHg.” 
Therefore, the recommendation of lowering 
SBP to  < 150 mmHg in elderly individuals with 
SBP  > 160 mmHg is strongly evidence based. 
However, at least in elderly individuals 80 years 
or older, antihypertensive treatment may be con-
sidered at SBP  > 140 mmHg and aimed at values 
 < 140 mmHg, if the individuals are fi t and treat-
ment is well tolerated [ 2 ].   

   Future Directions 

 The development in    the elderly of several age- 
related diseases and conditions makes that DBP 
and even SBP in the very old, may be mislead-
ing in the understanding of the underlying arte-
rial state and therefore the evaluation of the 
cardiovascular risk. As a consequence, no clear 
recommendation exists regarding target BP in 
the management of hypertension in very old frail 

subjects. Moreover, little is known about whether 
low BP levels (e.g., SBP <130 mmHg) in these 
individuals in response to therapy increase rather 
than decrease morbidity and mortality. And then 
a key question is whether an aggressive lowering 
of SBP through the use of multiple drugs might 
be deleterious in very old frail subjects, tipping 
their delicate balance of survival. Further clinical 
trials, comparing different therapeutic strategies, 
will provide critical information to guide physi-
cians how to treat hypertension in these individu-
als. The knowledge generated by these trials will 
have major consequences in terms of both indi-
vidual and public health.     
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  31      Arterial Stiffness 
and Amplifi cation in the Very Old 

              Athanase     Benetos      ,     Ghassan     Watfa      ,     Paolo     Salvi      , 
and     Patrick     Lacolley    

    Abstract    

 The progressive aging of the population has had a profound impact on the 
increase in the prevalence and incidence of diseases associated with aging. 
Arterial aging (as occurs with atherothrombosis, systolic hypertension, heart 
failure, and vascular dementia) is one of the primary causes of loss of auton-
omy, morbidity, and mortality in the elderly. Arterial stiffness, expressed as 
systolic hypertension, is the typical manifestation of arterial aging. In the 
past, increases in systolic and pulse pressure (PP) were considered part of 
the aging process and thus did not require therapeutic intervention. However, 
although arterial stiffening is common, older subjects with increased arterial 
stiffness have higher cardiovascular morbidity and mortality. It is therefore 
important to assess arterial stiffness and its consequences in the aging pro-
cess. Actually, using methods that can analyze the BP curve and/or directly 
measure arterial elastic properties may represent a very interesting approach 
to assess the clinical and hemodynamic consequences of the arterial aging.  
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       Introduction 

 Aging is accompanied by signifi cant structural 
changes refl ecting a gradual remodeling of the 
arteries and the heart [ 1 ]. This remodeling is 
characterized by an increase in the size of large 
arteries and heart cavities as well as a reorganiza-
tion of the cardiovascular walls: parietal hyper-
trophy, fragmentation and disruption of arterial 
elastic fi bers, increased collagen content, and 
nonenzymatic glycation of collagen. These struc-
tural alterations lead to an increased stiffness of 
cardiac and arterial walls. On a functional level, 
arterial stiffness is responsible for a reduction in 
distensibility and the amplifi cation of refl ected 
pressure waves from the periphery to the aorta, 
these two phenomena being responsible for the 
increase in both systolic blood pressure and pulse 
pressure [ 2 ]. Although arterial stiffening is a com-
mon situation, it is now confi rmed that older sub-
jects with increased arterial stiffness and elevated 
systolic and pulse pressure have higher cardio-
vascular morbidity and mortality [ 3 ]. Moreover, 
we have now solid evidence for the benefi cial 
effects of the treatment of systolic hypertension 
in the elderly [ 3 ] and very recently even in the 
very elderly, i.e., in subjects over 80 years old [ 4 ]. 
Age-related cardiac dysfunction is dependent on 
not only intrinsic structural and dynamic changes 
of the myocardial tissue but also the aforemen-
tioned arterial changes responsible for heart-
artery mismatching and an increase in cardiac 
afterload   . Hence, large-artery stiffness, notably 
of the aorta, leads to left ventricular hypertrophy 
and impaired coronary perfusion. Cardiac fi bro-
sis causes a defect in diastolic expansion of the 
ventricular walls but also an increase in the risk 
of arrhythmia. The other consequence of large-
artery stiffness is the dysregulation of local tissue 
effl ux, such as in the brain. Arterial stiffness and 
cardiac fi brosis are both considered to be factors 
leading to ineffective heart-vessel coupling and 
thereby increasing cardiovascular risk [ 5 ]. These 
changes are responsible for several cardiovas-
cular diseases in which prevalence dramatically 
increases with age: heart failure, ischemic dis-
ease, and arrhythmias. In addition, age-related 
arterial changes play an important role in the 

development of vascular dementia and eventu-
ally in degenerative dementias of the Alzheimer’s 
type, even though the relationship between arte-
rial aging and Alzheimer’s disease is still poorly 
understood [ 6 ].  

   Methodological Approaches 
in Understanding the Effects 
of Aging on the Arteries: Focus 
to the Pulse Wave Analysis 

 Frederick Akbar Mahomed [ 7 ,  8 ], a half-Indian 
half-British physiologist who lived in Great 
Britain during the nineteenth century, developed 
the concept and techniques of pulse waveform 
analysis. Unfortunately, this approach has been 
largely ignored for at least two reasons: fi rstly 
because Frederick Akbar Mahomed died in 1884 
at the very early age of 32 years and secondly, 
because a few years later, Riva Rocci [ 9 ,  10 ] and 
Korotkoff [ 11 ] introduced the cuff sphygmoma-
nometer, a device much easier to use, although 
unequivocally yielding less information with 
regard to arterial function. Over recent years, 
pulse waveform analyses have experienced 
somewhat of a revival. Using accurate tonomet-
ric recordings at different arterial sites (radial, 
carotid), analysis of pressure waves by various 
algorithms [ 12 ] is able to estimate ascending aor-
tic waveform. These waveforms are able to pro-
vide not only quantitative information regarding 
central BP levels but also qualitative data relative 
to the waveforms themselves, thereby enabling to 
defi ne the elastic properties of the arterial wall as 
well as the importance and the timing of refl ec-
tion waves [ 12 ,  13 ]. This analysis is thought to 
provide a better insight into cardiovascular physi-
ology and disease than brachial blood pressure 
measured with conventional cuff sphygmoma-
nometers [ 14 ,  15 ]. 

 Moreover, the use of noninvasive tonometry- 
based devices to record and analyze arterial 
waveforms [ 16 ,  17 ] now allows to easily obtain 
pulse waveforms in several arterial segments. 
These validated noninvasive techniques, used 
by several research teams, are able to quantify 
the amplifi cation of pressure by refl ected waves 
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and represent a reliable marker of overall arterial 
health. Several devices allowing to measure the 
arterial pressure curve through analysis software 
are currently available [ 18 ,  19 ]. These devices 
use similar algorithms for the analysis of the 
pulse waveforms and can provide very signifi -
cant information about the aging of the arterial 
system [ 20 ]. 

 We develop here the three main analyses of 
the pulse waveforms used for the evaluation of 
the arterial aging:
•     Wave refl ections and augmentation index  

( AIx )  
•    Central pulse pressure and central / peripheral 

pulse pressure amplifi cation  ( PPA )  
•    Direct arterial stiffness assessment by mea-

suring pulse wave velocity  ( PWV )    

   Pressure Wave Refl ections 
and Augmentation Index (AIx) 

 At a given location of the arterial bed, the ampli-
tude of the pressure wave corresponds to the 
difference between systolic peak and the end of 
the diastolic phase. BP amplifi cation is defi ned 
by the elevation of PP from the central aorta 
toward the periphery and is mainly attributed to 
the elevation of SBP [ 12 – 14 ,  16 ,  21 ]. Pressure 
wave amplifi cation can be explained by the 
refl ection phenomena of the pulsatile BP wave. 
Propagation of the BP wave is achieved from the 
heart to the periphery at a celerity correspond-
ing to the PWV. Depending on the PWV and the 
distance covered, the refl ected wave generated at 
the periphery will add to the forward BP wave, 
at a more or less earlier time frame during the 
cardiac cycle. In the presence of a low PWV, the 
arrival of the refl ected waves at the central arter-
ies will occur later during the diastolic period 
and therefore will not contribute to increasing 
systolic and pulse pressure. By contrast in pres-
ence of increased aortic PWV and/or arterial 
lesions inducing proximal (early) refl ection sites, 
retrograde (refl ected) waves will arrive earlier, 
i.e., during the systolic period and therefore will 
contribute to increasing systolic and pulse pres-
sure. These refl ected waves can thus be identifi ed 

and analyzed when central blood pressure waves 
are recorded (Fig.  31.1 ). We can therefore dis-
tinguish the initial anterograde systolic wave and 
the added refl ection wave called also augmenta-
tion pressure (AuP). The ratio of AuP/PP is called 
augmentation index (AIx   ) and represents the % of 
the refl ection waves in the total PP amplitude [ 13 , 
 16 ,  22 ]. AIx increases with age and is higher in 
women than in men. Several factors codetermine 
this factor, and although it should theoretically 
be correlated with the magnitude of the refl ected 
wave, the Asklepios Study has shown that the 
relationship between wave refl ection and AIx is 
relatively modest, with a correlation coeffi cient 
<0.6. Furthermore, the clinical signifi cance of 
AIx and its relationship with CVD remains con-
troversial, especially in the elderly [ 21 ].

      Central Blood Pressure and Pulse 
Pressure Amplifi cation (PPA) 

 Blood pressure amplifi cation is a phenomenon 
that is quite stunning for its ingenuity. Merely 
the fact that, in a mechanical, hydraulic system 
such as the cardiovascular system, pressure at the 
periphery is higher than in the center is in itself 
surprising. Generally, the objective of mechani-
cal devices is to reduce at a minimum the loss of 
energy when traveling toward the periphery of the 
system; in the cardiovascular system, by contrast, 
peripheral BP is actually higher than central BP 
in the aorta, near the heart pump. One must keep 
in mind that the heart pump is required in both a 
permanent and uninterrupted fashion over a very 
long time, sometimes over a span of 100 years; 
consequently, the cardiovascular system must 
therefore implement all of the processes capable 
of reducing the workload of the heart. Since the 
aim of cardiovascular system is to distribute oxy-
gen and nutritional elements to organs and periph-
eral tissues, it is therefore necessary to reduce as 
much as possible both heart work and peripheral 
perfusion rate; which is why the ultimate goal is 
to achieve optimal peripheral perfusion with low-
est cardiac effort. The amplifi cation phenomenon 
also fi ts in this physiological scheme: the higher 
the BP amplifi cation, the lower the central BP 
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and the lower the afterload and hence heart work. 
BP amplifi cation is in inverse relation to PWV; 
the faster the return of the refl ected wave in the 
aorta, the earlier the overlapping with the forward 
wave and thus the lower the difference between 
peripheral and central BP. 

 Although the velocity of the transmission of 
the pulse wave is the main determinant of the 
early arrival of the refl ected waves, other factors 
such as peripheral artery resistance, arterial tree 
length, and heart rate are all involved in the mag-
nitude of the amplifi cation. 

 An important phenomenon that reduces heart 
work/peripheral perfusion rate is heart rate regu-
lation [ 13 ,  14 ]. It is well known that a lower heart 

rate reduces heart work, although on the other 
hand it is also well known that a lower heart rate 
goes together with lower BP amplifi cation. Thus, 
the effects of lower heart rate on heart work are 
both positive (reduction in the number of sys-
tolic contractions) and negative (reduction of BP 
amplifi cation). It is thus necessary to consider 
both BP amplifi cation and heart rate in the same 
general context when assessing total heart work. 

   Clinical Interest of Measuring Central 
BP and BP Amplifi cation 
    Theoretically, the assessment of PP amplifi cation 
requires simultaneous invasive measurements of 
peripheral and central BP. In clinical practice, 
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  Fig. 31.1    Pulse waveform is determined by interaction 
between forward wave and backward waves. In the 
peripheral artery, this interaction occurs earlier due to the 
close proximity with the refl ected sites ( right panel ). In 
the ascending aorta, in the presence of preserved arterial 
distensibility (low stiffness), the overlapping between for-
ward and backward waves is prevalently during diastolic 
phase ( left panel ), and systolic peak is determined only by 

forward wave. On the contrary, in a situation character-
ized by high arterial stiffness, the overlapping between 
forward and backward waves is prevalently during 
proto-meso-systolic phase ( middle panel ). Thus in the 
presence of high arterial stiffness, central and peripheral 
waveforms are similar and the amplifi cation between cen-
tral and peripheral arteries is very low       
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however, two methods have been described to 
estimate central BP: (i) a radial-to-aorta math-
ematical transformation and (ii) systolic BP in 
the common carotid artery as a surrogate for 
the pressure in the ascending aorta. The fi rst 
method requires measurement of the radial pulse 
wave by applanation tonometry and its calibra-
tion by diastolic and mean BP or diastolic and 
SBP. The application of the generalized transfer 
function has been validated to generate central 
aortic waveforms from the radial pressure wave. 
The second method uses applanation tonometry 
to directly record the carotid pulse wave; in this 
case, calibration is obtained from mean and dia-
stolic BP at the brachial artery. Moreover, it is not 
necessary to use a generalized transfer function. 

 The PP amplifi cation (PPA) may be expressed 
as either brachial minus central PP (mmHg) or 
as a percent increase: PPA (%) = 100 * (periph-
eral PP − central PP)/central PP. The Anglo-
Cardiff Collaborative Trial has shown that the 
ratio of brachial/aortic PP varies from 1.7 at less 
than 20 years of age (meaning that peripheral 
brachial PP is 70 % higher than central aortic 
PP) to 1.2 at over 80 years of age (i.e., brachial 
> aortic PP by only 20 %). When expressed as 
the absolute change in mmHg, the difference 
between brachial and central PP varies from 20 
to 7 mmHg [ 12 ]. 

 The disappearance of aortic-brachial PP 
amplifi cation, together with an increase in cen-
tral PP and in PWV, was shown to be signifi cant 
predictors of all-cause mortality in end-stage 
renal disease patients undergoing hemodialy-
sis [ 23 ]. In addition, the predictive power of 
PP amplifi cation was superior to peripheral and 
carotid PP. Recently, our research group has 
shown that PP amplifi cation rate was strongly 
associated with both cardiovascular and overall 
mortality risks, with a hazard ratio of 1.22 (1.12–
1.32) and 1.41 (1.14–1.73), respectively [ 24 ]. 
Thus, an increase of 1 SD in PP amplifi cation 
was associated with a 19 % increase of all-cause 
mortality and a 30 % increase in cardiovascular 
mortality. All of these results were independent 
of any other confounding factors, including 
pulse rate and drug treatment. The PARTAGE 
longitudinal analysis in elderly institutionalized 

frail subjects showed that an increase of 10 % 
of PPA (corresponding approximately to 1SD) 
was associated with a decrease of 24 and 17 % 
of total mortality and major CV events, respec-
tively [ 25 ]. Of note, the association between 
PPA and the endpoints was markedly signifi cant 
after adjusting for several confounders, includ-
ing history of CV disease. 

 These results show that low PPA from central 
to peripheral arteries strongly predicts mortality 
and CV adverse effects in middle-aged but also in 
very old subjects. Assessment of this parameter 
could help in risk estimation and improve diag-
nostic and therapeutic strategies in very old, frail, 
and polymedicated persons. 

 Some pharmacological clinical studies have 
shown that the different classes of antihyperten-
sive drugs could have differing effects on central 
PP despite similar actions on peripheral PP, there-
fore impacting on amplifi cation [ 26 – 28 ]. These 
studies suggest that ACEI and/or CCB have more 
pronounced effects on arterial elastic properties 
and peripheral resistance than beta blockade with 
atenolol. However, a major contribution of heart 
rate in these results cannot be excluded. Indeed, 
since a lower heart rate leads to a decrease in 
amplifi cation, the effects observed with the beta 
blocker atenolol could be explained by the effects 
of this drug on heart rate [ 27 ].   

   Arterial Stiffness Measured by PWV 

   Measurement of Pulse Wave Velocity 
 PWV is the speed with which the pulse wave 
spreads across an arterial segment [ 13 ,  29 ,  30 ]. 
In order to measure this velocity, it is important 
to record the pressure waves (or blood velocity 
waves) on two arterial segments and know the 
distance that separates these two segments. This 
parameter is inversely proportional to the square 
root of distensibility of the arteries. The principle 
of PWV and its relationships with arterial elas-
tic properties was initially described in the nine-
teenth century [ 29 ,  31 ]. 

 Today, measurement of PWV is based on a 
noninvasive technique that is both reproducible 
and easy to achieve. Carotid-femoral PWV is 
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measured using two mechanical sensors: one is 
placed at the root of the right common carotid 
artery and the other at the level of the right 
primitive femoral artery. Both pressure waves 
are recorded simultaneously, by transcutaneous 
ultrasonic measurement. PVW is calculated as 
the time between the onset (foot) of the two pres-
sure waves divided by the distance between both 
measurement points and based on analysis of ten 
cardiac cycles. Acquisition and calculation of the 
PWV are achieved using various dedicated soft-
wares. The Complior system [ 26 ,  30 ] is currently 
the most widely used device, although other 
devices are capable of measuring PWV includ-
ing the SphygmoCor [ 18 ] and PulsePen [ 23 ,  32 , 
 33 ] tonometers, already used for analysis of wave 
refl ections. At the present time, PWV is consid-
ered to be the most reliable method for measuring 
arterial stiffness and cardiovascular risk [ 34 ]. 

 Interestingly, the observed increase in PWV 
with age is not linear, being more pronounced 
after the age of 55–60 [ 35 ]. Hence, the annual 
increase in PWV before the age of 50 is approxi-
mately 100 mm/s (i.e., an annual increase of 
about 1 %) and rises to an annual increase of 
more than 150 mm/s after the age of 60. Aside 
from age, several other hemodynamic and bio-
logical parameters can accelerate the annual 
increase in PWV [ 36 ,  37 ]. This age-related 
increase pertains essentially to aortic PWV, con-
ventionally measured between the carotid and 
femoral arteries, and much less to PWV mea-
sured in peripheral arteries, particularly of the 
upper and lower limbs [ 38 ].  

   PWV and Cardiovascular 
Morbidity-Mortality 
 Over the past few years, PWV has been shown 
to be a more powerful cardiovascular risk factor 
than mean arterial pressure, SBP, or PP values 
[ 39 ]. This relationship has been demonstrated 
not only in the general population but also in 
subgroups of patients, especially among hyper-
tensive [ 40 ,  41 ] and diabetic patients, coro-
nary patients [ 42 ,  43 ], very old subjects [ 44 ], 
and hemodialysis patients [ 45 – 47 ]. Pulse wave 
velocity is also considered as a marker of early 
atherosclerosis [ 48 ]. Risk assessment by use of 

the Framingham equations has indeed allowed 
to demonstrate that this cardiovascular risk 
was linearly correlated with the sole measure-
ment of PWV [ 49 ]. This is due to the fact that 
the effects of age are more pronounced on the 
extracellular matrix, which is abundant in central 
arteries, and much less in smooth muscle cells, 
which are more abundant in peripheral arteries. 
All of the above data have led to the recogni-
tion of PWV as an independent factor of cardio-
vascular risk [ 40 ]. The recommendations of the 
European Societies of Hypertension (ESH) and 
of Cardiology (ESC) in 2007 [ 20 ] recognized 
for the fi rst time the independent role of PWV in 
the risk of cardiovascular morbidity and mortal-
ity and set the foundations for the clinical use of 
this parameter for predicting cardiovascular risk 
in hypertensive patients and ultimately in other 
patients presenting risk factors. These guidelines 
have hence proposed that a PWV >12 m/s should 
be regarded as an abnormally high value and thus 
associated with increased cardiovascular risk. 
A large clinical consortium established refer-
ence PWV values according to age, gender, and 
presence of cardiovascular risk factors in vari-
ous populations [ 50 ]. In    addition other studies 
assessed values of PWV in children [ 51 ], elderly 
(>65 years) (85), and very old (>80 years) frail 
individuals (20). However, PWV values still 
remain quite variable according to the method 
used and will therefore require further investiga-
tions to clearly defi ne normal threshold values.  

   PWV and Risk of Dementia 
and Cognitive Decline 
 Epidemiological and clinical data have high-
lighted a link between the vascular component 
and AD [ 52 ]. The    involvement of arterial stiff-
ness has been evoked in cognitive impairment, 
VaD and AD. Previous cross-sectional studies 
addressing the issue of the relationship between 
arterial stiffness and cognitive function in a popu-
lation of elderly subjects reporting memory loss 
have indicated a signifi cant association between 
high pulse wave velocity (PWV) values and alter-
ations in cognitive function [ 53 – 55 ]. 

 In a longitudinal study, Scuteri et al. showed 
that AS, as measured by carotid-femoral PWV 
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(cf PWV), is an independent predictor of longi-
tudinal changes in cognitive function in elderly 
patients [ 56 ]. In a larger cohort of 582 middle- 
aged patients (54.3 years), PWV was associated 
with a cognitive decline over a follow-up period 
of 11 years [ 57 ]. However, this association was 
not found in the Rotterdam study with follow-
up of 5 years in 2,767 subjects with mean age 
of 70.7 ± 6 years [ 58 ]. To date, nearly all of the 
investigative studies have primarily targeted 
middle- aged and elderly populations, whereas 
none are currently designed to examine whether 
arterial stiffness was independently associated 
with cognitive decline in an institutionalized 
population over the age of 80 years. 

 The PARTAGE study showed in a large 
population of subjects aged 80 and over living 
in nursing homes that cognitive decline over a 
period of 1 year [ 38 ] was more pronounced in 
individuals with higher PWV at the beginning 
of the study. Cognitive decline was assessed by 
MMSE, and this association with the PWV was 
beyond the prediction provided by age, educa-
tion level, blood pressure, and functional status 
as evaluated by ADL. Interestingly, BP did not 
show such association with cognitive decline in 
this population [ 59 ]. 

 Arterial stiffness has been shown to be associ-
ated with a number of other age-related disorders 
and diseases indicating that arterial stiffness in 
the elderly may be a risk factor for developing 
frailty. Thus, the group of Kohara [ 60 ] reported 
in elderly men that thigh muscle volume as an 
index for sarcopenia was negatively associated 
with PWV in men, independently of age and 
blood pressure. They also observed that the thigh 
muscle CSA and visceral fat area were signifi -
cantly and independently associated with arterial 
stiffness [ 61 ]. 

 Some but not all studies also observed asso-
ciations with others indicating some associations 
between arterial stiffness and other age-related 
common alterations and diseases such as osteo-
porosis [ 62 – 64 ] and risk of falls [ 65 ]. Therefore, 
there is increasing evidence that arterial aging 
can infl uence the aging process and contribute to 
the development of age-related diseases, frailty, 
and loss of autonomy in the elderly population.    

   Conclusions 

 Noninvasive arterial measurements includ-
ing analysis of central and peripheral arterial 
waveforms and assessment of PWV can be 
reliable and easily performed measurements 
in order to assess arterial aging. For these 
measurements, there are currently suffi cient 
clinical data  showing their association with 
cardiovascular diseases as well as several 
other age-related degenerative diseases. There 
is also the emergence of reference values and 
benefi cial elements of regression by treatment.     
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       Introduction 

 In clinical practice, essential hypertension (HTN) 
is usually considered as a single disease, indepen-
dent of gender. But clinical differences in hyper-
tension between men and women were noted as 

long ago as 1913 by Janeway [ 1 ] and repeated by 
Pickering in 1955 [ 2 ]. Hemodynamic differences 
were described in 1987 by Messerli, who reported 
a lower systemic vascular resistance (SVR) index 
and higher cardiac index in young hypertensive 
women compared to men at the same blood pres-
sure (BP) [ 3 ]. The effect of menopause became 
apparent when this difference in SVR index dis-
appeared over the age of 45. Since that time, evi-
dence has mounted, making it diffi cult to believe 
that HTN is the same between the sexes. Some of 
these gender differences are constant throughout 
life. But the fi eld is complicated by differences 
that do change – by aging in men and by both 
menopause and aging in women. The purpose of 
this chapter is fi rst, to describe the differences 
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between the sexes in BP levels and the changing 
differences in the prevalence of HTN with aging. 
Then, the multiple and complex mechanisms for 
these differences will be addressed and related to 
the effects of aging in men and the interrelated 
and simultaneous effects of aging and menopause 
in women. Finally, we describe those forms of 
HTN that occur in women only.  

   Gender Differences in Prevalence, 
Severity and Control 

 HTN is a common disease. When defi ned as a 
systolic BP (SBP) ≥140 mmHg, or a diastolic BP 
(DBP) ≥90 mmHg, or taking antihypertensive 
medication, or having been told at least twice by 
a physician or other health professional that one 
has HTN, then it is estimated that 1 in 3 adults in 
the USA have HTN [ 4 ]. The 30–45 % estimated 
prevalence of HTN in Europe is about the same 
[ 5 ]. The overall prevalence of HTN is nearly 
equal between men and women but under age 45 
more men than women are hypertensive. From 45 
to 64 years, the percentage of men and women 
with HTN are similar. However, above age 65 the 
prevalence is reversed with a higher percentage of 
hypertensive women than men [ 4 ] (Fig.  32.1b ). A 
similar trend is observed for hypertensive con-
trol (Fig.  32.1a ). One possible explanation is 
the decreased survival of elderly hypertensive 
men when compared to women. Another issue 
is whether menopause alone increases the BP, 
independent of age. This has been controversial 
[ 6 ], but the weight of evidence from longitudi-
nal, rather than cross sectional studies, supports 
the independent effect of menopause on BP [ 7 ]. 
There are multiple possible reasons for this effect 
that will be discussed below.

   Even HTN control rates differ between men 
and women. Data from the Framingham Heart 
Study of the National Heart Lung and Blood 
Institute has shown that control of HTN in 
both men and women was approximately 38 % 
under the age of 60 [ 8 ]. However, control rates 
for women from 60 to 79 and ≥80 years were 
only 28 and 23 % respectively, despite treatment 
rates that were ≈ 64 % across all age groups for 

both sexes (Fig.  32.1a ). There are various expla-
nations for this discrepancy, but none are com-
pletely satisfactory. Elderly women may be less 
aggressively treated, treated with different drug 
combinations or the increasing obesity of aging 
in women may play a role. But the most plausible 
mechanisms lie in the hormonal changes of the 
menopause that affect the circulation and lead to 
hypertension in the older female. To this end, it 
has been well established that in all comers of 
both sexes, SBP rises steadily with age, while 
DBP rises until ages 50–55 after which it falls 
[ 9 ]. But when the sexes are analyzed separately, 
the SBP is lower in women under age 40, but rises 
more rapidly with aging so that over age 55, the 
SBP is the same. By contrast, the DBP remains 
lower in women at all ages. As a result, the pulse 
pressure (PP), lower in younger women, becomes 
higher than the PP in men at older ages [ 10 ]. This 
is of considerable importance since a raised PP 
is more signifi cant than BP alone as a risk factor 
for cardiovascular disease [ 11 ] and helps explain 
the sharply increasing risk of CV disease among 
older women.  

   Fixed Gender Differences 

 The unchanging gender differences that affect 
the circulation in hypertension are non-hormonal 
and largely physical in nature. At all ages, most 
women are shorter and have a smaller body size 
than most men. Their smaller body size dictates 
a lower cardiac output and their shorter stature a 
faster heart rate. Other things being equal, these 
two factors result in a smaller stroke volume 
and a lower SVR at the same BP when women 
are compared to men. Smaller bodies also have 
smaller arterial diameters and, at the same BP, 
females’ arterial compliance is lower than those 
of males. 

 Shorter stature in women mandates an arte-
rial tree that is also shorter, bringing the arterial 
refl ecting sites of the primary pulse closer to the 
heart [ 12 ]. Since the pulse wave velocity (PWV) 
is the same, or even faster in older women com-
pared to older men throughout life [ 10 ], the for-
ward arterial pressure wave in women refl ects 
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off sites closer to the heart than in men and the 
refl ected wave therefore returns to the central 
aorta earlier in the cardiac cycle. This tends to 
augment the primary wave in systole, increasing 
left ventricular (LV) work, rather than augment-
ing the diastolic wave, where it would support 
coronary fl ow. This reduction of pulse amplifi -
cation is a risk factor by itself [ 13 ]. The liabil-
ity of the shorter arterial tree is partially offset 
by a faster heart rate since shorter cycle lengths 
shorten both the systolic and diastolic periods 
and allow the refl ected wave to return to the aorta 
later in systole or even in early diastole. But the 
faster heart rate also increases myocardial oxy-
gen demand. These circulatory differences due to 
stature are life-long and constant throughout the 

aging  process. The circulatory changes of aging 
that relate to hypertension in men are relatively 
steady and can be used as a baseline against which 
the more rapid age-related hormonal changes in 
women can be compared.  

   Differences Related 
to the Menopause 

   Hormonal Changes 

 It is well known that the risk of CV disease is 
lower in pre-menopausal women than men of the 
same age. This has been attributed to the multiple 
vascular protective effects of estrogen [ 14 ]. The 
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loss of CV protection that develops in women 
during and after the menopause has been attrib-
uted to the associated reduction of sex hormone 
production and it was only natural to assume 
that hormonal replacement therapy (HRT) would 
restore the benefi ts. When this did not occur 
[ 15 ], it became clear that the entire process was 
more complex than originally envisioned. The 
development of other factors in gender related 
hypertension during the menopause undoubtedly 
play a role in the failure of HRT to restore pre- 
menopausal CV risk protection. 

 Although estrogen or its defi ciency cannot 
be the only factors in male/female hypertensive 
differences, it is a major player in the control 
of vascular tone [ 16 ]. Estrogen has effects on 
the multiple vasodilating functions of the endo-
thelium that may be impaired when estrogen 
becomes defi cient. Menopause is associated with 
a reduction in fl ow mediated dilation (FMD) in 
the forearm, attributed to estrogen defi ciency [ 17 , 
 18 ]. Similarly, post menopausal women (PMW) 
have been found to have reduced production of 
the powerful vasodilator, nitric oxide [ 19 ]. In an 
opposing action, PMW have been shown to have 
increased levels of endothelin, a powerful vaso-
constrictor produced by the endothelium [ 20 ]. 
Therefore, hormonal changes, operating through 
the endothelium, work both to impair vasodila-
tion and augment vasoconstriction in PMW. 

 Sex steroids infl uence BP control by means 
other than their activity on the endothelium. 
Withdrawal of these hormones are known to 
stimulate the renin-angiotensin system (RAS) 
[ 21 ] with its known effects on peripheral vaso-
constriction and aldosterone production. Also 
independent of the endothelium is the inhibi-
tion of calcium entry into smooth muscle cells 
by sex hormones, reversed when these hormones 
are defi cient [ 22 ]. Salt sensitivity is also well 
known to increase with the menopause, suggest-
ing another endothelium independent means by 
which the BP rise can be explained [ 23 ]. 

 As described above, estrogen loss activates 
the RAS system that raises the level of aldoste-
rone ,  offering an explanation for salt sensitivity. 
Aldosterone is naturally inhibited by ovarian 
progesterone and its defi ciency during the meno-

pause helps explain the salt sensitivity. In a 2010 
review, Boschitsch et al. [ 24 ] described the devel-
opment of two synthetic progesterones, both 
derivatives of 17 α spironolactone, that have aldo-
sterone inhibiting properties. One, Eplerenone, in 
the United States is marketed as an aldosterone 
inhibitor and the other Drospirenone, is sold as 
a progesterone replacement. Drospirenone is 
available only in combination with an estrogen 
as an oral contraceptive (see below) or for the 
relief of menstrual symptoms. But Drospirenone 
has been shown to have antihypertensive effects 
comparable to other commonly used antihyper-
tensive agents [ 25 ]. Despite its theoretical appeal, 
a study of Drospirenone in post-menopausal 
hypertensive women has not been done nor has 
an aldosterone antagonist been tested as an anti-
hypertensive agent in PMW. 

 A role for androgens in post menopausal 
hypertension has also been proposed [ 26 ] but a 
recent review of this subject concluded that the 
literature remains unclear on the role of andro-
gens in post-menopausal hypertension [ 27 ]. A 
graphic summary of the many hormonal changes 
during the menopause and their effects on the BP 
is displayed in Fig.  32.2 .

      Other Relevant Differences 

 Obesity is an established factor in the develop-
ment of hypertension in both men [ 28 ] and women 
[ 29 ]. The prevalence of obesity increases in both 
men and women as they age but the prevalence 
of female obesity through the menopausal period 
may reach as high as 40 %. An independent rela-
tionship between body mass index (BMI) and BP 
has been demonstrated in the SIMONA study 
[ 30 ]. There are multiple mechanisms relating 
obesity and hypertension during the menopause. 
These have been summarized [ 27 ] and include 
an association with the metabolic syndrome, 
insulin resistance, hyperglycemia and dyslipid-
emia. Even without weight gain, a redistribution 
of fat to the abdomen, not detected by calcula-
tion of the BMI, is signifi cant. Obesity is also 
associated with an increase in plasma leptin, 
both of which have been further associated with 
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 sympathetic nervous system stimulation, espe-
cially that of the renal sympathetic nerves [ 31 , 
 32 ]. Interrelationships further complicate matters 
since the sympathetic stimulation from obesity 
also activates the RAS system with a resultant 
increase in renin, angiotensin and aldosterone, all 
factors that can raise the BP. 

 The menopause is associated with a rise in 
C reactive protein (CRP) [ 33 ], adipokines [ 34 ] 
and other infl ammatory markers independently 
related to increased CV risk [ 35 ]. The rise of 
infl ammatory markers in post-menopausal 
women has been also related to the abdominal 
adiposity [ 34 ] described above. Although these 
additional possibilities might have an effect on 
the development or the effects of hypertension 
in older women, conclusions from such limited 
available data must remain speculative. 

 Hypertension is a polygenetic disorder and 
numerous polymorphisms have been related to 
many of the previously described factors in the 
genesis of high blood pressure during the meno-
pause. The list is long but some of the more recent 
observations have described polymorphic genetic 
infl uences on endothelin converting enzyme – 1 
[ 36 ], angiotensin converting enzyme 2 [ 37 ], the 
RAS [ 38 ], plasminogen activator inhibitor – 1 
[ 39 ], and leptin [ 40 ].  

   Menopausal Effects on Aortic 
Stiffness 

 Finally, increasing aortic stiffness plays a major 
role in the development of hypertension as the 
population ages. Male/female differences in the 
slope relating aortic stiffness to age was noticed 
as early as 1996 by Karpanou et al. [ 41 ] who 
measured aortic diameters with M-mode echo-
cardiography and brachial arterial pressures 
using the auscultatory method. The following 
year, Rajumkar et al. [ 42 ] implicated estrogen 
defi ciency as the culprit when they demonstrated 
that post-menopausal women taking HRT had 
signifi cantly lower carotid/femoral PWV than 
untreated women. In women who then discontin-
ued HRT, the PWV velocity rose signifi cantly. In 
1999, Stefanidis et al. [ 43 ] confi rmed the estro-
gen effect by showing that immediately after 
IV estrogen administration, aortic distensibility 
was increased. Similar to the age changes in PP, 
Waddell et al. [ 44 ] in 2001, showed that aortic 
stiffness was lower in young women than in young 
men but the reverse was true in an older popula-
tion (Fig.  32.3 ). Evidence for the importance of 
aortic stiffness continued to mount when Zaydun 
et al. [ 45 ] in 2006 showed in 3,149 women, that 
the slope of the age/PWV (brachial to ankle) was 
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steeper after the menopause and that the stiffest 
aortas were in women whose menopause was 
longer than of 6 years duration. This fi nding was 
independent of age and of multiple atheroscle-
rotic risk factors. The mechanisms for the effects 
of estrogen on the aortic wall are many and 
include changes in the elastin/collagen ratio [ 46 ], 
a decrease in matrix metalloproteinase activity 
and an increase in aortic vasa vasorum blood 
fl ow [ 47 ]. This subject has been well reviewed 
by Rossi et al. in 2011 [ 47 ] who concluded that 
the weight of evidence points to an intrinsically 
stiffer aorta in women, maintained more compli-
ant by sex hormones in the young. But when hor-
mone defi ciency is induced by the menopause, 

the effects of the basically stiffer female aorta 
become apparent and help explain the BP gender 
differences with aging. The importance of aortic 
stiffness on the blood pressure may be the most 
signifi cant difference in hypertension between 
the sexes both in the young and the old.

       Gender Differences in Therapy 

 With this as background, it is not surprising that 
the superimposition of hypertension later in life, 
should affect male and female hearts differently. 
Even after adjusting for age, BMI and DBP in 
patients with isolated systolic  hypertension, 
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women had increased LV wall thickness and 
mass without chamber enlargement while men 
had LV dilation and less increase in wall thick-
ness [ 48 ]. With regard to therapy, the LIFE study 
showed that after 1 year of treatment with either 
a beta blocker or an angiotensin receptor blocker, 
adjusted LV mass fell more in women than 
in men for an equivalent reduction in BP [ 49 ]. 
Despite the greater initial reduction in LV mass in 
women, after 4.8 years of follow-up in the same 
patients, the prevalence of LVH was still greater 
in women [ 50 ]. Whether these differences would 
be apparent using other therapeutic agents is 
unknown. 

 From the multiple gender differences 
described above that involve the heart, BP levels, 
hypertension prevalence, BP control, hormonal 
and non-hormonal infl uences on the circulation, 
it would be reasonable to assume that therapeu-
tic differences would be present as well. The fi rst 
defi nitive proof that antihypertensive therapy 
provided circulatory protection was the United 
States Veteran Administration trials in 1967 and 
1970 in which the patient population was entirely 
male. Females were included in many large sub-
sequent studies but women were initially under-
represented and a comparison of therapeutic 
benefi t between the genders was again not pos-
sible. There still has been no single trial designed 
to answer this question. If present, a demonstra-
ble difference in therapeutic choices would be of 
considerable importance, since it would halve the 
therapeutic options that often must be made by 
trial and error. 

 In an effort to resolve this question, Gueffi er 
et al. in 1997 [ 51 ], published a meta analysis of 
seven trials in more than 40,000 men and women. 
In women, there were reductions in CV risks but 
not in total mortality, while in men both risks and 
mortality were reduced. The drugs used were pri-
marily thiazide diuretics and beta blockers. The 
results therefore, cannot be extrapolated to other 
newer antihypertensive agents .  Since then, signif-
icant gender differences in the pharmacokinetics 
among the most frequently used antihypertensive 
agents have been published [ 52 ]. But these dif-
ferences have not convincingly been translated 
into routine clinical practice. In 2008, Turnbull 

et al. [ 53 ] reported on a meta- analysis of 31 ran-
domized trials that included 103,268 men and 
87,349 women. Achieved BP reductions were 
comparable for men and women and there was 
no evidence that men or women obtained differ-
ent levels of protection from similarly reduced 
BP’s or from any of the antihypertensive agents 
or groups of agents studied (Fig.  32.4 ). The regi-
mens reviewed included angiotensin converting 
enzyme inhibitors, angiotensin receptor block-
ers, calcium channel blockers, diuretics and beta 
blockers. Results from a subsequent meta-anal-
ysis of 67 randomized trials were similar [ 54 ]. 
Data of this kind have led to guidelines recom-
mending that gender should not be an issue in the 
selection of antihypertensive agents [ 5 ,  55 ].

   Although there are no demonstrable gender 
differences in effi cacy among the various agents, 
there are clear differences in side effect profi les 
[ 56 ] that could infl uence decisions in drug selec-
tion. Diuretics induce more gout in men but 
more hyponatremia and hypokalemia in women. 
Calcium channel blockers produce more edema 
and angiotensin converting enzyme inhibitors 
more cough in women than in men. Additionally, 
angiotensin converting enzyme inhibitors and 
angiotensin receptor blockers are contraindicated 
in pregnancy and therefore should be avoided in 
women who could become pregnant while on 
antihypertensive therapy. 

   Hypertension in Women Only 

   Pregnancy 
 Major changes in hormones, the neuro- 
sympathetic system and the consequent hemo-
dynamics occuring early during pregnancy, lead 
to decreases in BP during the fi rst two trimes-
ters .  The BP then rises again to reach the non- 
pregnant BP values in the third trimester. The 
early fall in BP relates to a simultaneous decrease 
in total peripheral resistance, greater in magni-
tude than the increase in cardiac output [ 57 ]. The 
venous network is also modifi ed during preg-
nancy with development of new venous channels 
in the pelvis. Central SBP ,  calculated from non 
invasive radial applanation tonometry ,  decreased 
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more than brachial SBP from the fi rst trimester to 
delivery [ 58 ]. Wave refl ection, as assessed by the 
augmentation index (Aix) and adjusted for HR, 
decreased but PWV adjusted for mean arterial 
pressure (MAP) was unchanged [ 59 ]. 

 Pre-eclampsia, a complex disorder, in part 
involving dysfunction of the placental endothe-
lium, is characterized by early central hemody-
namic alterations. The Aix, at heart rate 75 beats 
per minute (BPM), is signifi cantly higher than in 
non-eclamptic controls. This tends to increase the 
central SBP, important because a higher central 
pressure, is associated with more severe pre- 
eclampsia. Similar data has been found in ges-
tational hypertension [ 60 ]. The mechanism for 
increased wave refl ection by a change in refl ec-
tion site(s) is plausible ,  but a clear explanation is 
not known.  

   Polycystic Ovary Syndrome 
 This complex female endocrinopathy is observed 
in 3–10 %, but as high as 20 % of child bearing 
women [ 61 ]. Chronic anovulation and polycystic 
ovarian morphology are associated with multiple 
disorders such as insulin resistance, hyperan-
drogenism, obesity, and type 2 diabetes melli-
tus. With precise measurement of carotid artery 
geometry (high-resolution wall-tracking system) 
but using only brachial BP recording, a decrease 

in carotid artery distensibility was observed. 
This was associated with a signifi cant increase 
in SBP [ 62 ]. With less accurate conventional 
vascular echography, the carotid artery intimal 
medial thickness and forearm FMD were similar 
to controls as were glycemia, lipid profi le, insu-
lin, homeostasis model assessment for insulin 
resistance and serum markers of infl ammation 
[ 63 ]. Finally, central Aix at 75 BPM, increased 
while the observed increase in central SBP was 
no longer signifi cant after age adjustment. The 
observed reduction in circulating vascular pro-
genitor cells was not correlated with hemody-
namic parameters [ 64 ]. No study has yet defi ned 
the hemodynamic abnormality of this syndrome.  

   Oral Contraceptives 
 Adverse events from oral contraceptives (OC) 
include metabolic disorders, weight gain and 
increase in BP. These major problems are also 
linked to cardiovascular complications and phle-
bitis along with potentially lethal pulmonary 
embolism [ 65 ]. Reduction in the dose of estro-
gen, change in progestin compounds or modi-
fi cation of route of administration have been 
suggested to reduce these unacceptable events. 
In the early 90s, a large data source from the 
Nurse’s health study suggested that users of ear-
lier dosages of OC had a signifi cantly increased 
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risk of  hypertension (41.5 cases per 10,000 
person- years) [ 66 ]. More recently, combined oral 
contraceptive compounds (COC), i.e. with the 
addition of Drospirenone, have reduced the prev-
alence of high BP [ 67 ,  68 ]. OC induced hyper-
tension remains an important problem in young 
women since it may induce vascular damage 
[ 69 ]. Therefore, OC should be offered to hyper-
tensive women only after careful clinical review. 

 OC steroids have multiple effects on the struc-
ture and function of large and small arteries and 
on the endothelium. In vitro analysis of aortic 
wall structures has suggested a benefi cial role of 
estrogen and/or progesterone on elastin content, 
elastin/collagen ratio, and modulation of matrix 
metalloproteinase 3 [ 46 ]. In a large subset of 
young women (age: 20 ± 3 years), brachial SBP 
and PP were slightly but signifi cantly increased 
(average: +2/+1 mmHg). Peripheral resistance 
was lower while cardiac output (rebreathing tech-
nique) was increased in COC users. Central pres-
sures and refl ection waves (Aix) were unchanged, 
but there was a very small but signifi cant increase 
in aortic stiffness as measured by pulse wave 
velocity (PWV) [ 70 ]. These data should be con-
fi rmed because of the small changes, contrary to 
the experimental data on aortic elastin (see above). 

 The effect of sex steroids on endothelium 
dependent vasodilation has been suggested by 
studies of the normal menstrual cycle. Between 
early menstrual phase and mid-cycle, measure-
ments of bradykinin or noradrenaline infusion 
responses were amplifi ed when estrogen levels 
were increased threefold. However there was no 
alteration of this response following infusion of the 
direct vascular muscle cell vasodilator, nitroglyc-
erine (GTN), or the blocker of endothelial nitric 
oxide (NO) synthase, l-NMMA. These results 
indicated no estrogenic change in NO-dependent 
endothelial vasomotion [ 71 ]. In summary, men-
strual changes in endogenous estrogen contribute 
to vasomotor changes in small muscular arteries 
and the arteriolar network. 

 In a study of forearm vasodilation in 15 young 
women taking the COC ethynil oestradiol/levo-
norgestrel, Torgrimson et al. showed no change 
in endothelial derived vasodilation with the 
combination, but suggested that the additional 

progestin compound may have counterbalanced 
the benefi cial role of estrogen alone [ 72 ]. When 
brachial artery diameter was recorded, the same 
COC showed a decrease in FMD. Similarly, a 
group of young women treated with medroxy-
progesterone alone had a decrease in FMD [ 73 ]. 
In this study, there was no control of endothe-
lium independent vasomotion following GTN, 
limiting the interpretation of the results. When 
the COC contained ethinylestradiol and drospi-
renone, the brachial artery FMD was not altered 
relative to the GTN effect [ 74 ]. In conclusion, OC 
and recently used low dose COC are associated 
with small increases in blood pressure in only a 
small number of individuals. These effects appear 
more linked to cardiac function and the arteriolar 
network than to proximal large and middle-size 
arteries. Although uncommon, the CO induced 
increase in BP is important and requires that BP 
be regularly measured in treated patients.       
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    Abstract  

  It is becoming increasingly clear that arterial stiffness may be determined 
not only by age(ing) and blood pressure, but also by exposure to other 
cardiovascular risk factors. This chapter reviews the evidence provided by 
studies adopting an aetiological model of analyses of determinants of arte-
rial stiffness, mainly derived, if available, from prospective designs. 
Specifi cally, the following risk factors are examined: the critical axis (cen-
tral)    obesity – metabolic syndrome – (type 2) diabetes, and also smoking. 
There is convincing evidence, reinforced by recent aetiological prospec-
tive studies, that these risk factors, all of which may be preventable, 
increase arterial stiffness. This may explain, at least in part, the increased 
cardiovascular disease risk observed in these conditions. However, the 
molecular basis of greater arterial stiffness associated with these risk fac-
tors remains to be fully elucidated. In addition, the prognostic signifi cance 
of arterial stiffness indices in individuals with these risk factors, and the 
extent to which intervention on these risk factors improves cardiovascular 
outcome through benefi cial impact on arterial stiffness, is still unclear. 
Given the high and/or increasing prevalence of these risk  factors, these 
issues constitute an important research agenda.  
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   Abbreviations 

  AGAHLS    Amsterdam Growth and Health 
Longitudinal Study   

  AIx    Augmentation index   
  baPWV    Pulse wave velocity (brachial-ankle)   
  BMI    Body mass index   
  BP    Blood pressure   
  cfPWV    Pulse wave velocity (carotid–femoral)   
  cIMT    Carotid intima–media thickness   
  CVD    Cardiovascular disease   
  CWS    Circumferential wall stress   
  D    Diameter   
  EAT    Epicardial adipose tissue   
  FPG    Fasting plasma glucose   
  IAD    Inter-adventitial diameter   
  IGM    Impaired glucose metabolism   
  IGT    Impaired glucose tolerance   
  MAP    Mean arterial pressure   
  MetS    Metabolic syndrome   
  NGM    Normal glucose metabolism   
  PP    Pulse pressure   
  PWV    Pulse wave velocity (aortic)   
  RF    Risk factor   
  SAT    Subcutaneous adipose tissue   
  T1DM    Type 1 diabetes mellitus   
  T2DM    Type 2 diabetes mellitus   
  VAT    Visceral adipose tissue   

       Although arterial stiffness is primarily determined 
by age(ing) and mean arterial pressure (MAP), 
exposure to other cardiovascular risk factors (RFs) 
may contribute as well [ 1 ]. Recently, a systematic 
review suggested that the impact of RFs other 
than blood pressure (BP) on arterial stiffness was, 
at best, only modest [ 2 ]. However, this conclusion 
was based on the fi ndings from cross-sectional 
studies only, most of which adopted predictive 
rather than aetiological models of analyses. 

 This raises two important methodological 
points, that we address below.
   I.    The Importance of Adopting a Life- course 

approach to risk factor exposure and their 
impact on arterial stiffness. To understand the 
impact of RFs on arterial stiffness (or any other 
health outcome of interest), a longer period of 
RF exposure, preferably covering a signifi cant 
period of an individual’s lifetime prior to 

health outcome, will provide a better insight 
into their role than when these are assessed at 
a single time-point as usually seen in cross- 
sectional studies [ 1 ]. For instance, recent anal-
yses from the Framingham Heart Study 
showed that a construct measure of obese-
years (i.e. the product of years lived with obe-
sity by the concomitant level of obesity) was 
more strongly associated with incident risk of 
diabetes and cardiovascular and all-cause mor-
tality than the level of body mass index (BMI) 
or duration of obesity alone [ 3 ]. Likewise, 
exposure to adverse lifestyle and biological 
RFs early in life, and sustaining such RFs at 
more adverse levels throughout the course of 
(young) life, have been linked to higher levels 
of arterial stiffness in adulthood [ 1 ,  4 – 7 ].   

  II.    Predictive models are not helpful in under-
standing aetiology. In the current literature, 
aetiological and prediction research aims are 
frequently confused. For example, any RF 
( such as central obesity ) that affects BP may 
thereby affect arterial stiffness because BP is a 
main determinant of arterial stiffness. As such, 
the true impact of such RF on arterial stiffness 
may, in fact, be underestimated in models that 
adjust for BP (i.e. subtract the indirect impact 
of the RF on arterial stiffness through BP, or 
any other intermediate factor(s)). Likewise, 
when multiple RFs are included in regression 
models to ‘extract’ those that are associated 
with arterial stiffness (often independently of 
age, sex, and BP, the later assumed to be a 
confounder and not a mediator), such models 
will underestimate the impact of any RF in 
favour of others that may be closer to arterial 
stiffness in the pathway between RF and arte-
rial stiffness ( e.g. impaired glucose metabo-
lism may mediate a part of the association 
between central obesity and arterial stiffness ; 
 in this case ,  a predictive model would disclose 
only glucose ,  but not central obesity ,  to be  
‘ signifi cantly ’  associated with arterial stiff-
ness ,  often accompanied by the misleading 
conclusion that central fat is not a determi-
nant of arterial stiffness ). Furthermore, the 
independent RFs extracted by such predictive 
models will be highly dependent on the RFs 
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measured/included in the analyses and the 
level of precision with which they were mea-
sured; these aspects are highly variable across 
studies, thus limiting the comparability of 
their fi ndings.     

 For these reasons, we focus, whenever pos-
sible, on the evidence provided by prospective 
studies adopting an aetiological rather than a 
predictive model of analyses of determinants 
of arterial stiffness. Specifi cally, in this chap-
ter, we review the current evidence regarding 
the critical axis (central) obesity – metabolic 
syndrome – (type 2) diabetes, and also smok-
ing, as important preventable determinants of 
arterial stiffness, with emphasis on studies 
published after earlier reviews [ 8 ,  9 ]. 

   Obesity, Body Fat Distribution/Body 
Composition and Arterial Stiffness 

 Increases in arterial stiffness have been proposed 
as one of the potential pathways through which 
(central) obesity could lead to cardiovascular dis-
ease (CVD) [ 8 ,  10 ]. Many cross-sectional studies 
have indeed shown that higher levels of body fat-
ness, in particular, a central pattern of fat distri-
bution, are positively associated with arterial 
stiffness (studies up to 2005 reviewed in [ 8 ]). 
These associations have not been confi ned to 
individuals with overweight or obesity, but were 
seen across the entire range of levels of body 
mass, and have been shown across all age catego-
ries [ 11 ,  12 ], including children and adolescents 
[ 13 – 17 ] and young [ 11 ,  18 ] and older adults [ 11 , 
 19 ,  20 ]. The increased levels of arterial stiffness 
observed already among the young suggest that 
higher levels of central adiposity do not need to 
be long-lasting to have deleterious effects on the 
arterial system. Moreover, a greater body of evi-
dence has accumulated in recent years showing 
that higher levels of central adiposity at young(er) 
ages are associated with higher arterial stiffness 
later in life [ 1 ,  21 ] or with steeper stiffness pro-
gression [ 22 ], likely because central fat tends to 
track throughout life, thereby leading to increased 
arterial  stiffness due to an accumulated exposure 
to central obesity-related deleterious factors. 

 The extent to which  changes in body fat / fat 
distribution  affect changes in arterial stiffness 
remains less clear due to a scarcity of longitudi-
nal studies thus far. The detrimental role of exces-
sive body weight was fi rst emphasized by 
observational studies showing adverse associa-
tions of increases in weight with changes in arte-
rial stiffness among young and healthy [ 23 ] and 
overweight middle-aged adults [ 24 ] and several 
small intervention studies, all confi ned to indi-
viduals with obesity or diabetes, showing arterial 
de-stiffening after weight loss [ 25 – 27 ]. More 
recent and larger randomized controlled trials 
confi rmed the benefi cial effects of weight loss 
attained by means of diet and/or exercise among 
nondiabetic overweight/obese individuals with 
(e.g. the ENCORE study [ 28 ]) or without hyper-
tension (e.g. the SAVE trial [ 29 ]), supporting the 
view of an impact of body fat on arterial stiffness 
independent, at least in part, of related higher BP 
and metabolic disturbances. However, arterial 
adaptations related to weight changes do not 
enable an appreciation of the underlying changes 
in type of body fat depot ( e.g. visceral vs. subcu-
taneous ) and/or its distribution ( e.g. central vs. 
peripheral ) responsible for the effects observed. 

 In support of a predominant adverse role of 
abdominal visceral (VAT) rather than subcutane-
ous adipose tissue (SAT), Orr et al. showed that 
VAT, but not SAT, was associated with the 
increases in arterial stiffness resulting from 5 kg 
weight gain induced by overfeeding nonobese 
young adult individuals for 6–8 weeks [ 30 ]. 
Despite its small size and highly experimental 
setting, this was an important proof of concept 
study. However, recent studies suggest that the 
adverse effect of central fatness on arterial stiff-
ness (as on metabolic disturbances relating cen-
tral obesity to poorer cardiovascular outcome) 
may not only be due to the effects of abdominal 
VAT but also due to the adverse effects of exces-
sive accumulation of adipose tissue around the 
epicardium (i.e. epicardial adipose tissue – EAT) 
[ 31 ,  32 ] and/or in the liver (typical feature of 
nonalcoholic fatty liver disease) [ 33 ,  34 ]. These 
studies all had cross-sectional designs [ 31 – 34 ], 
and thus prospective studies among  representative 
cohorts need to investigate further the interrelations, 
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relative contributions and specifi c pathobiologi-
cal mechanisms through which these fat depots 
may impact on arterial stiffening. 

 Adopting a model of whole body fat distribu-
tion, we had previously shown among apparently 
healthy young adults from the  Amsterdam Growth 
and Health Longitudinal Study  ( AGAHLS ) and 
also among older individuals with different lev-
els of glucose metabolism from the  Hoorn Stud y 
that, in contrast to central fat (i.e. that accumu-
lated in the trunk though without distinctions 
between SAT, VAT, EAT and/or liver fat), higher 
levels of peripheral fat mass (i.e. accumulated in 
the limbs and thus stored mainly subcutaneously) 
may have an independent favourable impact on 
arterial stiffness [ 18 ,  19 ]. Recent cross-sectional 
data from the  Fels Longitudinal Study  confi rmed 
these fi ndings [ 35 ]. Indeed, the different lipolytic 
activity of the two fat regions provides biologi-
cal support for their opposite effects on arterial 
stiffness. In addition, these ‘ dysfunctional ’  vs . 
‘ functional ’ effects of fat could explain why, 
in general, central fat estimates correlate more 
strongly with health outcomes than estimates of 
total body fatness. It is conceivable that adverse 
changes in body fat distribution may occur with 
ageing, i.e. increases in central combined with 
decreases in peripheral fat mass, without being 
refl ected by appreciable changes in total body 
weight or BMI, though both contributing, addi-
tively, to accelerated arterial stiffening. We tested 
this hypothesis in the  AGAHLS , in a fi rst longi-
tudinal study to have examined how naturally 
occurring changes in body fat and its distribution 
(as assessed by dual x-ray absorptiometry) cor-
related with changes in arterial stiffness defi ned 
by a large set of valid stiffness estimates through-
out the arterial tree [ 36 ]. The study had three key 
fi ndings: fi rst, throughout the 6-year longitudinal 
study, greater levels of trunk fat were adversely 
whereas greater levels of peripheral fat were 
favourably associated with carotid and femoral 
stiffness and cfPWV. These associations likely 
refl ected the more ‘chronic’ (deleterious) effects 
of persistent adverse fat distribution over time. 
Second, increases in trunk fat were adversely 
whereas increases in  peripheral fat were favourably 
associated with 6-year changes in carotid and 

aortic, though not femoral, stiffness. These obser-
vations suggested a more ‘acute’ component to 
the deleterious effects of body fat distribution on 
arterial stiffness of predominantly elastic arte-
rial segments. Finally, the detrimental effects of 
 increases  in trunk mass and  decreases  in periph-
eral fat mass on arterial stiffness were indepen-
dent of one another and concomitant changes in 
lean mass and other RFs (including MAP) and 
were accompanied by only minor increases in 
body weight. Importantly, we identifi ed a relative 
prevalent phenotype of change in body fat dis-
tribution characterized by increases in trunk but 
decreases in peripheral fat mass (about one-third 
of the study population), whose change in BMI 
levels ranged within the limits assigned to nor-
mal weight (Fig.  33.1a ), but whose rates of pro-
gression in carotid and aortic stiffness were the 
steepest (Fig.  33.1b, c , respectively). This phe-
notype of changes in body fat distribution is con-
sistent with the existence of a relative prevalent 
subgroup of individuals at the population level 
designated as ‘ metabolically obese but normal 
weight ’, often characterized by elevated abdomi-
nal/visceral adiposity (despite a BMI<25 kg/m 2 ) 
and a more atherogenic lipid and/or glucose 
metabolism profi le, and who may be at particular 
high risk for metabolic and CVD.

   Adopting a body composition (i.e. examining 
also muscle mass in addition to body fat) rather 
than a    body fat/fat distribution-only model has 
also revealed leg and arm muscle mass as strong 
independent correlate of arterial stiffness, partic-
ularly among the elderly [ 19 ,  37 – 39 ] but also 
among young adults [ 18 ,  36 ]. Indeed, as the pro-
portion of older individuals in the population 
grows, so does the concern about the cardio- 
metabolic consequences of the increasing preva-
lence of (central) obesity and sarcopenia (i.e. the 
degenerative loss of skeletal muscle mass and 
strength associated with ageing), especially when 
occurring in combination – i.e.  sarcopenic obe-
sity  [ 40 ]. How decreases in lean mass may affect 
arterial stiffness is not clear as the evidence so far 
has been mainly derived from cross-sectional 
studies [ 18 ,  19 ,  37 – 39 ] and mechanistic studies 
are lacking. It is possible that the relationship is 
not causal in the sense that higher muscle mass 
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  Fig. 33.1    Comparisons across different phenotypes of 
changes in body fat distribution as observed in a 6-year 
follow- up from the  Amsterdam Growth and Health 
Longitudinal Study  of ( a ) body mass index ( BMI ) at base-
line and at follow- up, ( b ) changes in carotid Young’s elas-
tic modulus ( YEM ) and ( c ) changes in carotid–femoral 

pulse wave velocity ( cfPWV ). BMI data were adjusted for 
sex; arterial data were adjusted for sex, body height and 
changes in mean arterial pressure, lean mass and other 
biological risk factors.  Error bars  indicate the standard 
errors of the means. Reproduced from Schouten et al. [ 36 ] 
with permission from the American Society of Nutrition       

may be a simple marker of higher (lifelong) 
physical activity and/or less sedentary levels, bet-
ter nutrient intake status and/or better glucose 
uptake/insulin sensitivity, all of which protect 
against arterial stiffness [ 4 ,  6 ,  9 ]. Alternatively, it 
has been suggested that arterial stiffness may 
promote muscle mass decline/sarcopenia with 
ageing by reducing limb blood fl ow and inducing 
rarefaction and dysfunction in the microcircula-
tion, thereby affecting muscle contraction and 
ultimately leading to muscle mass rarefaction. 
This hypothesis was supported by a recent pro-
spective study from the  Health ,  Aging and Body 
Composition Study , showing that older individu-
als with higher cfPWV at baseline had poorer 
levels of leg lean mass and sarcopenic index at 
baseline and over a 6-year follow-up period, 
independently of age, BMI, BP, diabetes, physi-
cal activity, smoking, total fat mass, low-grade 

infl ammation and CVD status [ 41 ]. Further lon-
gitudinal and intervention studies are needed to 
clarify the role of muscle mass on arterial stiffen-
ing (or vice versa). Nevertheless, the existence of 
a link between muscle mass and arterial stiffness 
may have clinical implications by emphasizing 
the need to ensure that weight loss induced by 
dietary interventions does not occur at the 
expense of muscle mass, particularly among the 
elderly. Inclusion of physical exercise in such 
interventions may be key in this regard.  

   Metabolic Syndrome and Arterial 
Stiffness 

 A major consequence of central obesity is the 
clustering of other cardiovascular RFs, such as 
hypertension, hyperglycaemia and/or insulin 
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resistance and dyslipidaemia, in other words, 
the metabolic syndrome (MetS). Increased arte-
rial stiffness has been consistently reported in 
individuals with the MetS or with increasing 
clustered load or number of traits of the MetS 
(studies up to 2008 reviewed in [ 9 ]). Importantly, 
such adverse arterial changes have been shown 
across all ages [ 42 ], including young children 
and adolescents, with [ 43 ] or without overt obe-
sity [ 13 ,  44 ], and young [ 45 – 47 ] and older adults 
[ 48 ], including those treated [ 49 ] or not for 
hypertension [ 50 ]. The increased arterial stiffness 
in the MetS thus appears to be caused by subtle 
metabolic abnormalities, characteristic of predia-
betic states, but not necessarily fully developed 
diabetes. 

 In support of the reversibility of the adverse 
effects of the MetS if prevented/targeted early in 
life, recent analyses of the MetS status in 945 
participants from the  Cardiovascular Risk in 
Young Finns Study  when aged 9–18 years old and 
again after 21 years of follow-up revealed that 
children/adolescents with the MetS had higher 
arterial stiffness in adulthood than those without. 
Importantly, those who recovered from the MetS 
between childhood/adolescence and adulthood 
had lower arterial stiffness in adulthood than 
those with persistent MetS, such that their levels 
of PWV were comparable with those who never 
had the MetS in childhood/adolescence and 
adulthood [ 51 ]. 

 Age-related increases in arterial stiffness seem 
to be amplifi ed in the presence of the MetS [ 42 , 
 46 ], but this evidence was primarily derived from 
cross-sectional studies.    The few prospective 
cohort studies thus far that have obtained repeated 
measures of arterial stiffness years apart have 
shown that individuals with the MetS not only 
had higher arterial stiffness at baseline but also 
displayed  steeper  increases in arterial stiffness 
with ageing as compared with those who did not 
have the MetS [ 47 ,  52 – 55 ]. In addition, analyses 
of the impact of changes in MetS status among 
young [ 55 ] and middle-aged [ 56 ] adults showed 
that those with incident and persistent MetS over 
the course of time displayed the steepest increases 
in arterial stiffness than their peers who remained 
MetS-free throughout time (e.g. Fig.  33.2g ). 
Those who recovered displayed somewhat less 

steep increases in carotid Young’s elastic modu-
lus (YEM) [ 55 ] or even comparable increases 
in baPWV [ 56 ] with ageing as those who 
remained MetS-free throughout. An important 
observation in one of these studies was that the 
MetS-related increase in carotid YEM seemed to 
have preceded structural and local haemody-
namic changes consistent with maladaptive 
carotid remodelling, a process that may explain 
the increased risk of stroke in individuals with 
the MetS [ 55 ]. Specifi cally, in the course of time 
(6-year follow- up between the mean ages of 36 
and 42 of the AGAHLS’ participants) and in 
comparison with individuals who remained 
MetS-free, individuals with persistent MetS dis-
played signifi cantly steeper increases in carotid 
intima–media thickness (cIMT), which were 
accompanied by steeper increases in inter-adven-
titial (IAD) and lumen diameter (lumen D), but 
not circumferential wall stress (CWS) which 
decreased; at baseline, these individuals had 
already higher IAD, lumen D and CWS, but not 
cIMT (Fig.  33.2a–f ). These fi ndings, observed 
for the fi rst time in the context of a longitudinal 
study of not only carotid structural (i.e. cIMT and 
IAD or lumen D) but also haemodynamic (i.e. 
CWS) properties with ageing, support the view 
that increases in cIMT in young adults with the 
MetS may primarily refl ect an adaptive mecha-
nism that attempts to restore local haemodynamic 
conditions to an equilibrium rather than athero-
sclerosis per se. However, carotid adaptations did 
not completely restore CWS to levels comparable 
to those who remained MetS-free throughout 
time, and, therefore, the patterns of carotid out-
ward remodelling observed under the effects of 
persistent MetS exposure were maladaptive [ 55 ].

   Taken together, the longitudinal data reviewed 
above [ 47 ,  51 – 56 ] demonstrate  accelerated arte-
rial stiffening and maladaptive remodelling  in 
the MetS, which may explain, at least in part, the 
increased cardiovascular risk in these individuals 
[ 9 ]. These fi ndings also emphasize the impor-
tance of primary prevention given the observed 
reversibility of the adverse impact of MetS on 
arterial structural and functional properties 
among those individuals who recovered from the 
MetS. It is important to stress that the association 
between the MetS and arterial stiffness is not 
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only attributed to elevated BP; in addition to (and 
independently of) BP, (central) obesity and 
increased glucose levels are traits often associated 
with arterial stiffness [ 47 ,  48 ,  55 ], whereas dys-
lipidaemia (as ascertained by elevated triglycer-
ides and/or decreased HDL cholesterol) has been 
less or not consistently so. The clustering of cen-
tral obesity, increased glucose levels and BP 
appears to be the most prevalent across several 
populations in the western world [ 42 ,  57 ], and 
this phenotype is not only associated with the 
highest arterial stiffness levels [ 42 ] but also with 
the greatest mortality risk [ 57 ].  

   Diabetes and Arterial Stiffness 

 Increased arterial stiffness may, at least partially, 
explain the link between diabetes and cardiovas-
cular disease [ 9 ]. We have previously reviewed a 

large body of evidence showing increased arterial 
stiffness in both type 1 (T1DM) and type 2 
(T2DM) diabetes mellitus [ 9 ]. These two main 
forms of diabetes differ in terms of pathophysiol-
ogy, but the evidence regarding diabetes-related 
arterial stiffening is overwhelmingly similar. 
This has been clearly illustrated in the  SEARCH 
for Diabetes in Youth Study , a population-based 
study including 595 10–20-year-olds (90 % with 
T1DM and 10 % with T2DM), showing increased 
arterial stiffness (cfPWV or brachial distensibil-
ity) in T1DM vs. nondiabetic controls [ 58 ] and in 
T2DM vs. T1DM participants [ 59 ]. Of note, 
increased central adiposity and BP were the 
 common independent determinants of increased 
arterial stiffness estimates in both youngsters 
with T1DM or T2DM [ 59 ]. 

    In an earlier review [ 9 ] we concluded that, in 
T2DM, arterial stiffening is an early phenome-
non because it already occurs in impaired glucose 
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  Fig. 33.2    Comparison of trajectories of changes in 
carotid artery properties by categories of change in meta-
bolic syndrome status as observed in a 6-year follow-up 
from the  Amsterdam Growth and Health Longitudinal 
Study : ( a ) inter- adventitial diameter ( IAD ), ( b ) lumen 
diameter ( D ), ( c ) intima–media thickness ( IMT ), ( d ) wall 
cross-sectional area ( CSA   IMT  ), ( e ) circumferential wall 
tension ( CWT ), ( f ) circumferential wall stress ( CWS ) and 

( g ) Young’s elastic modulus ( YEM ). All data are adjusted 
for sex, height and (changes in) age, smoking status, alco-
hol consumption, physical activity, low-density lipopro-
tein cholesterol and the use of antihypertensive 
medication. * P  < 0.05, † P  < 0.01, ‡ P  < 0.001 (vs.  N  never). 
Reproduced from Ferreira et al. [ 55 ] with permission 
from Wolters Kluwer Health       
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metabolism (IGM) (i.e., impaired fasting glucose 
(IFG) and/or impaired glucose tolerance (IGT)) 
or prediabetic states, as also supported by the 
MetS-arterial stiffness  relationships reviewed 
above. More recent studies have basically con-
fi rmed this concept. For example, in a treatment-
naïve and mostly ‘healthy’ population from the 
ADDITION-Leicester cohort, cfPWV was 
increased, to a similar extent, in individuals with 
IFG or IGT as compared with those with normal 
glucose metabolism (NGM), though 2 h-post-
challenge glucose was slightly more strongly 
associated with cfPWV than fasting plasma glu-
cose (FPG) levels. Moreover, the increased arte-
rial stiffness in subjects with IGM was 
indistinguishable from that of individuals with 
newly diagnosed T2DM [ 60 ].    On the other hand, 
in a large cohort study among Chinese individu-
als who did not have history of hypertension, 
T2DM or CVD and were free of BP-, glucose- 
and/or lipid-lowering medication, arterial stiff-
ness increased gradually across NGM, isolated 
IFG, IGT (including those with both IFG and 
IGT) and newly diagnosed T2DM individuals in 
age and sex-adjusted analyses; after adjustments 
for BP and other traditional cardiovascular RFs, 
only individuals with IGT and T2DM had greater 
levels of baPWV than those with NGM [ 61 ]. 
However, in another large study including a ran-
dom sample of Chinese men and women without 
known T2DM from the  Guangzhou Biobank 
Study , baPWV did not differ signifi cantly 
between subjects with isolated IFG vs. isolated 
IGT [ 62 ], although it was signifi cantly higher in 
these individuals vs. those with NGM. In addi-
tion, even within the normal range, any increase 
in FPG is associated with higher baPWV [ 63 ]. 
Taken together, these fi ndings indicate that accel-
erated arterial stiffening remains a hallmark of 
increasing impaired glucose metabolism but 
stress that the sole use of FPG may not be suffi -
cient to identify all individuals who may already 
be at higher risk and may benefi t from timely tar-
geted interventions. It should be noted that the 
evidence thus far supporting the notion of accel-
erated arterial ageing has derived exclusively 
from cross-sectional studies because prospective 
studies comparing the course of arterial stiffness 

among individuals with vs. without T2DM (or 
IGM) are lacking. 

 We have described that increased arterial stiff-
ness often occurs before the onset of clinically 
overt micro- or macrovascular disease [ 9 ]. Recent 
studies, particularly those among the young, 
seem to confi rm this [ 58 ,  59 ]. In addition, we 
have also described that, in both T1DM and 
T2DM, the presence of microvascular (i.e. 
(micro)albuminuria and/or retinopathy) and mac-
rovascular complications seems to be accompa-
nied by further increases in arterial stiffness [ 9 ]. 
This was confi rmed by recent cross-sectional 
studies comprising larger groups of patients with 
T1DM from the  FinnDiane Study  [ 64 ] or attend-
ing the  Steno Diabetes Center  [ 65 ] and with 
T2DM from the  Taichung Community Health 
Study  [ 66 ]. It remains not completely clear 
whether increased arterial stiffness is a cause 
(because greater arterial stiffness is associated 
with greater pressures in small arteries and capil-
laries) or a consequence (because microvascular 
drop-out will increase wave refl ection and thus 
increase stiffness) of microangiopathy or, alter-
natively, that both phenomena derive from a com-
mon antecedent (e.g. endothelial dysfunction or 
infl ammation). A recent observational cohort 
study demonstrated, for the fi rst time, that aortic 
stiffness predicted incident albuminuria and 
decline in renal function (as estimated by glo-
merular fi ltration rate), independent of other 
covariates, in patients with T2DM [ 67 ]. Still, the 
extent to which targeting decreases in arterial 
stiffness in subjects with (pre)diabetes will ame-
liorate micro- and macrovascular outcome is not 
known and needs to be further investigated. 

   Pathobiological Mechanisms Linking 
Central Obesity, Metabolic Syndrome 
and Diabetes to Arterial Stiffening 

 The adverse association of the critical axis  cen-
tral obesity  –  MetS  – ( pre ) diabetes  with arterial 
stiffness raises important questions about the 
potential underlying pathological processes. 
These may include some of the effects central 
obesity and related insulin resistance are known 
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to exert at the vascular wall level, such as endo-
thelial dysfunction, infl ammatory reaction and 
sympathetic activation. These abnormalities are 
interrelated and affect vascular tone and  stimulate 
vascular smooth muscle cell proliferation. In 
addition, changes in the type or structure of elas-
tin and/or collagen in the arterial wall due to 
hyperglycaemia, particularly the formation of 
cross-links through nonenzymatic glycosylation 
of proteins that generate advanced glycation end 
products, could constitute another mechanism. 
Several of these putative mediators are likely to 
increase arterial stiffness. However, currently, we 
have only fragments of insight regarding the 
likely myriad of players involved. Teasing apart 
their (measurable) individual contribution and/or 
identifi cation of predominant operative pathways 
may provide key information for tailored inter-
ventions aiming at the prevention of arterial stiff-
ening and related cardiovascular  sequelae . A 
comprehensive analysis of these issues in the 
context of a prospective cohort study is still lack-
ing and thus most warranted.   

   Smoking and Arterial Stiffness 

  Acute  increases in arterial stiffness shortly after 
smoking have been consistently reported in 
experimental settings, but the  chronic  effects of 
smoking on arterial stiffness have been less con-
sistent in earlier studies (those published up to 
2005 are reviewed in [ 8 ]). The absence of delete-
rious chronic effects of habitual smoking in ear-
lier studies may have been due to several reasons: 
fi rst, the cross-sectional designs and self-reported 
ascertainment of smoking status without verifi ca-
tion by biological measures such as salivary or 
urinary cotinine levels, most often comparing 
stiffness levels between individuals categorized 
as current smokers vs. nonsmokers. This may 
have diluted any differences because the latter 
could still have included a considerable portion of 
current smokers (misclassifi ed by socially desir-
able answers in self-reports) and/or ex- smokers 
and the former not distinguished by the duration 
and intensity of smoking. Even when smoking 
 history  was analysed, for instance, by comparing 

current, former and never-smokers, such studies 
were still hampered by the limitations of retro-
spective assessments, which are more susceptible 
to misclassifi cation; measures of  lifelong expo-
sure to smoking such as pack-years also do not 
discern duration from intensity. Second, the small 
study samples and number of smokers included 
in earlier studies may have limited the power of 
the analyses. In addition, insuffi cient account for 
confounding by other lifestyle RFs, such as phys-
ical activity and energy intake (namely, from 
alcohol consumption), and/or overadjustment for 
body weight and/or heart rate that may mediate 
any association between smoking and arterial 
stiffness could also have blurred and explained, at 
least in part, the inconsistent fi ndings. 

 A more recent large study among individuals 
(18–80 years old) referred for their hypertension 
status but who had never been treated for it com-
pared the arterial stiffness levels between current 
( n  = 268), never ( n  = 150) and former ( n  = 136) 
smokers and among the latter, investigated the 
relation of years since smoking cessation with 
arterial stiffness [ 68 ]. Current and ex-smokers for 
only 1 year had higher cfPWV and augmentation 
index (AIx) as compared with nonsmokers. 
Notably, among ex- smokers, the duration of 
smoking cessation was linearly and favourably 
associated with cfPWV and AIx, such that after 
one decade of smoking cessation, cfPWV and 
AIx levels were estimated to have returned to lev-
els comparable with those who had never smoked 
[ 68 ]. These fi ndings were in agreement with 
those observed in a younger cohort of apparently 
healthy adults from  The Bogalusa Heart Study  
showing arterial stiffness and systemic vascular 
resistance after 10 years of smoking cessation 
that were comparable to never-smokers [ 69 ]. 
Although cross-sectional in nature and dependent 
on self-reports, these  studies supported the view 
of potential improvement in arterial wall dynam-
ics after long-term smoking cessation. 
Nevertheless, ‘the jury was still out’ on the 
impact of chronic smoking on arterial stiffness in 
a systematic review published in 2010 as many 
studies still reported no differences in arterial 
stiffness between (long-term) smokers and non-
smokers [ 70 ]. 
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 Recently, in a population-based cohort ( The 
Northern Ireland Young Heart Project ) with 
measures of arterial stiffness in young adults 
whose smoking status was ascertained, prospec-
tively, during adolescence (at the age of 15) and 
again during young adulthood (between the ages 
of 20 and 25), we reported that young adults who 
smoked during adolescence had higher levels of 
aortoiliac PVW in adulthood despite that such 
differences were not evident between current vs. 
nonsmokers in adulthood (Fig.  33.3a ) [ 5 ]. After 
cross-tabulation of smoking status in adolescence 
and adulthood, we observed that persistent smok-
ers, but not starters or quitters, had higher aor-
toiliac PWV in adulthood than never-smokers 
(Fig.  33.3b ). These fi ndings illustrate the impor-
tance of lifelong and prospective RF exposure 
assessment as a means to better unveil the impact 
of smoking on arterial stiffness (otherwise missed 
by cross-sectional ascertainment of current 
smoking status as simply yes/no or by retrospec-
tive assessment of ever smoking). They also sup-
port the view of adolescence as a critical period 
for the initiation of smoking and thus when pre-
ventive measures may need to be more aggres-
sive, as most adolescents who smoked persisted 
doing so in adulthood (80 %). The observation 

that those who discontinued smoking between 
adolescence and young adulthood seem to have 
arterial stiffness comparable to those who never 
smoked also supported the potential for revers-
ibility of arterial stiffness by quitting smoking.

   Another recent large 6-year longitudinal study 
examining the effects of changes in smoking sta-
tus and intensity on the rate of progression of 
arterial stiffness (baPWV) with ageing showed 
that this was steeper among continuous (heavy) 
smokers than those who never smoked before 
and during the follow-up [ 71 ]. Notably, rates of 
arterial stiffening were similar among quitters 
and never-smokers. In contrast, a 2-year longitu-
dinal study did not show any such benefi cial 
effects of smoking cessation on carotid or femo-
ral stiffness [ 72 ]. The small group of quitters 
and, perhaps more importantly, the short follow-
up duration of this study seem to suggest that 
smoking cessation may need to be sustained for a 
longer period to be favourably refl ected in clini-
cally relevant arterial adaptations. Alternatively, 
short-term benefi ts of smoking cessation on arte-
rial stiffness may already be evident among those 
who were long- term heavy smokers [ 73 ], rather 
than among any former and eventually ‘lighter’ 
smokers. 
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  Fig. 33.3    Comparison among young adults from the 
 Northern Ireland Young Hearts Project  of levels of aor-
toiliac pulse wave velocity ( PWV ): ( a ) between smokers 
and nonsmokers in adolescence and in young adulthood 
(data are adjusted for sex, adult age, body height, social 
class, mean arterial pressure and other lifestyle variables 
(i.e. alcohol consumption, energy intake and habitual 
physical activity)   ); ( b ) between never-smokers, starters, 

quitters and persistent smokers (data are adjusted for sex, 
adult age, body height, social class and mean arterial pres-
sure and changes in other lifestyle variables (i.e. alcohol 
consumption, energy intake and habitual physical activ-
ity)).  Error bars  indicate the standard errors of the means. 
Reproduced from van de Laar et al. [ 5 ] with permission 
from Wolters Kluwer Health       
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   Pathobiological Mechanisms Linking 
Smoking to Arterial Stiffening 

 The underlying pathobiological mechanisms 
explaining smoking-related arterial stiffening are 
complex and remain unclear. Traditionally, BP 
was not seen as a likely culprit because never and 
ex-smokers tend to have higher BP than smokers, 
at least as assessed at the brachial artery. However, 
smokers may have higher central BP [ 74 ] and 
smoking cessation may decrease this and thus 
central arterial stiffness in particular [ 75 ]. Also, 
because every act of smoking may lead to acute 
increases in BP, a 20-cigarettes/day smoker may 
in effect have a higher BP than a nonsmoker dur-
ing most of the day. Cigarette smoke contains 
many vasoactive substances of which nicotine 
and free radicals, but seemingly less so carbon 
monoxide, are associated with vascular dysfunc-
tion; their impact on the vasculature is thought to 
occur in part through ‘downstream’ pathways, 
such as infl ammation and endothelial dysfunc-
tion. Indeed, nicotine decreases the bioavailabil-
ity of nitric oxide, downregulates endothelial 
nitric oxide synthesis, decreases endothelium- 
dependent vasodilatation and stimulates both 
adhesion of leukocytes to the endothelial layer 
and the release of catecholamine. Free-radical- 
mediated oxidative stress may also explain, to a 
large extent, smoking-related endothelial dys-
function, infl ammation, increased platelet reac-
tivity and reduced fi brinolysis. However, the 
increased arterial stiffness observed among per-
sistent smokers did not seem to be explained by 
their higher levels of infl ammation and/or endo-
thelial dysfunction [ 5 ,  71 ]. Possibly, sympathetic 
activation, oxidative stress and production of oxi-
dized LDL may play a more predominant role, 
but the links explaining the smoking-arterial stiff-
ness relationship still need to be fully unravelled.   

   Summary 

 In this chapter, we have reviewed the evidence 
pertaining to several cardiovascular RFs other 
than age(ing) and BP as determinants of arterial 

stiffness, specifi cally, central obesity, the MetS, 
diabetes and smoking. Reinforced by recent pro-
spective data, there is convincing evidence that 
all these RFs increase arterial stiffness, a mecha-
nism that may explain the associated higher CVD 
risk. There is still relatively few data on the 
molecular basis of greater arterial stiffness asso-
ciated with these RFs, the prognostic signifi cance 
of arterial stiffness indices in individuals with 
these RFs and the extent to which intervention on 
these RFs improves cardiovascular outcome 
through benefi cial impact on arterial stiffness. 
Given the high and increasing prevalence of these 
RFs, particularly obesity, the MetS and diabetes, 
these issues constitute an important research 
agenda.     
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    Abstract   

 Hyperglycemia and hyperinsulinemia which are independent risk factors for 
vascular stiffening and diabetic vasculopathy are present in most patients 
with Type 2 diabetes mellitus. In this review we discuss these factors which 
promote vascular stiffness. We also discuss the roles of renin- angiotensin II 
-aldosterone (RAAS) activation, obesity, hypertension, dyslipidemia and 
insulin resistance, features which often present in the CardioRenal meta-
bolic syndrome. Here, we provide new insights in the pathogenesis of vas-
cular stiffening induced by RAAS, including the dysfunction of vascular 
smooth muscle cells and endothelial cells; infl ammation, oxidation stress, as 
well as alterations in collagen and elastin. We also introduce a novel concept 
where both β1-integrin and α-smooth muscle actin are likely major players 
in the increased vascular stiffening as ascertained by atomic force micros-
copy technology. We explore therapies such as estrogens aimed at vascular 
de-stiffening which may improve vascular function in patients. This review 
highlights recent evidence supporting the role of RAAS and insulin resis-
tance in the development of vascular stiffening in diabetic patients.  
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       Introduction 

 Increased vascular stiffness and associated lower 
vascular elasticity is a major contributor to hyper-
tension and cardiovascular disease (CVD) [ 1 – 3 ]. 
Obesity, diabetes, hypertension, kidney disease, 
and aging are conditions that predispose to vas-
cular stiffening [ 1 – 11 ]. Measurements of arterial 
stiffness include central pulse pressure/stroke 
volume index, pulse wave velocity (PWV), total 
arterial compliance, pulse pressure amplifi cation, 
and augmentation index. Increasingly, these mea-
surements, especially PWV, are used in assessing 
overall CVD risk in various populations [ 1 – 11 ]. 
Accordingly, heart contraction generates a PWV 
that travels through the circulation. The stiffness 
of the arteries affects the speed of travel or veloc-
ity of this PWV. Typical values of PWV in the 
  aorta     range from approximately 5 m/s to >15 m/s 
[ 1 ]. A fi xed threshold value (12 m/s) was proposed 
as arterial stiffness in the 2007 European Society 
of Hypertension (ESH)/European Society of 
Cardiology (ESC) hypertension guidelines based 
on published epidemiological studies [ 3 ]. When 
the vasculature stiffens, the PWV increase is then 
refl ected in the heart at the end of systole instead 
of diastole and causes augmentation of systolic 
blood pressure and pulse pressure, and therefore 
hypertension and increased cardiac afterload [ 2 ]. 

 Epidemiological studies demonstrate that 
hyperglycemia and hyperinsulinemia/insulin 
resistance are independent risk factors for vas-
cular stiffening and other elements of diabetic 
vasculopathy. Previous studies from diabetic 
patients have reported that a higher PWV is asso-
ciated with increased arterial stiffness or lower 
arterial compliance compared with non-diabetic 
controls, and that increased plasma insulin corre-
lates with the increase in stiffness and decreased 
compliance of the arteries [ 3 – 7 ]. A cross-sec-
tional study of the relation of arterial stiffness 
indexes with glucose tolerance and serum insulin 

from a biracial sample of 4,701 men and women 
aged 45–64 at risk for atherosclerosis showed 
that  persons with borderline abnormal glucose 
intolerance or noninsulin-dependent diabetes 
mellitus (NIDDM) had stiffer arteries than their 
counterparts with normal glucose tolerance and 
decreased elasticity was independent of artery 
wall thickness [ 8 ]. It was suggested that the inte-
grative effects of elevated glucose, insulin, and 
triglycerides may have a considerable impact on 
arterial stiffness and play an important role in the 
early pathophysiology of macrovascular disease 
in patients with type 2 diabetes [ 8 ]. Vascular stiff-
ening has been observed in all age groups of indi-
viduals with the cardiorenal metabolic syndrome 
(CRS) and those with clinical diabetes, including 
children. Indeed, these obese children prema-
turely manifest signs of vascular stiffening [ 9 ]. 
In individuals 40 years and older, multiple logis-
tic and linear regression analyses from a total of 
2,188 individuals demonstrated that arterial stiff-
ness was independently associated with insulin 
resistance in middle-aged adults [ 10 ]. In elderly 
people without diabetes mellitus, the Rotterdam 
study found that impaired fasting glucose was 
associated with increased arterial stiffness [ 11 ]. 
Therefore, a deeper understanding of the mecha-
nisms of vascular stiffening in obesity, hypergly-
cemia and hyperinsulinemia has great clinical 
signifi cance. In the present review, we will focus 
on recent studies examining the pathophysi-
ological processes by which vascular stiffening 
contributes to CVD, as well as the contemporary 
understanding of potential therapeutic strategies.  

   Endothelial Dysfunction in Vascular 
Stiffening 

 The endothelium is a critical component to vas-
cular homeostasis, actively responding to bio-
chemical and physical stimuli through the release 
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of a diverse set of vasoactive substances [ 12 ]. 
The term “endothelial dysfunction” refers to a 
maladapted endothelial phenotype characterized 
by reduced nitric oxide (NO) bioavailability, 
increased oxidative stress, elevated expression 
of pro-infl ammatory and pro-thrombotic fac-
tors, and reduced endothelial derived vasodila-
tion [ 13 ]. It has been proposed that endothelial 
dysfunction is one of the fi rst steps toward overt 
vascular stiffening. 

 Hyperglycemia is a contributor to endothelial 
dysfunction and is an early predictor of CVD, par-
ticularly coronary artery disease and stroke [ 14 ]. 
Studies have shown that elevated glucose concen-
tration may activate the tissue renin–angiotensin 
system (RAS) and this plays an important role 
in the pathogenesis of the vascular complications 
of diabetes [ 15 ,  16 ].  In vivo  exposure of healthy 
human subjects to an acute glucose load leads 
to attenuated endothelium-dependent vascular 
relaxation [ 17 ]. This impaired endothelial relax-
ation is associated with increased oxidative stress, 
adhesion molecule expression, vascular perme-
ability, and plasma levels of plasminogen activa-
tor inhibitor- 1 [ 17 ].  In vitro , both high glucose 
and angiotensin II (Ang II) induced a progres-
sive increase in Ang II receptor type 1 receptor 
1 (AT-1R) expression on the cultured human 
endothelial cells (EC). Furthermore, high glucose 
enhanced Ang II-mediated peroxisome prolifera-
tion-activated receptor-γ inactivation and expres-
sion of pro- infl ammatory adhesion molecules via 
signaling through the AT-1R [ 18 ]. With chronic 
exposure to elevated plasma glucose, the result-
ing glucotoxicity may stimulate mitogen acti-
vated protein kinase (MAPK) thus increasing the 
secretion of infl ammatory cytokines and inhibit-
ing phosphatidylinositol 3-kinase (PI3K)/protein 
kinase B (Akt) signaling leading to reduced NO 
production and endothelial dysfunction. 

 Insulin resistance and resulting hyperinsu-
linemia are frequently present in obesity, hyper-
tension, coronary artery disease, dyslipidemias, 
the CRS and type 2 diabetes [ 19 ]. Insulin meta-
bolic signaling is an important contributor to 
normal vascular function and homeostasis. In 
this regard, insulin stimulates production of the 
vasodilator NO via activation of insulin receptor 
substrate (IRS)-1/PI3K signaling in endothelial 

cells. In contrast, insulin stimulates production 
of the vasoconstrictor endothelin-1 (ET-1) via 
a MAPK- dependent signaling pathway [ 20 ]. 
Indeed, endothelial insulin resistance is typically 
accompanied by reduced PI3K-NO pathway 
and heightened MAPK-ET-1 pathway [ 21 ]. Our 
recent studies have explored the signaling path-
ways by which enhanced tissue RAS contributed 
insulin resistance in cardiovascular tissue. To this 
point, Ang II increased serine phosphorylation of 
IRS-1 and inhibited the insulin-stimulated phos-
phorylation of endothelial nitric oxide synthase 
(eNOS) through activation of S6 kinase (S6K) 
signaling pathway. An inhibitor of rapamycin 
(mTOR) attenuated the Ang II-stimulated phos-
phorylation of p70S6K and IRS-1 and blocked 
the ability of Ang II to impair insulin-stimulated 
phosphorylation of eNOS and NO dependent 
-arteriole vasodilation. From these results, we 
conclude that activation of mTOR/p70S6K by 
Ang II in vascular endothelium may contribute 
to the impairment of insulin-stimulated vasodi-
lation through phosphorylation of IRS-1 [ 22 ]. 
Recent data also suggests that increased min-
eralocorticoid signaling receptor (MR) is asso-
ciated with insulin resistance. Thus, enhanced 
renin-Ang II-aldosterone (RAAS) activation may 
represent a link between obesity, hypertension, 
dyslipidemia and insulin resistance, features 
present in the CRS [ 23 ]. Studies have demon-
strated a relationship between MR activation and 
decreased insulin sensitivity in animal models 
and humans. For example, patients with primary 
hyperaldosteronism were found to have insulin 
resistance suggesting the contribution of MR sig-
naling to insulin resistance [ 24 ]. Spironolactone, 
a blocker of the MR, has been shown to decrease 
local infl ammation and vascular stiffness in 
rodent models of hypertension and insulin resis-
tance [ 25 ,  26 ]. These observations suggest that 
inhibition of MR might be a benefi cial therapeu-
tic approach for preventing vascular stiffening in 
diet-induced obesity and insulin resistance [ 26 ]. 
AT-1R- and MR-mediated insulin resistance 
and endothelial dysfunction appear to be fertile 
areas to explore in investigating the pathogen-
esis of vascular stiffening (Fig.  34.1 ). Further 
recent evidence has demonstrated a link between 
aldosterone and  endothelial dystfunction [ 27 ]. 
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Aldosterone was shown to increase epithelial 
Na+ channel expression on the endothelial cell 
surface that correlated with increased cortical 
stiffness of the cytoskeleton in endothelial cells. 
Of potential importance is that the increased in 
endothelial cell stiffness was associated with a 
reduced release of NO. Thus, this could provide 
yet another putative link that would contribute 
to increased vascular resistance and arterial wall 
stiffness.

      Vascular Smooth Muscle Cell 
Dysfunction in Vascular Stiffening 

 Vascular smooth muscle cells (VSMCs) are the 
predominant cell type found in the arterial wall 
and are essential for the structural and functional 
integrity of the vessel. VSMCs are also a target 
of insulin action and are affected by insulin resis-
tance as discussed for endothelial cells. VSMC 
insulin resistance and associated functional 
abnormalities are involved in the vascular stiffen-
ing [ 20 ]. Insulin induced vasodilation in VSMCs 
is mediated by metabolic signaling which 
includes IRS-1/h PI3K and cyclic guanosine 
monophosphate (cGMP) signaling pathways. 
This signaling leads to a reduction of free intra-
cellular calcium and reductions in calcium sen-
sitivity [ 28 ]. Thus, insulin resistance in VSMCs 
impairs vascular vasodilation. Indeed, studies 
from the obese Zucker insulin resistant rat have 
shown that VSMCs from these rats manifested 
greater concentrations of reactive oxygen spe-
cies and impaired activation of the NO/cGMP/
PKG pathway with when compared to VSMC 
from the lean, insulin-sensitive Zucker rats [ 28 ]. 
Our recent data also showed excessive serine 
phosphorylation of IRS-1 as a key mechanism 
underlying cellular insulin resistance in VSMCs. 
Furthermore, after treatment with aldosterone, 
VSMCs show increased activation of p70 S6K1 
signaling pathway, increased proteosomal degra-
dation of IRS-1 and attenuated insulin-induced 
Akt phosphorylation [ 20 ]. These observations 
provide a biochemical basis for insulin resistance 
in VSMCs in the development of vascular stiffen-
ing (Fig.  34.1 ). 

 Vascular calcifi cation in patients with diabetes 
mellitus and end stage renal disease is strongly 
associated with vascular stiffening and CVD [ 29 ]. 
We have known that VSMCs can  differentiate 
from a quiescent, contractile phenotype to a pro-
liferative, synthetic phenotype following arte-
rial injury and in atherosclerotic diseases [ 30 ]. 
Indeed, VSMCs are capable of osteoblast trans- 
differentiation in calcifying arteries [ 29 ]. Many 
factors, such as hyperinsulinemia and oxidative 
stress, contribute to the development of vascu-
lar calcifi cation [ 31 ,  32 ]. Epidemiological data 
have shown that higher insulin levels in diabetes 
can independently predicate arterial calcifi ca-
tion [ 33 ]. The mechanisms of insulin involved in 
arterial calcifi cation in these clinical settings are 
still controversial. Furthermore, it has been dem-
onstrated that insulin enhanced the calcifi cation 
of VSMCs  in vitro  [ 34 ]. In this regard, insulin 
promotes alkaline phosphatase activity, osteocal-
cin expression and the formation of mineralized 
nodules in VSMCs by increased receptor expres-
sion of NF-κB ligand (RANKL) through Erk 1/2 
activation [ 31 ]. However,  others  suggested that 
insulin attenuated VSMC calcifi cation induced 
by high phosphate conditions [ 35 ]. These contra-
dictory results may be explained by different cell 
types or different experimental conditions. 

 There is evidence that RAS activation plays 
an important role in the pathogenesis of vascu-
lar calcifi cation. In the course of RAS-induced 
vascular infl ammation, Ang II binds to the 
AT-1R to induce oxidative stress, mainly medi-
ated by NAD(P)H oxidase. Increased reactive 
oxygen species (ROS) production leads to the 
activation of redox-sensitive pro-infl ammatory 
transcription factors, such as NF-κB and tran-
scription factor runt-related transcription factor 
2 (Runx2), and further results in the phenotypic 
switch of VSMCs into osteoblast-like cells [ 36 ]. 
It has been reported that Ang II exacerbated 
vascular calcifi cation through activation of the 
transcription factors, Runx2 and NF-κB, regu-
lation of matrix gla protein, and infl ammatory 
cytokine expression in human VSMCs [ 37 ]. 
Thus, advancements in our understanding of the 
cellular and molecular mechanisms by which 
Ang II and hyperinsulinemia promote vascular 

G. Jia et al.



427

 calcifi cation should provide a viable target for 
anti- vascular stiffening strategy.  

   Infl ammation and Oxidation Stress 
in Vascular Stiffening 

 Vascular stiffness is increased in patients with 
systemic lupus erythematous, rheumatoid 
arthritis, and infl ammatory bowel disease [ 38 –
 41 ]. An epidemiological study has investigated 
the associations among endothelial biomarkers 
of infl ammation such as p-selectin, thrombo-
modulin, intercellular adhesion molecules 1, 
cytokine C-reactive protein (CRP), serum amy-
loid A, interleukin 6 (IL-6), IL-8, tumor necro-
sis factor-α (TNF-α), and intercellular adhesion 
molecule 1 (ICAM-1) in 293 healthy adults over 
a 6 year period. This study elucidated biomark-
ers of endothelial dysfunction and association 
of cytokine infl ammation with greater arterial 
stiffness [ 42 ]. CRP has been reported to be an 

independent predictor of adverse CVD events 
and is strongly associated with infl ammation in 
the progression of arterial stiffness and endothe-
lial dysfunction [ 43 ]. Consequently, endothelial 
dysfunction may result in increased expression 
of pro- infl ammatory cytokines and cell adhesion 
molecules. It is likely that the increased vascu-
lar infl ammation will impair endothelial medi-
ated vasodilation and promote vascular fi brosis, 
which will subsequently lead to increases in 
arterial stiffness [ 44 ]. Meanwhile, infl ammatory 
cytokines can promote leukocyte infi ltration 
and activate VSMCs, which in turn, increase 
the expression and activity of matrix metallo-
proteinases (MMPs) that contribute to arterial 
stiffening [ 45 ]. 

 Recently, it has been recognized that the adap-
tive immune system is important in the genesis of 
vascular stiffening. Specifi cally, T lymphocytes, 
a population of immune cells, have been iden-
tifi ed in the artery walls. Activated T cells can 
be subtyped according to their cytokine profi le. 

EC
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  Fig. 34.1    Mechanisms of arterial stiffness in vascular 
cells. Activation of AT-1R and MR lend to out of balance 
in PI3KAKT/NO and MAPK/ET-1 signaling pathways on 
EC and subsequently impair the NO/cGMP/PKG signal-
ing pathway in VSMCs through phosphorylation of 
mTOR-S6K-IRS-1 signal. Meanwhile, Activation of 
AT-1R and MR directly increase oxidative stress and 
infl ammation on both EC and VSMC. Furthermore, 
Activation of AT-1R and MR induce the tight junction 

impairment on EC and SMC intrinsic changes and osteo-
blast transdifferention, respectively.  AT-1R  Ang II recep-
tor 1,  MR  Mineralocorticoid receptor,  mTOR  rapamycin, 
 S6K  S6 kinase,  IRS-1  insulin receptor substrate -1,  PI3K  
phosphatidylinositol 3-kinase ( PI3K ),  AKT  protein kinase 
B,  NO  nitric oxide,  MAPK  active mitogen activated pro-
tein kinase,  ET-1  endothelin-1,  cGMP  cyclic guanosine 
monophosphate,  PKG  cGMP-dependent protein kinase       
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T helper (Th) 1 cells secrete IL-2, TNF-ß, and 
IFN- γ, whereas Th2 cells typically produce IL-4, 
-5, -6, and -10 [ 46 ]. Increased Th secretion of 
cytokines, chemokines, and growth factors leads 
to an infl ammatory process which may lead to 
fragmentation of elastic membranes and destruc-
tion of cell-protective matrix layers. However, 
CD4 + CD25 + Foxp3 +  Regulatory T cells (Tregs) 
can protect the pro-infl ammatory activation of 
vascular cells. Several mechanisms of Treg- 
mediated infl ammatory suppression have been 
proposed, including Treg secretion of immuno-
suppressive cytokines, cell contact–dependent 
suppression, and functional modifi cation or kill-
ing of activated protein C [ 47 ]. 

 Many factors that have been linked to an 
increased prevalence of vascular stiffening 
are associated with elevated oxidative stress, 
including diabetes mellitus, hypertension, and 
hypercholesterolemia [ 48 ]. Oxidant induced 
cellular injury may be a fundamental causal 
pathway leading directly or indirectly to loss 
of elasticity in the arterial wall. Excess oxidant 
burden alters DNA transcription leading to cel-
lular proliferation and interruption of numerous 
redox sensitive signaling pathways that infl u-
ence arterial remodeling [ 49 ]. The generation of 
ROS is required for normal cell signaling and 
physiological responses. Some of our studies 
confi rmed a critical role for increased AT-1R 
and signaling MR in conjunction with an altered 
redox-mediating impaired endothelial, cardiac 
and renal function in the CRS [ 50 ]. Recently, it 
was shown that prolonged exposure to increased 
mitochondrial oxidative stress, decreased aor-
tic compliance and induced cardiac dysfunc-
tion [ 51 ]. Specifi cally, the data elucidated the 
signifi cance of lifelong superoxide dismutase 2
defi ciency on the phenotype, function, and 
molecular signaling pathways in aortic SMCs. 
These results further show how oxidative stress 
promotes aortic stiffening by inducing vascular 
wall remodeling, intrinsic changes in SMC stiff-
ness, and aortic SMC apoptosis [ 51 ]. The link 
between oxidative stress and arterial stiffness 
offers new clues to identify vascular dysfunc-
tion and may allow for development of novel 
targeted therapeutic interventions.  

   Collagen and Elastin in Vascular 
Stiffening 

 The major structural components within the arte-
rial wall, collagen and elastin, also play impor-
tant roles in the development of arterial stiffness. 
We have reported that alterations of collagen 
and elastin fi bers are involved in arterial stiffen-
ing which is associated with the aging process 
and disease states such as hypertension, diabe-
tes, atherosclerosis, and chronic renal failure 
[ 52 ]. Indeed, vascular stiffening is characterized 
by decreased turnover of collagen and elastin, 
and increased advanced glycation end-products 
(AGEs) and extracellular matrix (ECM) cross- 
links. Elastic fi bers undergo lysis and disorganiza-
tion subsequent to their replacement by collagen 
and other matrix components. These events cause 
the loss of elasticity and induce stiffening [ 53 ]. 
Studies have investigated the susceptibility of 
elastin to glycation and subsequent changes in 
its physicochemical properties [ 54 ]. It was found 
that purifi ed elastin and collagen- elastin prepa-
ration from the porcine thoracic aorta rapidly 
incorporated glucose and ribose. Glycation of the 
charged lysine and arginine side-chain residues 
was associated with the appearance of the AGEs 
[ 54 ]. Thus, AGEs enhance collagen content and 
induce changes in mechanical properties of the 
conjunctive tissue by conferring a high resistance 
to enzymatic proteolysis, decreasing their rate of 
degradation, increasing the production of extra-
cellular matrix, and creating the cross-linking of 
the extracellular proteins [ 55 ]. It is also highly 
likely that these changes alter VSMC and EC 
adhesion to these extracellular matrix proteins 
that would have an additional set of functional 
implications. 

 In the context of vascular stiffening, MMPs 
are involved in the regulation of the structural 
integrity of the ECM. When the vessel wall is 
exposed to immunological stress, infl amma-
tory cells like polymorphonuclear neutrophils 
(PMNs) and macrophages, produce a variety of 
MMPs (MMP-1, -7, -8, -13) as well as elastase. 
MMPs degrade the ECM by affecting the produc-
tion of weaker collagen and frayed elastin fi bers 
[ 56 ]. The activity of these enzymes is regulated 
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by augmented gene expression, post-translational 
activation of cleavage of pro-MMPs, and interac-
tion among MMPs, plasmin, thrombin and ROS 
[ 57 ]. Recently, it was reported that in the arterial 
vasculature from chronic kidney disease patients, 
the presence of diabetes markedly up-regulated 
MMP-2 and -9, a process strongly associated 
with elastic fi ber degradation, arterial stiffen-
ing, and calcifi cation. The increase in MMPs in 
diabetic vessels was also accompanied by a pro-
nounced generation of angiostatin, and the reduc-
tion of microvascular density was associated with 
impaired vasorelaxation [ 58 ]. These data confi rm 
that MMPs are up-regulated in the arterial vas-
culature of chronic kidney disease patients with 
diabetes compared with those without diabetes. 

 In addition to the ECM, it has recently been 
demonstrated that intrinsic changes in the 
mechanical properties of VSMCs contribute to 
vascular stiffening. In a mature blood vessel, 
VSMC exhibit a “contractile” or differentiated 
phenotype characterized by the expression of 
contractile markers specifi c to smooth muscle, 
such as smooth muscle myosin heavy chain, 
smooth muscle α-actin, h-caldesmon, and cal-
ponin, which are important for the regulation 
of contraction [ 59 ]. Upon injury, such as after 
angioplasty or stimulation with growth factors, 
VSMCs differentiate into a “synthetic” pheno-
type, as demonstrated by an increased rate of 
proliferation, migration, and synthesis of extra-
cellular matrix components. This differentiated 
phenotype plays a major pathophysiological 
role in the development of vascular stiffening, 
atherosclerosis, and hypertension [ 60 ]. Recent 
work from the Meininger group has demon-
strated that VSMC isolated from aged monkeys 
had an elastic modulus that was approximately 
three times greater than that observed in younger 
cells. In addition, aged monkey VSMC contained 
more actin and had increased integrin expression. 
Their studies also demonstrated unique dynamic 
differences in VSMC stiffness visible as oscilla-
tions in VSMC cortical membrane stiffness [ 61 , 
 62 ]. These data support the novel concept that 
increased vascular stiffness is attributed not only 
to changes in ECM but also to intrinsic changes 
in VSMCs.  

   Assessment Methods 
for Vascular Stiffening 

 Noninvasive measurement of arterial stiffness 
usually falls into three categories: analysis of 
pulse transit time, wave contour of the arterial 
pulse, direct measurement of arterial geometry 
and pressure that correspond to regional, sys-
temic, and local determination of stiffness, and 
modern cell and tissue technologies (Table  34.1 ). 
Aortic PWV, widely regarded as the gold stan-
dard measure of arterial stiffness today, is less 
sensitive to cardiac function and thus may pro-
vide a better estimate of aortic stiffness [ 1 ]. In a 
practical sense, PWV is measured by obtaining a 
recording of the arterial pulse wave at a proximal 
artery such as the common carotid, as well as a 
distal vessel such as the femoral. These two ves-
sels are widely used because they are relatively 
superfi cial, permitting accurate identifi cation and 
ease in using a tonometer [ 63 ]. Briefl y, carotid–
femoral PWV is usually measured with subjects 
in the supine position. After fi ve minutes of rest, 
blood pressure is measured twice using an auto-
matic blood pressure recorder. The time delay 
between the feet of simultaneously recorded 
pulse waves in the carotid artery and the femo-
ral artery is measured using an automatic device. 
The distance traveled by the pulse wave is mea-
sured between the sternal notch and the femoral 
artery using a tape measure. Aortic PWV is cal-
culated as the ratio of the distance traveled by the 
pulse wave and the foot-to-foot time delay and 
is expressed in meters per second [ 2 ]. However, 
this gold standard measure of stiffness has limi-
tations. The distance traveled is not straightfor-
ward. As an advancing pressure wave travels up 
the brachiocephalic and carotid arteries, it also 
travels around the aortic arch. This parallel trans-
mission complicates assessment of the carotid- 
femoral transit distance [ 64 ]. The PWV is also 
infl uenced by intravascular pressure as high pres-
sure, per se, increases PWV. Other noninvasive 
measurement methods for vascular stiffening are 
included in Table  34.1 .

   Vascular biology has been revolutionized by 
current developments in new technologies. As 
an important example, atomic force microscopy 
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(AFM) has proven to be a powerful investiga-
tive tool for working with live cells and tissues 
at the macro- scale and with single molecules 
at the nano-scale. This approach has been used 
for real- time monitoring of VSMC stiffness and 
adhesion [ 65 ]. They operate the AFM using a 
nano- indentation protocol to measure VSMC 
stiffness by using silicon nitride cantilevers. 
For combined AFM and fl uorescent imaging, 
VSMCs are fl uorescently labeled with Alexa 
568-phalloidin and recorded with an integrated 
AFM-confocal microscope system. AFM probes 
bio-conjugated with fi bronectin are also used 
to assess β1-integrin binding and cell adhesion 
to the ECM. These studies have applied this 
advanced technique and provided a novel concept 
in the single living VSMC that both β1-integrin 
and α-smooth muscle actin are likely major play-
ers in the increased stiffness of VSMCs [ 62 ].  

   Potential Therapies in Vascular 
Stiffening 

 Current evidence indicates that lifestyle modifi -
cations, in particular aerobic exercise and sodium 
restriction, appear to be clinically effi cacious ther-
apeutic interventions for preventing and treating 
arterial stiffening in patients with metabolic syn-
drome [ 66 ]. However, the most powerful therapy 

to reduce arterial stiffness is vigorous treatment 
of hypertension with pharmacological agents, 
such as diuretics, β-blockers, Ang II receptor 
antagonists, and calcium channel antagonists. 
Because anti-hypertensive drugs are primarily 
designed to reduce peripheral resistance, they 
may not alter the pathological process of arterial 
stiffening itself or electively reduce systolic blood 
pressure [ 67 ]. The current view is that blockers of 
the RAAS system are particularly effi cacious in 
vascular stiffening with diabetes since increased 
RAAS signaling is a potent pro- fi brotic stimulus, 
and the turnover of the ECM in the arterial wall 
translates into changes in mechanical properties 
of the vessel [ 68 ]. Numerous small-scale inter-
ventional studies have looked into the possibil-
ity of using anti- infl ammatory treatments in the 
prevention of vascular stiffness. But until now, 
only antibodies against TNF-α have been shown 
to improve arterial stiffness in patients with dif-
ferent chronic infl ammatory diseases [ 69 ]. In 
addition, statins and other cholesterol-reducing 
agents have shown to have benefi cial effects on 
wave refl ection and aortic stiffness reduction 
because of the properties in anti-infl ammatory 
and up- regulation of endothelial nitric oxide syn-
thase expression [ 69 ]. Drugs targeting glycemic 
control have also been shown to improve arte-
rial stiffness [ 68 ]. Recently, a new drug called 
an AGE cross-link breaker has been shown to 

    Table 34.1    Methods of measuring vascular stiffening   

 Category  Method  Advantage  Limitation 

 Pulse transit time  Pulse wave velocity  Most reliable measurement regarded 
as the present gold standard 
measure of arterial stiffness 

 Location and blood pressure 
dependent 

 Wave contour of
the arterial pulse 

 Wave form analysis  Reliable and direct measurement 
 Augmentation Indexes  Simple and easy to use  Affected by heart rate, stroke 

volume and vasomotor tone 
 Pulse pressure  Simple and straight forward 

measurement 
 Confounded by heart rate, 
stroke volume and the pattern 
of ventricular ejection 

 Magnetic resonance imaging  Anatomic and functional 
characterization of vascular wall 

 Requirement of skilled 
operator and expensive 
equipment 

 Flow- mediated dilation  Reliable measurement of 
endothelial dysfunction 

 Variability of the technical 
method 

 Atomic force microscopy  Details at macro- and nano-scale 
 Vessel rings  Reliable and easy method   Ex vivo  studies 
 Vascular tissue engineering   Ex vivo  vascular scaffolds 
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reduce arterial stiffness and subsequently reduce 
the pulsatile blood pressure component without 
infl uencing mean arterial pressure [  70    ]. Further, 
α-Aminoguanidine, a fi rst-line compound for 
breaking AGE deposits, has been shown to reduce 
myocardial and arterial stiffness [ 68 ]. The newest 
investigational compound is alagebrium that has 
been reported to reduce aortic stiffness and intra-
aortic pulse pressure through breaking collagen 
crosslinks in hypertensive dogs. Unfortunately 
AGE cross- link breakers may induce dilatation 
of the aorta and therefore limit their use in clini-
cal practice [ 70 ]. 

 Estrogens, the major female sex hormones, 
are suggested to protect against development of 
the metabolic syndrome and the prevalence of 
obesity, insulin resistance, and type 2 diabetes 
increases in post-menopausal woman [ 71 ]. It has 
been observed that vascular stiffening may benefi t 
from sex hormone therapy [ 68 ]. Sex differences 
in vascular function have been demonstrated in 
the aorta, coronary, mesenteric, and renal arteries 
[ 72 ]. Our previous data have reported that there 
were important sex-related differences in the 
prevalence of obesity, type 2 diabetes mellitus 
and cardiovascular disease [ 73 ]. Indeed, women 
are thought to be protected against CVD by estro-
gen during their reproductive years. Nonetheless, 
the impact and the mechanisms that link sex hor-
mone therapy to vascular stiffening remain to be 
fully elucidated.  

   Summary 

 Vascular stiffening is a useful risk biomarker 
and is an independent predictor for the compli-
cation related to hyperglycemia and hyperin-
sulinemia. Elucidation of mechanisms leading 
to the pathophsiological alterations in vascular 
will aid in more specifi cally targeted therapeutic 
interventions because currently available car-
diovascular medications fall short at reducing 
the vascular stiffness. In the future, prospective 
studies analyzing the effects of medications on 
vascular stiffness may provide insights to novel 
strategies to prevent or reduce this pathological 
process and reduce CVD.     
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    Abstract   

 A strong body of evidence demonstrates that infl ammation plays an impor-
tant role in arterial stiffening. This chapter explores the relationship 
between infl ammation and arterial stiffness and explains possible mecha-
nisms by which infl ammation could lead to arterial stiffening. Also, recent 
studies, which have investigated the effect of anti- infl ammatory drugs for 
arterial stiffness reduction, will be discussed.  
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  NO    Nitric oxide   
  O 2  −     Superoxide   
  PET    Positron emission tomography   
  PG    Proteoglycan   
  PMR    Polymyalgia rheumatica   
  PWV    Pulse wave velocity   
  RA    Rheumatoid arthritis   
  ROS    Reactive oxygen species   
  SLE    Systemic lupus erythematosus   
  TNF-α    Tumour necrosis factor- alpha   
  VSMC    Vascular smooth muscle cell   

         Introduction 

 Infl ammation is a key element in atheroma for-
mation, playing a pivotal role in the initiation, 
progression and propagation of the disease [ 1 ]. 
Circulating levels of several cytokines includ-
ing interleukin-6 and tumour necrosis factor-α 
(TNF- α) are elevated in subjects with athero-
sclerosis, and correlate with disease burden. 
Levels of the acute phase reactant C-reactive 
protein (CRP) also predict the risk of future car-
diovascular events both in subjects with known 
cardiovascular disease (CVD) [ 2 ], and in appar-
ently healthy individuals [ 3 ]. Moreover, the 
incidence of CVD is increased in patients with 
chronic systemic infl ammatory diseases such as 
rheumatoid arthritis (RA) [ 4 ,  5 ], systemic lupus 
erythematosus (SLE) [ 6 ], psoriasis [ 7 ], chronic 
obstructive pulmonary disease (COPD) [ 8 ], and 
polymyalglia rheuamatica (PMR) [ 9 ]. As the 
infl ammatory process of RA resembles the one 
seen in atherosclerosis, both diseases involving 
activation of macrophages, T-cells, especially 
CD4 + CD28- and B-cells as well as increased 
expression of adhesion molecules and increased 
circulating levels of TNF-α and CRP [ 10 ], RA 
is a useful “model” in which to investigate the 
relationship between systemic infl ammation and 
CVD. The mechanism by which infl ammation 
leads to increased CV risk remains unknown. 
Infl ammation could lead to an increase of cardio-
vascular risk by accelerating the atherosclerosis 
process, destabilizing plaques, via endothelial 
dysfunction, via premature stiffening of the large 
arteries or direct vascular infl ammation. 

 This chapter aims to explore the relationship 
between infl ammation and arterial stiffness and 
to explain possible mechanisms by which infl am-
mation could lead to arterial stiffening. Also, 
recent studies, which have investigated the effect 
of anti-infl ammatory drugs for arterial stiffness 
reduction, will be discussed.  

   Arterial Stiffness 

 The importance of arterial stiffness has been rec-
ognized for many centuries, and recent outcome 
data from various patient groups demonstrate 
that arterial stiffness is a powerful, independent 
predictor of cardiovascular disease [ 11 ]. Aortic 
stiffening leads to increase in systolic blood pres-
sure (BP) and a fall in diastolic BP and, therefore, 
to a widening of pulse pressure. This increases 
left ventricular after load and oxygen demand, 
whilst decreasing coronary blood fl ow. Increased 
pulse pressure also raises the risk of stroke and 
damages capillaries e.g. in renal circulation. 
Arterial stiffening may also directly accelerate 
the atherosclerotic process due to changes in 
shear stress and vascular remodelling [ 12 ]. 

 Arterial stiffness is regulated by numerous 
factors. Traditionally, mean arterial pressure and 
structural changes in the components of arterial 
wall were thought to be main determinants of 
arterial stiffness. With ageing, the neat arrange-
ment of the elastin fi bers within the media is lost 
and the elastin fi bers become thinner and frag-
mented, and the stiffer collagen fi bers become 
the load bearing ones [ 13 ]. Additionally, the loss 
of elastin fi bers is associated with an increase in 
stiffer collagen fi bers within the media, and arte-
rial calcifi cation. Moreover, the balance between 
the elastin synthesis and breakdown, by the 
matrix metalloproteinases contributes towards 
the arterial stiffening [ 12 ]. It is now recognized 
that arterial stiffness is also regulated by the 
smooth muscle tone, and that endothelium 
derived mediators, such as NO and endothelin-1, 
contribute to the functional regulation of arterial 
stiffness [ 14 ,  15 ]. It has also become apparent 
that infl ammation has an important role in the 
stiffening of the large arteries [ 16 ], possibly via 
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changes in the composition of the arterial wall 
due to infl ammatory cell infi ltration or via endo-
thelial dysfunction [ 16 ,  17 ].  

   Clinical Evidence for Infl ammation- 
Induced Arterial Stiffening 

 Epidemiological data from numerous outcome 
studies demonstrate the importance of infl amma-
tion in CVD [ 18 ]. A study in healthy individuals 
indicated an association between arterial stiffness 
and serum levels of CRP [ 19 ] and showed that 
aortic and brachial pulse wave velocity (PWV) 
and augmentation index (AIx) were indepen-
dently related to the levels of infl ammation, sug-
gesting that infl ammation plays a role in the 
regulation of arterial stiffening [ 19 ]. Most 
recently, data from the Caerphilly Prospective 
Study showed that both current CRP, and CRP at 
the beginning of the 20-year follow-up were 
strongly associated with aortic pulse wave veloc-
ity (aPWV) [ 16 ]. However, study by Schumacher 
et al. looking at three single nucleotide polymor-
phisms in the CRP gene found no relationship 
between any of the CRP genotypes and aortic 
pulse wave velocity despite different CRP levels, 
suggesting that CRP is a simply a marker of vas-
cular damage/infl ammation, not the causal mole-
cule [ 20 ]. Furthermore, a large genome-wide 
association study by Elliott et al. concluded that 
the lack of concordance between the effect on 
coronary heart disease risk of CRP genotypes 
and CRP levels argues against a causal associa-
tion of CRP with coronary heart disease [ 21 ]. 

 Further information about the causality between 
infl ammation and arterial stiffness can be gained by 
answering the following questions; (1) does infl am-
mation cause arterial stiffening? (2) does a reduc-
tion in infl ammation improve arterial stiffness?  

   Does Infl ammation Cause Arterial 
Stiffening? 

 One approach to answer this question is to take a 
cohort of healthy individuals and induce an 
infl ammatory response and observe the changes 

in arterial stiffness parameters. Such an experi-
mental model of acute infl ammation can be 
developed using  Salmonella typhi  vaccination. In 
healthy individuals this leads to an increase in 
aPWV 8 h post-vaccination, which is preventable 
by pre-treatment with aspirin [ 22 ] or simvastatin 
[ 23 ]. However, the effect on aPWV is very mod-
est and a better way to study the role of infl am-
mation in arterial stiffening may be to study 
patients with an existing infl ammatory condition, 
such as RA and to reduce infl ammation. 

 RA and other chronic infl ammatory diseases 
represents ideal model to study effect of infl am-
mation on arterial stiffness as they are associated 
with increased CV mortality [ 4 ,  6 ,  8 ,  9 ,  24 ], inde-
pendently of traditional CV risk factors [ 5 ]. 
Numerous studies have demonstrated that RA 
[ 25 ,  26 ] and other infl ammatory conditions, such 
as vasculitis [ 27 ], lupus [ 26 ], human immunode-
fi ciency virus infection [ 28 ], COPD [ 29 ], infl am-
matory bowel disease [ 30 ], psoriasis [ 31 ], 
polymyalgia rheumatica [ 32 ] are associated with 
aortic stiffening. Moreover, arterial stiffness cor-
relates, independently of blood pressure, age and 
gender, with the degree of active infl ammation 
[ 25 ], suggesting that infl ammation could be a 
potential target for drug therapy for arterial stiff-
ness reduction.  

   Does a Reduction in Infl ammation 
Improve Arterial Stiffness? 

   Anti-infl ammatory Drugs 

 Although, many studies have looked at the effect 
of anti-infl ammatory drugs on arterial stiffness, 
these studies have been relatively small and some 
conventionally used anti-infl ammatory drugs 
may actually increase CV risk. Corticosteroids 
cause dyslipidaemia, hypertension, impaired 
glucose tolerance, and imbalances in thrombo-
sis and fi brinolysis [ 33 ]. Methotrexate use can 
lead to hyperhomocysteinaemia, which is an 
independent predictor of CV events, although 
this problem can be overcome by concomitant 
supplementation of folic acid [ 34 ]. Selective 
COX-2 inhibitors and also non-selective NSAIDs 
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increase mortality and CV events in numerous 
patients groups due to an inbalance of throm-
boxane A2 and prostacyclin [ 35 ]. However, these 
drugs also have an ameliorating effect on the 
vasculature by the reduction of infl ammation and 
hence oxidative stress. 

 Corticosteroids has also been shown to have 
benefi cial effect on arterial stiffness; a study by 
Pieringer et al. demonstrated a reduction in AIx 
in patients with PMR; from 28 ± 9 to 25 ± 10 %, 
P = 0.006 [ 36 ]. Recently, Schillaci et al. demon-
strated in patients with PMR that treatment with 
prednisolone reduced aPWV (from 11.8 ± 3 to 
10.5 ± 3 m/s, P = 0.015), and AIx (from 34 ± 7 to 
29 ± 8 %, P = 0.01). Notably these changes were 
independent of BP and heart rate changes and the 
change in aPWV correlated with change in 
plasma CRP (r = 0.40, P = 0.037) [ 32 ]. The results 
of these studies are contradicted by a study by 
Wong et al. who found that anti-infl ammatory 
therapy with COX inhibitors; indomethacin and 
rofecoxib, did not improve endothelial function 
or reduce arterial stiffening [ 37 ]. However, this 
could be explained by the reduction of prostacy-
clin production, a powerful vasodilator, by COX 
inhibitors. 

 New immunomodulatory drugs represent bet-
ter pharmacological tool to investigate the role of 
infl ammation on stiffness as they are much more 
specifi c anti-infl ammatory agents. Mäki-Petäjä 
et al. demonstrated in patients with RA, that anti-
TNF- α therapy reduced aPWV (from 8.82 ± 2.04 
to 7.68 ± 1.56 m/s, P < 0.001) and, concomitantly, 
normalised endothelial function [ 25 ]. More 
recently, these fi ndings have been confi rmed in a 
larger cohort of patients with infl ammatory 
arthropathies. Angel et al. demonstrated that 
aPWV was reduced in the group of patients 
receiving anti-TNF-α therapy, but not in a control 
group (−0.50 ± 0.78  versus  0.05 ± 0.54 m/s; 
P = 0.002) [ 38 ]. On the contrary, van Doornum 
et al. and more recently, Pieringer et al., Mathieu 
et al. reported that anti-TNF-α-therapy did not 
reduce arterial stiffness in patients with chronic 
infl ammatory conditions [ 39 – 41 ]. However, two 
of the studies assessed arterial stiffness by mea-
suring AIx rather than aPWV. AIx may not be the 
most appropriate parameter to measure arterial 
stiffness in this particular cohort, since AIx is a 

composite measure of stiffness and probably 
more representative of wave refl ection and 
peripheral vascular resistance. In patients with a 
high baseline infl ammation, a reduction in 
infl ammation could lead to a subsequent periph-
eral vasoconstriction, which would lead to 
increased impedance mis-match at the point of 
refl ection and therefore the net effect on AIx 
would remain unchanged, despite a reduction in a 
wave speed (PWV). This notion was confi rmed 
in the study by Vlachopoulos et al. where the 
experimentally induced infl ammation led to an 
increase of aPWV, but a reduction of wave refl ec-
tions (AIx) [ 22 ]. 

 Only very few studies have investigated the 
effect of anti-infl ammatory drugs on arterial stiff-
ness in healthy individuals. Vlachopoulos et al. 
used  Salmonella typhi  vaccination to induce 
acute infl ammation healthy subjects [ 22 ]. 
Interestingly, they demonstrated that there was 
no change in aPWV following the vaccination in 
those subjects that were randomised to receive 
aspirin pre-treatment, whereas aPWV signifi -
cantly increased in the placebo group. Using the 
same model of acute infl ammation, Wallace et al. 
similarly demonstrated that pre-treatment with 
Simvastatin also prevents infl ammation-induced 
aortic stiffening [ 23 ].  

   Anti-lipideamic Drugs 

 Recently, numerous studies have reported so 
called “pleiotropic effects” of HMG-CoA reduc-
tase inhibitors (statins) use. These include 
improvement of endothelial function, increased 
nitric oxide bioavailability, antioxidant and anti- 
infl ammatory effects as well a proposed role as 
an immunomodulator. Therefore it comes as no 
surprise that numerous studies have investigated 
statins as a means to reduce arterial stiffness [ 42 ]. 

 Tomochika et al. was the fi rst to show in late 
1990’s that arterial stiffness can be reduced with 
a strict cholesterol-lowering therapy with pravas-
tatin and probucol and diet [ 43 ]. A year later, 
Muramatsu et al. demonstrated in with hypercho-
lesterolemia, that those patients who had 15 % or 
more reduction in total cholesterol following the 
pravastatin therapy also had a signifi cant decrease 
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in pulse wave velocity and total peripheral resis-
tance [ 44 ]. Since these fi rst two studies in the 
1990’s, several groups have studied the effect of 
different statins on arterial stiffness in numerous 
different cohorts, such as patients with hypercho-
lesterolaemia, hypertension, CVD, chronic kid-
ney disease, diabetes, RA and obesity and 
demonstrated that statins have favourable effect 
on arterial stiffness parameters [ 42 ]. However, 
CAFE-LLA study, a substudy of ASCOT, which 
was designed to assess the impact of lipid- 
lowering therapy with atorvastatin 10 mg versus 
placebo on central aortic pressures and hemody-
namics, found no effect on central blood pressure 
or Aix, but no information about baseline CRP or 
whether CRP was reduced is available [ 45 ].   

   How Does Infl ammation Lead 
to Arterial Stiffening- Potential 
Mechanisms? 

   Endothelial Dysfunction 

 Endothelial function can regulate arterial stiff-
ness via changes in smooth muscle tone. Both 
basal and stimulated nitric oxide (NO) produc-
tion can regulate muscular artery distensibility. 
There is also an inverse correlation between 
endothelial function, as measured by fl ow medi-
ated dilatation response, and aPWV, which 
appears independent of potential confounding 
factors, including age and mean arterial pressure 
(MAP) [ 46 ]. Furthermore, local arterial distensi-
bility is reduced by blockade of endogenous NO 
synthesis with the NO synthase inhibitor 
NG-monomethyl-L-arginine (LNMMA) in 
human iliac artery [ 14 ]. However, the role of 
nitric oxide in regulating stiffness of more elastic 
thoracic aorta, remains controversial, and may 
not be as important as regulation of muscular 
artery stiffness. 

 The association between acute and chronic 
infl ammation and endothelial dysfunction has 
been demonstrated in numerous studies [ 47 ]. 
However, the mechanisms behind this are incom-
pletely understood. One possibility is that certain 
cytokines induce expression of inducible nitric 
oxide synthase (iNOS) leading to a production 

reactive oxygen species (ROS) and subsequent 
uncoupling of endothelial NOS (eNOS) and 
reduction in nitric oxide (NO) production [ 48 ]. 
Moreover, acute phase protein CRP may also 
decrease eNOS expression and thus reduce NO 
bioavailability directly [ 49 ]. Production of 
myeloperoxidase (MPO) is another potential key 
mediator in infl ammation-induced endothelial 
dysfunction. MPO is released for activated neu-
trophils during infl ammation. MPO can catalyti-
cally consume NO, thus reducing NO 
bioavailability. Furthermore, MPO has the unique 
ability to produce hypochlorous acid and subse-
quently lead to uncoupling of eNOS [ 50 ], oxida-
tion tetrabiopterin (BH 4 ) [ 51 ] and again further 
superoxide (O 2  − ) production. Tetrahydrobiopterin 
(BH 4 ), a naturally occurring essential co-factor 
for eNOS is thought to play an important role. 
Recent,  in vitro  studies, suggest that activation of 
iNOS may lead to endothelial dysfunction by 
depleting the bioavailability of BH 4  from eNOS 
and subsequently uncouple eNOS, resulting to 
production of superoxide (O 2  − ) rather than NO 
[ 52 ]. When O 2  −  reacts with NO  in vivo , peroxyni-
trite is formed, leading to oxidation of BH 4  and a 
reduction in the allosteric stability of eNOS, fur-
ther uncoupling of eNOS. Furthermore, increased 
levels of adhesion molecules may damage the 
endothelial cells and lead to altered endothelial 
function [ 53 ], activation of neutrophils by anti- 
neutrophil cytoplasm antibodies within the vas-
cular lumen may contribute to endothelial cell 
injury [ 54 ] or oxidation of LDL promoted by 
infl ammation may lead to direct endothelial cell 
toxicity [ 55 ] and disturbed eNOS function.  

   Increased Synthesis of Matrix 
Metalloproteinases 

 Another mechanism, which could be responsible 
arterial stiffening during infl ammation, is an accel-
erated elastin breakdown by matrix metallopro-
teinases (MMP). MMP synthesis is induced by 
CRP and the release of MMPs from the leukocytes 
can degrade elastin within the media. Yasmin et al. 
demonstrated in 677 subjects, that MMP-9 levels 
are independently associated with aortic stiff-
ness [ 56 ]. In a further study, Yasmin et al. have 

35 Arterial Stiffness in Chronic Infl ammation



440

 demonstrated that aortic stiffness and elastase 
activity are infl uenced by MMP-9 gene polymor-
phisms, suggesting that the genetic variation in 
this protein may have a causal role in the process 
of large artery stiffening [ 57 ]. Although, elastin 
degradation may play important role in arterial 
stiffness over long periods of time, it is unlike to 
explain the more acute changes seen and also to 
explain how anti-infl ammatory therapies are able 
to reduce stiffness. After all very little, if any, elas-
tin is synthesised beyond the fi rst year of life [ 58 ].  

   Calcifi cation 

 Calcifi cation is another potential mechanism 
behind infl ammation-induced arterial stiffness. 
Several mediators of infl ammation such as oxida-
tion, carbonyl stress, C-reactive protein, and cyto-
kines may directly stimulate vascular calcifi cation 
[ 59 ]. This can lead to a phenotypic transformation 
of vascular smooth muscle cells, which increases 
bioapatite formation and therefore calcifi cation as 
well as a transformation of vascular smooth mus-
cle cells to osteoblast-like cells. Also, fetuin-A, an 
endogenous inhibitor of vascular calcifi cation, is 
downregulated during infl ammation and recently 
it has been demonstrated that fetuin-A is an inde-
pendent risk factor for progressive arterial stiffness 
[ 60 ] in patients with chronic kidney disease. A 
study in children on dialysis, demonstrated that 
fetuin-A, and another physiological inhibitor of 
calcifi cation osteoprotegerin are associated with 
increased aortic stiffness and calcifi cation [ 61 ].  

   Smooth Muscle Proliferation 
and Changes in the Composition 
of Extracellular Matrix 

 The infl ammatory response initiates an accumu-
lation of leukocytes into the vascular endothe-
lium. This can lead to a complex cascade of 
vascular smooth muscle cell (VSMC) activation, 
migration and proliferation. Activated VSMC 
can synthesise and secrete biologically active 
mediators such as endothelin, angiotensin II, 
cytokines, proteases, collagen and proteoglycans 

that regulate contraction, relaxation, infl amma-
tion, proliferation, apoptosis and matrix altera-
tions [ 62 ] and can therefore subsequently lead to 
arterial stiffening. Alternatively, infl ammation 
can alter the extracellular matrix (ECM). 

 ECM is a complex collection of fi brous pro-
teins and glycoproteins, which are embedded in a 
hydrated ground substance of proteoglycans (PG), 
proteins with glycosaminoglycan (GAG) chain 
attached to them [ 63 ]. PGs have numerous spe-
cifi c roles within the vascular extracellular matrix, 
such as hydration, fi ltration, and regulation of 
various cellular activities as well as infl ammatory 
processes [ 64 ]. During atherosclerosis and infl am-
mation arterial GAGs within the intima accumu-
late, and infl ammatory cytokines have capacity to 
alter GAGs in both quantitatively and qualitatively 
manner [ 65 ]. In intermediate and advanced ath-
erosclerotic lesions, GAGs: decorin, versican, big-
lycan and hyaluronan (HA) are upregulated and 
alterations in HA metabolism, distribution, func-
tion has been documented in many diseases, e.g. 
RA & other infl ammatory conditions and vascu-
lar disease [ 66 ]. Tissue enriched with hyaluronan 
tends to trap water and swell, forming a viscous 
hydrate gel which allows ECM to resist compres-
sion forces [ 66 ], i.e. making the wall stiffer. Also, 
overproduction of HA in the aorta results in stiff-
ening of the arterial wall by thinning of elastic 
lamellae in animal models [ 67 ].  In vitro  fi ndings 
indicate that upregulation of hydrating GAGs lead 
to an increased water content of the vessel wall. 
This has been confi rmed in a recent  in vivo  experi-
ment using MRI with a gadolinium-based con-
trast, which indicated that in patients with CVD, 
infl ammation causes increase in water content 
in the arterial wall, which correlated with histo-
logical markers of infl ammation [ 68 ]. Although 
changes in the amount of hydrating GAGs in ECM 
can alter stiffness  in vitro , to date there are no pub-
lished  in vivo  data available in humans.  

   Direct Vascular Infl ammation 

 Aortic stiffness in chronic infl ammatory condi-
tions may, at least in RA, be driven by direct 
 vascular infl ammation. Although the prevalence 
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of clinical vasculitis in RA is low [ 69 ], the results 
of an autopsy series [ 70 ] and histological studies 
[ 71 ] suggest that sub-clinical vasculitis in RA is 
may be relatively common. However, it is rarely 
recognised or focused on in the clinical prac-
tice due to limited diagnostic opportunities [ 72 ]. 
A recent study in patients with severe RA, but without 

clinically manifest CVD, demonstrated increased 
aortic infl ammation using, 18F-FDG PET/CT 
imaging, in comparison to subjects with established, 
stable CVD [ 73 ]. Additionally, the study demon-
strated, leads to a reduction in infl ammation along 
the whole aorta (Figs.  35.1  and  35.2 ), as well as in 
its most diseased segment following anti-TNF-α 
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  Fig. 35.1    The effect of 
anti-TNF-α therapy on 
 18 F-FDG uptake. Tissue to 
background ratio ( TBR ) in 
the whole aorta.  Bars  
represent means and 95 % 
confi dence intervals of 
means. n = 17 RA subjects 
and n = 34 age-matched 
controls with stable 
CVD (From Mäki-Petäjä 
et al. [ 73 ])       

  Fig. 35.2    Typical  18 F-FDG PET/CT images before and 
after anti-TNF-α therapy. Axial images of ascending and 
descending aorta from a typical RA patient.  Left to right : 

CT,  18 F-FDG PET and fused PET/CT images. Baseline 
images are shown on the  top row  and after intervention on 
the  bottom row  (From Mäki-Petäjä et al. [ 73 ])       
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therapy, and that the  reduction in aortic infl amma-
tion correlates with the reduction in aortic stiffness. 
Interestingly, RA patients exhibited generalised 
increase in aortic infl ammation, rather than punc-
tuate uptake, suggesting that RA patients exhibit a 
sub-clinical vasculitis, rather than increased athero-
sclerosis, which could provide a mechanism for the 
increased CVD risk seen in RA [ 74 ].

        Conclusion 

 A strong body of evidence demonstrates that 
infl ammation plays an important role in arte-
rial stiffening. There are number of potential 
mechanisms which may explain this associa-
tion including endothelial dysfunction and 
subsequent change in smooth muscle tone, 
smooth muscle proliferation and activation, 
changes in the composition of the extracellu-
lar matrix, and direct vascular infl ammation. 
At present it is unclear which of these possible 
mechanisms is responsible, and therefore fur-
ther studies are required to understand infl am-
mation-induced arterial stiffening.     
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    Abstract  

  Longitudinal studies demonstrated that the risk of cardiovascular disease 
increased with pulse pressure (PP). However, PP remains an elusive cardio-
vascular risk factor with fi ndings being inconsistent between studies. The 
2013 ESH/ESC guideline proposed that PP is useful in stratifi cation and 
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        Introduction 

 Pulse pressure (PP), the difference between sys-
tolic and diastolic blood pressure, depends on left 
ventricular ejection, the elasticity of the central 
arteries, and the timing and intensity of the back-
ward wave originating at refl ection sites in the 
peripheral circulation. PP widens in the elderly, 
because with advancing age systolic blood pres-
sure continues to rise, whereas the age-related 
increase in diastolic blood pressure levels off 
or even reverses in the fi fth decade of life [ 1 ] 
(Fig.  36.1 ).

       PP as a Cardiovascular Risk Factor 

 Previous cohort studies found that peripheral PP, 
as measured by conventional sphygmomanome-
try, was an independent risk in patients with 
hypertension [ 2 – 5 ], coronary heart disease [ 2 ], or 
severe renal dysfunction [ 6 ,  7 ] or in populations 
[ 8 – 13 ]. However, other studies [ 14 – 16 ] were 
contradictory in that cardiovascular risk was not 
associated with PP. Several limitations of previ-
ous studies likely contributed to the contradictory 
fi ndings in the literature. They mostly used the 
offi ce blood pressure measurement or only 
recorded fatal endpoints [ 6 ,  7 ,  9 ,  11 – 15 ] or 

applied recruitment criteria confi ned to high-risk 
patients [ 2 – 5 ,  7 ,  15 ], a narrow age range [ 9 ,  13 ], 
or elderly [ 5 ,  12 ] or reported that the association 
of outcome and PP was present only in diabetic 
[ 11 ] or treated hypertensive patients [ 4 ]. 

    Studies in Patients 

 In the International Verapamil SR-Trandolapril 
Study (INVEST), Bangalore and colleagues [ 2 ] 
analyzed 22,576 hypertensive patients with coro-
nary artery disease. The relation between the 
incidence and multivariable-adjusted hazard ratio 
(HR) for all-cause mortality, nonfatal myocardial 
infarction, and nonfatal stroke with PP during 
follow-up was J- or U-shaped [ 2 ]. With adjust-
ments applied for baseline covariables, both the 
linear and quadratic terms of PP were signifi cant 
( p  < 0.0001) [ 2 ]. The nadir was at 54 mmHg with 
95 % confi dence interval (CI) derived by boot-
strapping ranging from 42 to 60 mmHg [ 2 ]. The 
relation of stroke with PP was linear [ 2 ]. 

 Greenberg and colleagues [ 4 ] analyzed 2,939 
hypertensive patients from 33 to 87 years old, 
enrolled in the Epidemiologic Follow-up Study 
(NHEFS) of the First National Health and 
Nutrition Examination Survey (NHANES I). For 
cardiovascular mortality, the HRs associated with 

suggested 60 mmHg as threshold, moving it up to by 10 mmHg compared 
with the 2007 guideline without providing any justifi cation. Published 
thresholds of PP are based on offi ce blood pressure measurement and often 
on arbitrary categorical analyses. In the International Database on 
Ambulatory blood pressure in relation to Cardiovascular Outcomes 
(IDACO) and in the International Database on Home blood pressure in rela-
tion to Cardiovascular Outcome (IDHOCO), we determined outcome-driven 
thresholds for PP based on ambulatory or home blood pressure measure-
ment, respectively. The main fi ndings are that below age 60 PP does not 
refi ne risk stratifi cation, whereas in older people the thresholds were 64 and 
76 mmHg for the ambulatory and home PP, respectively. However, PP pro-
vided little added predictive value over and beyond classical risk factors.  

  Keywords

    Pulse pressure   •   Thresholds   •   Blood pressure measurement   •   Epidemiology   
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a 10-mmHg increment in PP were 1.16 (CI, 
1.08–1.25) and 1.12 (CI, 0.99–1.26) in treated 
and untreated hypertensive patients, respectively 
[ 4 ]. In the Systolic Hypertension in the Elderly 
Program (SHEP), Domanski and colleagues [ 5 ] 
demonstrated for a 10-mmHg increase in PP that 
the risk of all-cause mortality and of fatal stroke 
increased by 16 and 11 %, respectively. 

 Several studies investigated the risk of renal 
function associated with PP [ 6 ,  7 ]. Liu and col-
leagues [ 7 ] studied 153 patients (mean age, 
54.5 ± 14.2 years) with end-stage renal disease on 
peritoneal dialysis. PP was measured monthly for 
3 months. The Kaplan-Meier survival estimates 
showed a signifi cantly higher total mortality asso-
ciated with increasing tertiles of PP ( p  < 0.05) [ 7 ]. 
These fi ndings were consistent in the analysis 
adjusted for systolic or diastolic blood pressure [ 7 ].  

    Studies in Populations 

 In 2001, the Framingham investigators [ 8 ] reported 
that with increasing age, there was a gradual shift 
from diastolic blood pressure to systolic blood 
pressure and then to PP as predictors of coronary 

heart disease. In 1989, Darne and colleagues [ 13 ] 
evaluated the risk associated with PP and mean 
arterial pressure, while addressing the collinearity 
between these two predictive variables. Darne and 
colleagues [ 13 ] used principal components analy-
sis of systolic and diastolic blood pressure to gen-
erate a pulsatile and a steady component index of 
arterial pressure. The pulsatile component index 
was positively correlated with PP and the steady 
component index with mean arterial pressure, but 
in statistical terms the two new indices were com-
pletely unrelated [ 13 ]. In 18,336 men and 9,351 
women, aged 40–69 years and followed for an 
average of 9.5 years, the investigators demon-
strated that the steady component index of blood 
pressure was a strong predictor of all types of car-
diovascular death in both sexes [ 13 ]. In contrast, 
the pulsatile component index was unrelated to 
prognosis in men, but in women it was positively 
and independently correlated with death from cor-
onary heart disease and inversely with stroke mor-
tality [ 13 ]. However, the latter relations in women 
were based only on 15 deaths from myocardial 
infarction and 22 from stroke [ 13 ]. 

 Along similar lines, Benetos and colleagues 
[ 9 ] recruited 19,083 French men, aged 40–69 
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  Fig. 36.1    Systolic and 
diastolic blood pressures in 
5-year age classes in a 
representative sample 
( n  = 4,202) of the population 
of fi ve Belgian districts. In 
each subject, fi ve blood 
pressure readings were 
obtained at each of two 
separate home visits. The 
fi ve blood pressure readings 
from the second home visit 
were averaged for this 
presentation. For each sex 
and age group, the number 
of subjects contributing to 
the mean is given. ■, men 
( n  = 2,044); ●, women 
( n  = 2,158) (Reproduced 
with permission from 
Ref. [ 1 ])       
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years at baseline and captured them in follow-up 
for 19.5 years. A wide PP was an independent and 
signifi cant predictor of all cause (odds ratio for 
10-mmHg increase in younger participants vs. in 
older participants, 1.28 vs. 1.19;  p  < 0.05), total 
cardiovascular (1.36 vs. 1.24;  p  < 0.05), and, espe-
cially, coronary mortality (1.40 vs. 1.20;  p  < 0.05) 
[ 9 ]. In 1981, the National Institute on Aging initi-
ated its epidemiologic studies of the elderly peo-
ple [ 12 ], Glynn and colleagues followed 9,431 
participants aged 65–102 years for 10.6 years. In 
sex- and age-adjusted survival analysis, both ele-
vated systolic blood pressure over 160 mmHg and 
low diastolic blood pressure below 70 mmHg 
independently predicted total (relative risk, 1.39 
for systolic and 1.27 for diastolic; CI, 1.26–1.53 
and 1.16–1.38) and cardiovascular mortality (1.59 
for systolic and 1.38 for diastolic; CI, 1.39–1.81 
and 1.22–1.55,  p  < 0.001) [ 12 ]. Pulse pressure 
correlated strongly with systolic pressure 
( r  = 0.82)[ 12 ] confi rming the issue of collinearity 
fi rst raised by Darne and colleagues [ 13 ]. The 
investigators reported that PP was a slightly stron-
ger predictor of both total (relative risk, 1.34; CI, 
1.23–1.46) and cardiovascular mortality (relative 
risk, 1.57; CI, 1.39–1.77) [ 12 ]. 

 In the Hoorn study, Schram and colleagues 
[ 11 ] followed 2,484 people including 208 type-2 
diabetic patients for 8.8 years. PP was associated 
with cardiovascular mortality among the diabetic, 
but not among the nondiabetic individuals 
[adjusted relative risk (CI) per 10 mmHg increase, 
1.27 (1.00–1.61) and 0.98 (0.85–1.13),  p  interac-
tion = 0.07] [ 11 ]. Further adjustment for other risk 
factors gave similar results [ 11 ]. The association, 
at baseline, between age and PP was dependent on 
the presence of diabetes ( p  interaction = 0.03) and 
on the mean arterial pressure ( p  interac-
tion < 0.001) [ 11 ]. That is, there was a stronger 
association when diabetes was present and when 
mean arterial pressure was higher [ 11 ].   

    IDACO Study 

 To defi ne outcome-driven thresholds for ambula-
tory PP, we did a subject-level meta-analysis of 
9,938 people recruited from 11 populations and 
enrolled in the IDACO [ 17 ]. Because of the 

Framingham results [ 18 ] and the lower age bound-
ary in several randomized clinical trials on antihy-
pertensive treatment in the elderly [ 19 ], we 
stratifi ed our analyses by 60 years of age. 
Exploratory analyses demonstrated that the asso-
ciation of endpoints with 24-h PP was not always 
log-linear. To account for this nonlinear associa-
tion, we applied the deviation from mean coding 
[ 20 ] to compute HRs in tenths of the 24-h PP distri-
bution. This approach expresses the risk in each 
tenth relative to the overall risk in the whole study 
population and allows computing CIs for the HRs 
in all tenths without defi nition of an arbitrary refer-
ence group. HRs relating endpoints to mean arte-
rial pressure expressed the risk associated with a 
1-SD increase in the level. We applied the general-
ized R 2  statistic to assess the risks additionally 
explained by 24-h PP over and beyond mean arte-
rial pressure and other covariables [ 21 ]. In an 
attempt to refi ne the level of PP that was associated 
with signifi cantly increased risk, we did a stepwise 
analysis. We calculated HRs for 1-mmHg incre-
ments in PP for thresholds ranging from the 10th to 
the 90th percentile. These HRs expressed the risk 
in participants whose PP exceeded the cutoff point 
versus average risk. We plotted these HRs and their 
95 % confi dence limits versus the increasing cutoff 
points with the goal to determine at which level the 
lower confi dence limit of the HRs crossed unity. 

 Among 6,028 younger participants 
(<60 years), median follow-up was 12.1 years. 
Over 68,853 person-years, 228 participants died 
and 221 experienced a fatal or nonfatal cardio-
vascular complication. Only in the highest tenth 
of the PP distribution (threshold, ≥55.6 mmHg; 
mean, 60.1 mmHg) the risk of the composite car-
diovascular endpoint was elevated (HR, 1.58; CI, 
1.11–2.25;  p  = 0.011) with a similar trend for car-
diac endpoints (HR, 1.52; CI, 0.99–2.33; 
 p  = 0.056). Otherwise, the risks across tenths of 
the PP distribution did not deviate from average 
( p  ≥ 0.058). For stroke, Cox models across tenths 
of the PP distribution did not converge, because 
of the low number of events ( n  = 63). While cal-
culating the thresholds of 24-h PP levels that 
stepwise increased by 1-mmHg from the 10th to 
the 90th percentile, for all endpoints under study, 
the lower boundary of the confi dence interval 
of the successive HRs did not cross unity. 
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 Among 3,910 older participants (≥60 years), 
median follow-up was 10.7 years. Over 39,923 
person-years, 1,160 participants died and 940 
experienced a fatal or nonfatal cardiovascular 
complication. The risk of any death, cardiovascu-
lar mortality, a composite cardiovascular end-
point, or a cardiac event was consistently elevated 

in the top tenth of the PP distribution (threshold, 
≥68.8 mmHg; mean, 76.1 mmHg, Fig.  36.2 ). The 
HRs were 1.30, 1.62, 1.52, and 1.69, respectively 
(Fig.  36.2 ). The HR for stroke in the top tenth of 
the PP distribution was 1.40 ( p  = 0.028). 
Otherwise, the risks across tenths of the PP distri-
bution did not deviate from average. The R 2  
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  Fig. 36.2    Hazard ratios in tenths of the distribution of 
24-h pulse pressure in 3,910 older participants. Hazard 
ratios for total ( a ) and cardiovascular ( b ) mortality and for 
cardiovascular ( c ) and cardiac ( d ) events express the risk in 
each tenth compared with average risk. The hazard ratios 
were adjusted for cohort, sex, age, 24-h mean arterial pres-
sure, 24-h heart rate, body mass index, smoking and drinking, 

serum cholesterol, history of cardiovascular disease and 
diabetes, and antihypertensive drug treatment.  Vertical 
bars  denote 95 % confi dence intervals. For each tenth, the 
number of events and unadjusted incidence rates (in per-
cent) are given. The  p     value refers to the signifi cance of the 
hazard ratio in the top tenth of the 24-h pulse pressure dis-
tribution (Reproduced with permission from Ref. [ 17 ])       
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 statistics for adding a design variable coding for 
the top tenth of the 24-h PP distribution to Cox 
models including all other covariables were 0.10 
and 0.12 % for total and cardiovascular mortality 

and 0.27, 0.21, and 0.09 % for the composite car-
diovascular endpoint, all cardiac events, and 
stroke, respectively. For most endpoints under 
study (Fig.  36.3 ) with the exception of stroke, the 
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  Fig. 36.3    Hazard ratios according to 24-h pulse pressure 
levels ranging from the 10th to the 90th percentile in 
3,910 older participants. Hazard ratios for total ( a ) and 
cardiovascular ( b ) mortality and for cardiovascular ( c ) 
and cardiac ( d ) events express the risk at each level of 

pulse pressure compared with average risk. Solid and dot-
ted lines denote the point estimates and the 95 % confi -
dence intervals, respectively. The hazard ratios were 
adjusted as in Fig.  36.2  (Reproduced with permission 
from Ref. [ 17 ])       
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lower boundary of the confi dence interval of the 
successive HRs crossed the reference line at lev-
els ranging from 64 mmHg (composite cardio-
vascular endpoint) to 69 mmHg (total mortality 
and cardiac events).

        IDHOCO Study 

 We analyzed the IDHOCO data [ 22 ] following the 
same methods as described above for 
IDACO. Among 3,285 younger subjects, median 
follow-up was 8.3 years. Over 32,671 person- years 
of follow-up, 149 participants died and 161 experi-
enced a fatal or nonfatal cardiovascular complica-
tion. The cause of death was cardiovascular in 41 
participants. The association between outcome and 
PP did not deviate signifi cantly from log-linearity 
( p  ≥ 0.092). Table   36.1   shows the standardized 
HRs associated with home mean blood pressure 
and home PP. With adjustments applied for cohort, 
sex, age, body mass index, smoking and drinking, 
serum cholesterol, home pulse rate, history of car-
diovascular disease, diabetes mellitus, and antihy-
pertensive treatment, the home PP signifi cantly 
predicted all outcomes, except fatal and nonfatal 
stroke. After further adjustment for mean arterial 
pressure, PP only predicted total and cardiovascu-
lar mortality (Table   36.1  ). The low number of 
events precluded an analysis by tenths of the PP 
distribution in younger participants.

   Among 3,185 older subjects, median follow-
 up was 8.2 years (5th to 95th percentile interval, 
7.2–16.8 years). Over 26,655 person-years of 
follow-up, 663 participants died and 555 experi-
enced a fatal or nonfatal cardiovascular compli-
cation. The cause of death was cardiovascular in 
253 participants. Considering fully adjusted 
models, the home PP predicted all of the end-
points ( p  ≤ 0.044), except fatal combined with 
nonfatal cardiac events ( p  = 0.052) and stroke 
( p  = 0.083). The generalized R 2  statistic for add-
ing home PP as predictor of outcome over and 
beyond mean arterial pressure was ≤0.20 %. 

 Figure   36.4   shows the multivariable-adjusted 
HRs for outcomes in the top tenth of the distri-
bution of home PP versus the average risk in all 
of the elderly. The HRs reached statistical sig-
nifi cance in the upper tenths for total  mortality, 
 cardiovascular mortality, all cardiovascular 

events, all cardiac events, and all coronary events. 
The risk of stroke in the upper tenth did not exceed 
the average risk among all elderly. PP in the ninth 
and top tenth of the distribution of home PP aver-
aged 71.3 mmHg (range, 67.8–75.9 mmHg) and 
84.9 mmHg (range, 76.0–125.8 mmHg).

       Interpretation of IDACO 
and IDHOCO Studies 

 The Seventh Report of the Joint National Committee 
on Prevention, Detection, Evaluation, and Treatment 
of High Blood Pressure [ 23 ]  proposed that PP is 
only marginally stronger than systolic blood pres-
sure for risk stratifi cation in individuals over age 60 
and that under age 60, PP is not predictive. 
According to the 2007 European guideline [ 24 ], PP 
is a derived measure, which combines the impreci-
sion of the original systolic and diastolic measure-
ments. The 2007 guideline stated that, although 
levels of 50–55 mmHg have been suggested [ 24 ], 
no practical cutoff values separating PP normality 
from abnormality is available. The 2013 European 
guideline increased this threshold to 60 mmHg 
without any  justifi cation [ 25 ]. The IDACO analyses 
[ 17 ] established that below age 60, a 24-h PP level 
of about 60 mmHg might be associated with 
increased risk, but that a safe threshold could not be 
established. Among the elderly participants, a 24-h 
PP of about 76 mmHg was defi nitely associated 
with higher risk, and levels below 64 mmHg were 
probably safe. Using intra-arterial monitoring, 
Khattar and colleagues [ 26 ] observed that survival 
rates were highest below age 60, if the 24-h PP was 
less than 70, and highest among elderly participants 
with a 24-h PP of 70 mmHg or more. To our knowl-
edge, only one study published by Khattar [ 26 ] pro-
posed an outcome-driven threshold for 24-h 
PP. However, this article does not include any justi-
fi cation why 70 mmHg was chosen as threshold in 
a dichotomized analysis. The results rested on an 
unadjusted Kaplan-Meier survival function analy-
sis, and the study population consisted of patients 
with essential hypertension, in whom treatment had 
been withdrawn for 8 weeks [ 26 ]. All other propos-
als for PP thresholds relied on  conventional blood 
pressure measurement. In analyses adjusted but not 
stratifi ed for age, two studies [ 3 ,  10 ] derived a 
threshold from the 66th percentile of the PP 
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 distribution. Madhavan and colleagues [ 3 ] proposed 
63 mmHg based on the incidence of myocardial 
infarction in 2,207 hypertensive patients aged 55 
years, and Borghi and colleagues [ 10 ] suggested 
67 mmHg based on the incidence of cardiovascular 
disease among 2,939 Italian participants (14–84 
years). Asmar and colleagues [ 27 ] derived a thresh-
old of 65 mmHg from the mean PP plus 2 SDs in 
61,724 French people (16–90 years). The IDHOCO 
analyses [ 22 ] established that below age 60, total 
and cardiovascular mortality were log-linearly asso-
ciated with home PP, but that due to the small num-
ber of events, no outcome-driven threshold could be 
established. In the elderly, home PP predicted all 
endpoints with the exception of stroke, but the 
refi nement of prognostication over and beyond tra-
ditional risk factors and the steady component of 
blood pressure was small. Among elderly, the 
threshold delineating increased risk of death is 
around 68 mmHg and for fatal combined with non-
fatal cardiovascular events 76 mmHg.  

    Conclusions 

 After review of the available literature, we did 
a subject-level meta-analysis to derive 
outcome- driven thresholds for PP based on 

24-h ambulatory monitoring or self-measured 
blood pressure measured at home. All results 
are generalizable because they originate from 
14 randomly recruited population samples, 
representing 13 countries and three continents. 
Below age 60, irrespective of measurement 
methods, PP does not add to risk stratifi cation. 
Starting from 60 years onward, higher PP con-
ferred increased cardiovascular risk. However, 
while accounting for all covariables, have a PP 
in the top tenth of the distribution contributed 
less than 0.3 % to the overall risk among the 
elderly. The proposed thresholds are 64 mmHg 
or higher for 24-h PP and 76 mmHg for the 
home PP. These observations could inform 
guidelines and be of help to clinicians in diag-
nosing and managing patients.     
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    Abstract  

  Recent studies have established a strong and independent association between 
central haemodynamics of central arteries and cardiovascular morbidity and 
mortality. Evaluation of indices of central arterial stiffness will thus improve 
cardiovascular risk assessment. While age modifi es the structure of the aorta 
and as such contributes signifi cantly to the changes in the central haemodynam-
ics, other known cardiovascular risk factors as well as genetic factors modulate 
these age-dependent changes. Interracial variations in cardiovascular risk fac-
tors and genetic composition are responsible for the differences in properties of 
the central arteries across different ethnic populations. Establishing operational 
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        Introduction 

 Among all properties of the central arteries, arte-
rial stiffness has proven to be the most useful in 
cardiovascular risk assessment. Wall stiffness of 
the central arteries (aorta and carotid arteries) is 
dependent on the contribution of two major sup-
port proteins—collagen and elastin. Ageing leads 
to reduction in quantities of elastin and overpro-
duction of abnormal collagen thus resulting in vas-
cular stiffness. Other conditions including genetic 
factors and known cardiovascular risk factors such 
as hypertension, diabetes, hypercholesterolae-
mia and cigarette smoking work synergistically 
to accelerate the age-related vascular stiffness. 
Properties of large arteries vary across different 
ethnic populations. Differences in environmen-
tal risk factors, gene-gene and gene- environment 
interaction, linkage disequilibrium structure, 
expression of target variants and presence of allelic 
heterogeneity across different ethnic populations 
are some of the factors responsible for interracial 
variations in large artery properties.  

    Reference Values of Central 
Haemodynamics of Central Arteries 
Derived in Caucasian, Asian 
and African Populations 

 Carotid-femoral pulse wave velocity (PWV), 
aortic pulse pressure (cPP) and aortic augmenta-
tion index (Aix) are the major parameters used in 
assessing the central arterial stiffness. The use of 

non-standardised techniques to measure central 
haemodynamics makes comparison across differ-
ent populations rather imprecise. Three studies 
designed for establishment of reference values 
based on distribution of cPP and Aix among 
Caucasians [ 1 ], Asians [ 2 ] and Africans [ 3 ] how-
ever deployed the SphygmoCor device. In all 
the three studies, the radial arterial waveform 
was recorded at the dominant arm with applana-
tion tonometry using a high-fi delity micrometre 
interfaced with a laptop computer running the 
SphygmoCor software (AtCor Medical, West 
Ryde, New South Wales, Australia). From the 
radial signal, the SphygmoCor software calcu-
lates the aortic pulse wave by means of a vali-
dated and population-based generalised transfer 
function [ 4 – 6 ]. Aortic augmentation index (Aix) 
is the difference between the second and fi rst sys-
tolic peaks given as a percentage. 

 The study among Caucasians [ 1 ] included 870 
subjects randomly recruited from three European 
countries of Belgium, Poland and Czech Republic 
under the framework of European Project on 
Genes in Hypertension   . Five hundred and thirty 
four of these subjects had no cardiovascular dis-
ease and were thus included in the analysis to 
generate the reference value. The investigators 
reported that before age 40, men had higher cen-
tral PP and lower central Aix than women. After 
age 40, gender difference in central PP disappears. 
The proposed threshold based on the upper 95th 
prediction band of the curvilinear relationship 
between the central arterial haemodynamics and 
age is shown in Table  37.1 .

     Table 37.1    Central haemodynamics measured with SphygmoCor in three ethnic populations   

 Age 

 20  30  40  50  60 

 As  Ca  AF  As  Ca  AF  As  Ca  AF  As  Ca  AF  As  Ca  AF 

 Central PP (mmHg) 
 Men  47  37  –  46  38  –  48  40  –  51  43  –  59  47  – 
 Women  40  36  –  42  38  –  46  40  –  52  42  –  58  46  – 
 Both  –  –  –  –  –  50  –  –  54  –  –  58  –  –  62 
 Central Aix (%) 
 Men  22  10  –  32  22  –  40  30  –  48  37  –  54  41  – 
 Women  25  17  –  37  29  –  46  37  –  53  44  –  58  48  – 
 Both  –  –  –  –  –  40  –  –  46  –  –  52  52 

   As  Asians derived from a random sample of participants from 14 villages in the Jingning County, a rural area 500 km south of 
Shanghai [ 2 ],  Ca  Caucasians derived from randomly recruited nuclear families of Caucasian extraction in Hechtel-Eksel, 
Belgium; Cracow, Poland; and Pilsen, the Czech Republic [ 1 ],  Af  Africans random sample of South Africans of Nguni and Sotho 
chiefdoms living in the metropolitan area of Johannesburg [ 3 ]. “–” Sex-specifi c or combined data not provided by the authors  
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   Using the same methodological approach, Li 
and colleagues [ 2 ] recruited 1,486 Chinese from 
14 villages in the Jingning County, a rural area 
500 km south of Shanghai. The proposed limit of 
normality in this Asian cohort was 8 mmHg and 
10 % higher than the cPP and Aix values reported 
among Caucasians (Table  37.1 ). Shubari and col-
leagues [ 3 ] analysed data from a random sample 
of 347 Africans of South African origin recruited 
under the framework of African Project on Genes 
in Hypertension. The mean age of this cohort 
which included 77 men and 108 women was 33.5 
years. Both central Aix and PP increased with 
increasing age with the 95th prediction bands at 
30 years of age approximated to 50 mmHg for PP 
and 40 % for Aix. For each decade that age dif-
fers from 30 years, the authors proposed an 
adjustment by approximately 4.0 mmHg and 6 % 
for central PP and Aix, respectively (Table  37.1 ). 

 Comparing the three studies that employed the 
SphygmoCor to measure arterial stiffness in 
Caucasians, Asians and Africans, one can conclude 
that the central arteries of Africans are stiffer than 
that of Asians and Caucasians. This observation is 
supported by an earlier fi nding among the blacks in 
the United States of America recruited in the 
Atherosclerosis Risk in Community (ARIC) [ 7 ] 
study. Din-Dzietham and colleagues [ 7 ] analysed a 
subsample of ARIC cohort from the Forsyth 
County, North Carolina, which included 278 blacks 
out of the 2,727 participants. They calculated the β 
carotid index, a measure of carotid stiffness from an 
echo-tracked systolic and diastolic common carotid 
diameter [ 8 ,  9 ]. After adjustment for selected car-
diovascular risk factors, the mean β index was 9 % 
higher for African Americans (mean ± SEM, 
11.3 + 0.3) than the whites (mean ± SEM,10.3 + 0.1). 

 The measurement of PWV is generally 
accepted as the gold standard for assessing arte-
rial stiffness because a large body of evidence has 
demonstrated a clear association between PWV 
and cardiovascular outcome in different patient 
groups [ 10 – 13 ] as well as in general population 
[ 14 ]. Reference values for PWV in different eth-
nic populations have not been established due to 
lack of standardisation of methodology for PWV 
assessment. The 2013 ESH/ESC guidelines [ 15 ] 
proposed a fi xed value of 10 m/s without taking 
into account multiple factors affecting PWV. 

 The Reference Values for Arterial Stiffness’ 
Collaboration [ 16 ] gathered data from 16,867 
subjects and patients from 13 different centres 
across eight European countries in which PWV 
was measured. They aimed to establish normal 
values of carotid to femoral PWV in a population 
with no CVD risk factor and reference value in a 
population with various degrees of CVD risk fac-
tors. They included studies that used various 
techniques to measure the PWV. Although data 
on ethnicity was not presented, the authors stated 
that non-Caucasian individuals were in the 
minority. They proposed a threshold value that is 
dependent on age and blood pressure as shown in 
Table  37.2  and Fig.  37.1 

    In an attempt to circumvent the imprecision 
inherent in pooling studies that deployed various 
methodological approaches to measurement of 
PWV, Khoshdel and colleagues [ 17 ] did a meta- 
analysis to estimate an age-specifi c reference val-
ues for PWV by including 25 studies in which 
carotid-femoral pulse wave was measured using 
Complior (Colson, Paris, France). The total 
patient/subject population of 8,167 were catego-
rised into normal ( n  = 2,008), moderate ( n  = 5,978) 
and high ( n  = 180) cardiovascular risk groups. 
Individual level data were simulated for each 
group. They plotted an age-adjusted normal 
curve for PWV, and using the 95th percentile as 
the threshold, they showed that 10.94, 11.86 and 
13.18 m/s for 20, 40 and 60 years, respectively, 
have a construct validity to identify medium- and 
high-risk cardiovascular groups accurately. 

 Willium-Hansen et al. [ 14 ] studied a random 
sample of 1,678 Caucasians of Danish origin 

   Table 37.2    Age-specifi c normal values of PWV among 
normotensive Caucasians   

 Age category 
(years) 

 PWV (m/s) 

 Mean ± 2SD  Median (10–90 pct) 

 <30  6.2 (4.7–7.6)  6.1 (5.3–7.1) 
 30–39  6.5 (3.8–9.2)  6.4 (5.2–8.0) 
 40–49  7.2 (4.6–9.8)  6.9 (5.9–8.6) 
 50–59  8.3 (4.5–12.1)  8.1 (6.3–10.0) 
 60–69  10.3 (5.5–15.0)  9.7 (7.9–13.1) 
 ≥70  10.9 (5.5–16.3)  10.6 (8.0–14.6) 

  Reproduced with permission from The Reference Values 
for Arterial Stiffness’ Collaboration [ 16 ] 
  SD  standard deviation,  10 pct  the lower limit of 10th per-
centile,  90 pct  the lower limit of 90th percentile  
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aged 40–70 years. They measured their PWV at 
baseline using two piezoelectric pressure trans-
ducers (Hellige GmbH) to record the arterial 
wave simultaneously at the left common carotid 
and femoral arteries. PWV was the distance 
between the two transducers measured on the 
body surface divided by the transit time deter-
mined manually by the foot-to-foot velocity 
method [ 18 ]. The cohort was followed up for a 
median period of 9.4 years for all-cause mortal-
ity, cardiovascular mortality and fatal and nonfa-
tal coronary events. Subjects whose PWV were 
above 10 m/s at baseline had a relative hazard 
ratio that was above unity for composite cardio-
vascular events.  

    Age Dependence of Central 
Haemodynamics in Caucasian 
and Asian Populations 

 The aorta undergoes many structural and func-
tional changes as part of the normal ageing pro-
cess: its length increases and becomes more 
tortuous; the lumen dilates with an increase in the 
intimal surface area; and the walls become more 
stiff leading to an increase in pulse wave velocity. 
These age-dependent changes in the aorta have 
been adduced to alterations in content and archi-
tectural structure of elastin and collagen. First, the 
concentration of elastin decreases due to increase 
in other components such as collagen while 

 maintaining the elastin content [ 19 ,  20 ]. Second, 
histidinoalanine, a senescent elastin and collagen 
cross-linking residue, increases markedly with 
ageing. Histidinoalanine amino acids can form 
cross-links between neighbouring acidic proteins 
and elastin, between acidic proteins and col-
lagen and between the acidic protein molecules 
themselves [ 21 ]. Repeated pulsatile wall strain 
experienced by the aorta during each cardiac 
cycle throughout an individual’s lifetime is said 
to cause a fragmentation of elastin fi bres. Age 
not only increases the amount of collagen on the 
aortic wall; it also increases the cross-linking of 
collagen fi bres sequel to age-dependent increase 
in histidinoalanine and advanced glycation prod-
ucts. The advanced glycation products formed 
from glycation and oxidising reaction between 
sugar and protein in amino acids of protein mol-
ecules form bridges between collages fi bres. 

 The prevalence of hypertension and athero-
sclerosis, the two major clinico-pathological con-
ditions that affect arterial structure and function, 
increases with ageing and thus accelerates the 
age-dependent arterial wall changes [ 22 – 24 ]. 
Prevalence, pathophysiological mechanisms and 
clinical manifestation of both hypertension and 
atherosclerosis vary among different racial 
groups. In addition, elastin and collagen compo-
sition in different segments of the aortic wall dif-
fer across different ethnic populations. 

 In the Anglo-Cardiff Collaborative trial, 
McEniery and colleagues tested the hypothesis 
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that age-related changes in Aix are more promi-
nent in younger subjects, whereas changes in 
large artery stiffness per se were more prominent 
in older subjects. They recruited 4,001 healthy 
(normotensive, not diabetic, no renal or cardio-
vascular disease, total cholesterol <6.5 mmol/l) 
subjects selected from the local general practice 
lists and open-access cardiovascular risk assess-
ment clinics across East Anglia and Wales. 
Ninety two percent of the subjects were 
Caucasians, 4 % Asian, 2 % Far Eastern and 2 % 
Afro-Caribbean. They reported that both Aix 
and PWV increase with age; however, the rela-
tionship is non-linear in that for Aix, greater 
increases are seen in individuals less than 50 
years, while the age-dependent increment in 
PWV is steeper in older individuals. They con-
cluded that Aix is a more sensitive maker of arte-
rial stiffness in the young, while PWV is a better 
measure in the elderly. 

 The fi ndings among Asians [ 2 ] and Caucasians 
[ 1 ] and the Framingham cohort [ 25 ] are all con-
sistent with a curvilinear relationship between 
central haemodynamics and age. While the sys-
tolic pressure increases continuously throughout 
life, the diastolic pressure levels off or even 
declines after the age of 55 years. Expectedly, the 
PP in the elderly will be higher than in the young 
subjects. The steeper increase in the PP (denomi-
nator for computation of Aix) in older subjects 
might result in the less increase or even decrease 
of Aix in the elderly.  

    Conclusion and Research 
Perspectives 

 Age is the main determinant of aorta stiffness 
across all ethnic populations. Reference values for 
central arterial properties should be age specifi c 
and not fi xed for all age groups. Non-standardisation 
of methodological approach to assessment of 
parameters of central aorta makes it diffi cult to 
compare studies carried out among different popu-
lations. Available data however indicate that people 
of African origin tend to have higher values of cen-
tral haemodynamic parameters when compared to 
their Asian and Caucasian counterparts. 

 The higher values of both Aix and cPP 
reported among African and Asian populations 
suggest a possibility of a shared pathophysi-
ological mechanism between arterial stiff-
ness and keloid, a disease that affects highly 
pigmented skin commonly seen among black 
Africans and Asians. It appears as a thick scar 
tissue that invades the normal skin, produced 
by deposition of excessive amount of colla-
gen produced over prolonged periods. Over 
the years, there has been an increasing interest 
in the relationship of keloids to hypertension 
[ 26 – 28 ]. Dustan and colleagues [ 26 ] provided a 
strong support for the hypothesis that the black/
white differences in severity of hypertension 
refl ect a specifi c response to vascular smooth 
muscle cells to growth factors reminiscent of 
skin fi broblast whose abnormal growth factor 
production and responsiveness are expressed 
as keloids in blacks. This hypothesis should be 
extended to the study of central arterial proper-
ties. Gene expression studies that will investi-
gate collagen synthesis in keloid formation and 
collagen deposition in ageing artery or athero-
sclerotic arterial changes may give insight into 
the pathophysiological mechanisms underlying 
arterial stiffness. 

 Racial differences in response to anti- 
hypertensive agents are well documented in the 
literature. While attention has been focused on 
ethnic variations in response to different classes 
of anti-hypertensive agents as determined by 
peripheral blood pressure, the possible variations 
on central PP, PWV and Aix are less studied. 
There is a need to explore the differential effects 
of anti-hypertensive agents on different parts of 
the arterial tree across the ethnic lines. 

 Targeting the structural causes of arterial 
stiffening such as AGE (Advanced Glycated 
End-product) linked collagen with experimental 
agents such as aminoguanidine and pyridoxamine 
is a potential therapeutic option for reducing 
arterial stiffness. Additionally, novel therapeu-
tic agents that will affect or modify the tumour 
growth factor β, a central player in development 
of fi brosis, will likely provide a needed solution 
that has eluded scientists looking for solution to 
arterial stiffness.     
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    Abstract  

  In    a recent meta-analysis, we investigated effects of β-blockers versus 
other classes of antihypertensive drugs on central hemodynamic measure-
ments and explored the impact of heart rate on central hemodynamics and 
the risk of stroke. The pooled estimates of nine randomized controlled 
trials ( n  = 754) showed that β-blockers were less effi cacious in reducing 
central augmentation index (cAI) than all the other classes of antihyper-
tensive drugs (8.6 %,  P  < 0.001) and less effi cacious in reducing central 
systolic blood pressure (cSBP) than angiotensin-converting enzyme inhib-
itors (7.7 mmHg,  P  = 0.02) and angiotensin receptor blockers (3.6 mmHg, 
 P  = 0.005) but not calcium channel blockers or diuretics ( P  ≥ 0.50). In a 
meta-regression analysis of these 9 trials, the baseline-adjusted difference 
in heart rate between randomized groups was signifi cantly associated with 
cAI (7.0 % increase for each 10 beats/min decrease in heart rate,  P  = 0.02), 
which was associated with cSBP (1.2 mmHg increase for each 1 % 
increase in cAI,  P  = 0.009). In 5 outcome trials, the pooled odds ratio of 
stroke was 1.23 ( P  < 0.001), which would be accounted for by the differ-
ence in cSBP derived from the above meta-regression analysis. These 
meta- analyses and meta-regression analyses have demonstrated that 
β-blockers by slowing the heart rate may increase cAI and in turn may 
decrease cSBP less than other classes of antihypertensive drugs. This 
mechanism might account for the less reduction in the risk of stroke by 
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        Introduction 

 Hypertension is one of the most powerful risk fac-
tors for cardiovascular disease [ 1 ]. Antihypertensive 
treatment, by lowering blood pressure, may sub-
stantially reduce the risk of cardiovascular compli-
cations, particularly stroke, regardless of the 
hypertension subtype [ 2 ,  3 ]. Most of the current 
national [ 4 ,  5 ] or international [ 6 ] hypertension 
guidelines recommend the use of fi ve classes of 
antihypertensive drugs, i.e., angiotensin-convert-
ing enzyme (ACE) inhibitors, angiotensin receptor 
blockers (ARB), β-blockers, calcium channel 
blockers (CCB), and thiazide diuretics, as initial 
and maintenance therapy. However, several ran-
domized controlled trials [ 7 – 10 ] and subsequent 
meta-analyses [ 11 ,  12 ] repeatedly demonstrated 
that β-blockers were less effi cacious in the preven-
tion of stroke in hypertensive patients. This phe-
nomenon was not observed in other trials [ 13 – 17 ] 
or in a much larger meta-analysis, in which trials 
in congestive heart failure were also included [ 18 ]. 

 Stroke is known to be directly related to blood 
pressure. Between-group differences in brachial 
blood pressure might explain the results of some 
[ 8 ,  9 ] but not all of these trials [ 10 ]. In our previ-
ous meta-analysis [ 19 ], the higher risk of stroke 
on β-blockers versus the CCB diltiazem in the 
Nordic Diltiazem (NORDIL) trial could not be 
explained by the between-group systolic blood 
pressure difference, which was on average 
3 mmHg in favor of the β-blocker group [ 10 ]. 

 The Conduit Artery Function Evaluation 
(CAFE) substudy of the Anglo-Scandinavian 
Cardiac Outcomes Trial (ASCOT) suggested 
that blood pressure in the central aorta might be 
an explanation, because the β-blocker atenolol- 
based antihypertensive regimen was less effi cacious 
in reducing central systolic blood pressure 
(4.3 mmHg) than the CCB amlodipine-based 

regimen [ 20 ]. This difference in central systolic 
blood pressure could largely be explained by the 
heart rate slowing effect of atenolol [ 21 ]. Slowing 
the heart rate will increase central augmentation 
index and in turn detract blood pressure lower-
ing effect of β-blockers in the central aorta. This 
mechanism might explain the inferior protective 
effect of β-blockade against stroke. 

 In a recent overview article [ 22 ], we per-
formed meta-analysis of randomized controlled 
trials that compared β-blockers with other classes 
of antihypertensive drugs in reducing central sys-
tolic blood pressure and augmentation index and 
then explored in a meta-regression analysis to 
what extent the difference in heart rate may 
account for the difference in central systolic 
blood pressure and augmentation index and 
investigated in a meta-analysis of outcome trials 
the odds ratios of stroke in relation to heart rate. 
In this chapter, we summarize the major fi ndings 
of these meta-analyses and meta-regression anal-
yses and discuss the clinical implications of these 
fi ndings for the prevention of cardiovascular 
complications, particularly stroke.  

    Effects of β-Blockers Versus Other 
Antihypertensive Drugs on Central 
Hemodynamics 

 For meta-analysis, we searched randomized 
controlled trials that compared β-blockers with 
other classes of antihypertensive drugs in reduc-
ing central systolic blood pressure and augmen-
tation index and identifi ed 11 trials [ 20 ,  23 – 32 ] 
published between 2001 and 2011. We excluded 
2 trials, because central hemodynamics was not 
measured at baseline [ 20 ] or because the com-
bination of perindopril and indapamide was 
 compared with the atenolol monotherapy [ 32 ]. 

β-blockers in hypertension. These fi ndings suggest that central hemody-
namics should be measured in the diagnosis and therapeutic monitoring of 
hypertension, especially when a β-blocker is used.  

  Keywords  

  β-blockers   •   Central systolic blood pressure   •   Central augmentation index   • 
  Heart rate   •   Stroke   •   Meta-analysis  
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Among the 9 trials remaining in the meta- 
analysis, 6 had a crossover design [ 23 – 28 ], and 
3 had a parallel design [ 29 – 31 ]. The number 
of comparator drugs was 4 in 2 trials [ 24 ,  25 ], 
3 in 1 trial [ 30 ], and 1 in 6 trials [ 23 ,  26 – 29 ,  31 ]. 
The β-blocker was atenolol [ 23 ,  25 ,  27 – 31 ] in 
7 trials and bisoprolol [ 24 ,  26 ] in 2 trials. The 
SphygmoCor system (AtCor Medical, Sydney, 
Australia) was used in all trials. 

 Our meta-analysis was based on the summary 
statistics reported in the literature [ 22 ]. For brachial 
and central blood pressure, central augmentation 
index, and heart rate, we extracted for the β-blocker 
and control groups separately means and standard 
deviations at baseline and during follow-up and if 
available in the published report also changes dur-
ing follow-up. Although in 2 trials [ 27 ,  31 ] central 
augmentation index was reported after adjustment 
to a standard heart rate of 75 beats per minute, unad-
justed central augmentation index was extracted 
from all trials and used in the analysis. Within    each 
trial, the control group consisted of patients on ACE 
inhibitors, ARBs, CCBs, diuretics, or α-blockers. 
We calculated the absolute difference in the mean 
change from baseline to the end of follow-up 

between β-blockers and control groups for each 
comparison within each trial and computed the 
standard error (SE) of the difference as described 
previously [ 19 ,  33 ]. We used a random effects 
model, which incorporates a within-study and an 
additive between-study component of variance, to 
calculate the pooled effect for each grouping of tri-
als from the point estimate for each separate trial 
[ 33 ]. Heterogeneity of effect sizes was checked 
across trials using the I-squared test [ 34 ]. 

 The nine trials in the meta-analysis included 
754 randomly assigned patients and compared 
two different β-blockers (atenolol [ 23 ,  25 ,  27 – 31 ] 
and bisoprolol [ 24 ,  26 ]) with ACE inhibitors 
( n  = 140) [ 23 – 27 ,  30 ], ARBs ( n  = 429) [ 28 ,  29 , 
 31 ], CCBs ( n  = 76) [ 24 ,  25 ,  30 ], diuretics ( n  = 75) 
[ 24 ,  25 ,  30 ], or an α-blocker ( n  = 30) [ 24 ]. 

 For central systolic blood pressure, β-blockers 
were less effi cacious than ACE inhibitors 
(7.7 mmHg,  P  = 0.02) and ARBs (3.7 mmHg, 
 P  = 0.005), while no signifi cant difference was 
observed in the comparisons versus CCBs 
( P  = 0.50), diuretics ( P  = 0.89), or an α-blocker 
( P  = 0.54, Fig.  38.1 ). Overall, a random effects 
model demonstrated that β-blockers were 
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  Fig. 38.1    Effects of β-blockers versus other classes of 
antihypertensive drugs on central systolic blood pressure 
( left panel ) and central augmentation index ( right panel ). 
 Squares  indicate the point estimate of individual trials, 
and the  horizontal lines  indicate 95 % confi dence intervals. 

The size of squares is proportional to the number of 
patients.  Diamonds  indicate the pooled estimate with con-
fi dence intervals.  WMD  weighted mean difference,  AI  
central augmentation index (Reproduced with permission 
from Ding et al. [ 22 ])       
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 signifi cantly less effi cacious than other classes 
of  antihypertensive drugs by 3.8 mmHg (95 % 
CI, 0.4–7.0,  P  = 0.03). There was signifi cant 
( P  ≤ 0.03) heterogeneity for all grouping com-
parisons except for ARBs ( P  = 0.79) [ 22 ].

   For central augmentation index, β-blockers 
were less effi cacious than all the other classes of 
antihypertensive drugs ( P  ≤ 0.001), without sig-
nifi cant heterogeneity for the comparisons versus 
each specifi c drug class ( P  ≥ 0.095, Fig.  38.1 ). 
Overall, a random effects model demonstrated 
that β-blockers were signifi cantly less effi cacious 
than the other classes of antihypertensive drugs 
by 8.6 % (95 % CI, 6.7–10.4,  P  < 0.001), with 
signifi cant heterogeneity across the comparator 
drug classes ( P  = 0.002) [ 22 ]. 

 We performed sensitivity analyses after exclu-
sion of trials on bisoprolol or each specifi c 
 comparator drug class, such as ACE inhibitor, 
ARB, etc. In these sensitivity analyses, our fi nd-
ings did not materially change except for the 
results on central systolic blood pressure after 
exclusion of the comparison versus ACE inhibi-
tors. Indeed, after exclusion of the comparisons 
versus ACE inhibitors in 6 trials [ 16 – 20 ,  24 ], a 
random effects model demonstrated that the 
overall difference between β-blockers and ARBs, 
CCBs, diuretics, or an α-blocker in reducing cen-
tral systolic blood pressure was not statistically 
different ( P  = 0.35) [ 22 ]. 

 We tested for publication bias visually by the 
funnel plot and statistically by the Begg’s test 
[ 35 ]. Publication bias was not apparent in the 
funnel plot and was not statistically signifi cant in 
terms of either central systolic blood pressure 
( P  = 0.21) or augmentation index ( P  = 0.15) [ 22 ]. 

 Our meta-analysis [ 22 ] extends the results of a 
recent narrative review on the effects of various 
antihypertensive drugs on pressure amplifi cation 
[ 36 ] and a meta-analysis on the effect of ACE 
inhibitors versus other antihypertensive drugs on 
central augmentation index [ 37 ]. In the narrative 
review, the authors drew conclusions mainly 
based on the count of positive, neutral, or negative 
studies for diuretics (4 trials), β-blockers (4 trials), 
ACE inhibitors (11 trials), ARBs (4 trials), and 
CCBs (3 trials) [ 36 ]. The authors concluded that 
the evidence was compelling for β-blockers and 

ACE inhibitors that respectively decreased and 
increased pressure amplifi cations, and more evi-
dence would be required for the other three classes 
of antihypertensive drugs. These conclusions are 
to some extent consistent with the results of our 
study on central systolic blood pressure. 
β-blockers and ACE inhibitors were in the two 
extremes and the others in between. However, it is 
noteworthy that the nonsignifi cant results might 
be attributable to the smaller number of observa-
tions in the comparison versus CCBs and to the 
neutral effect of diuretics on pressure amplifi ca-
tions. In the meta-analysis of trials on ACE inhibi-
tors and central augmentation index, the only 
signifi cant association was observed between 
ACE inhibitors and β-blockers [ 37 ]. In our meta-
analysis, β-blockers were signifi cantly less effi ca-
cious than all the other classes of drugs [ 22 ]. This 
observation suggests that there is a consistent 
mechanism that β-blockade increases central aug-
mentation index by slowing the heart rate.  

    Meta-regression Analysis on Central 
Hemodynamics and Heart Rate 

 Also in a random effects model, we performed 
meta-regression analyses to correlate central sys-
tolic blood pressure and augmentation index with 
the baseline-adjusted differences in heart rate 
between randomized groups [ 22 ]. The regression 
line was weighted by the inverse of the within- 
study and between-study variance. 

 In meta-regression, the baseline-adjusted dif-
ferences in central augmentation index between 
randomized groups were signifi cantly associated 
with the baseline-adjusted between-group differ-
ences in heart rate (adjusted  R  [ 2 ] = 0.296,  P  = 0.02, 
Fig.  38.2 ). Each 10 beats per minute decrease in 
heart rate was associated with 7.0 % (95 % CI, 
1.1–12.9 %) less reduction in central augmen-
tation index. A similar meta-regression analy-
sis on central systolic blood pressure revealed 
a signifi cant association with the baseline- 
adjusted between-group differences in central 
augmentation index (adjusted  R  [ 2 ] = 0.457, 
 P  = 0.009, Fig.  38.2 ). Each 1 % increase in 
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 central  augmentation index was  associated with 
1.2 mmHg (95 % CI, 0.3–2.0 mmHg) higher 
central systolic blood pressure. The association 
between the baseline-adjusted differences in cen-
tral systolic blood pressure and the differences 
in heart rate did not reach statistical signifi cance 
(adjusted  R  [ 2 ] = 0.054,  P  = 0.76) [ 22 ].

   Our meta-regression analysis [ 22 ] can be 
compared with the mechanistic analysis of the 
ASCOT-CAFE trial that compared the β-blocker 
atenolol-based regimen with the CCB amlodipine- 
based regimen [ 20 ,  21 ]. The main fi nding of this 
analysis was that each 10 beats per minute reduc-
tion in heart rate was associated with 4.9 % and 
3.0 mmHg increase in central augmentation index 
and central systolic blood pressure. However, 
when the reduction of heart rate was analyzed, 
heart rate explained 34 and 5 % of variability of 
central augmentation index and central systolic 
blood pressure, respectively. We also found in our 
meta-regression that the contribution of heart rate 
to central augmentation index was substantially 
greater than to central systolic blood pressure 
(29.6 % vs. 5.4 %). The latter measurement can be 
signifi cantly infl uenced by any effi cacious antihy-
pertensive therapy in addition to wave refl ections 
as measured by the  augmentation index.  

    Meta-regression Analysis on Odds 
Ratios of Stroke and Heart Rate 

 For meta-analysis, we searched outcome trials 
that compared β-blockers with other classes of 
antihypertensive drugs in hypertensive patients 
and had a follow-up for at least 2 years and a 
sample size of at least 100 patients. We identi-
fi ed 11 trials [ 8 – 10 ,  13 – 17 ,  38 – 40 ] published 
between 1980 and 2011. We excluded 6 trials 
that did not report heart rate (or pulse rate) during 
follow-up ( n  = 5) [ 10 ,  14 ,  17 ,  38 ,  39 ] or did not 
clearly defi ne the control treatment ( n  = 1) [ 15 ]. 
All of the 5 remaining trials included a single 
comparison of a β-blocker with an angiotensin 
receptor blocker (ARB, Losartan Intervention 
For Endpoint [LIFE] [ 9 ]), dihydropyridine 
(ASCOT [ 8 ] and European Lacidipine Study on 
Atherosclerosis [ELSA] [ 40 ]) or nondihydro-
pyridine (INternational VErapamil-trandolapril 
STudy [INVEST] [ 16 ]) CCBs or a diuretic (Heart 
Attack Primary Prevention in HYpertension 
[HAPPHY] [ 13 ]). 

 We extracted fatal and nonfatal stroke (exclud-
ing transient ischemic attacks) from the pub-
lished reports and accepted the defi nitions of 
stroke as given by the investigators. We com-
puted odds ratios in stratifi ed 2 × 2 contingency 
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tables. We checked the heterogeneity of odds 
ratios also by the I-squared statistic [ 34 ]. We also 
applied a random effects model to compute 
pooled estimates. We evaluated dependency of 
odds ratios of stroke on blood pressure by com-
paring the pooled odds ratio with the odds ratio 
corresponding to the between-group difference in 
systolic blood pressure according to our previous 
meta-regression analysis [ 19 ,  41 ]. 

 The fi ve eligible trials included 59,929 ran-
domized patients [ 8 ,  9 ,  13 ,  16 ,  40 ]. The odds 
ratios of stroke in these 5 trials were not signifi -
cantly heterogeneous ( I  [ 2 ] = 38 %,  P  = 0.17). The 
pooled estimate of odds ratios was 1.23 (95 % CI, 
1.08–1.42,  P  < 0.001, Fig.  38.3 ). Overall, the 
baseline-adjusted mean difference in heart rate 
between randomized groups was 7.4 beats per 
minute. According to the above meta-regression 
analysis, this difference in heart rate was associ-
ated with 5.1 % of central augmentation index 
and in turn 5.9 mmHg of central systolic blood 
pressure. According to our previous meta- 
regression analysis [ 19 ], which was based on bra-
chial systolic blood pressure, this 5.9 mmHg 
derived difference in central systolic blood pres-
sure should have a 1.47 (95 % CI, 1.22–1.64) 
odds ratio of stroke, which did not signifi cantly 

deviate from the pooled estimate of the observed 
odds ratios ( P  = 0.08) [ 22 ].

   According to our meta-analysis and meta- 
regression analysis [ 22 ], it is clear that by slow-
ing the heart rate β-blockers may substantially 
increase central augmentation index and, to a 
much less extent, in turn also slightly increase 
or decrease central systolic blood pressure. 
However, whether this mechanism can explain 
the outcome results of β-blockers versus other 
antihypertensive drugs remains controversial [ 42 , 
 43 ]. We attempted to address this question using 
a meta-regression analysis approach. However, 
there were too few trials that reported suffi -
cient data, such as treatment-induced changes in 
heart rate. Our interpretation had to rely on the 
between-group mean differences in central sys-
tolic blood pressure derived from heart rate and 
central augmentation index. According to our 
previous meta-regression analysis of outcome 
trials in hypertension, which was based on bra-
chial systolic blood pressure, 1 mmHg of brachial 
systolic blood pressure difference may contribute 
to approximately 10 % of changes in the risk of 
stroke [ 19 ] but apparently is unable to explain 
26 % of less stroke reduction by β-blockers. 
However, 5.9 mmHg derived difference in central 

Study (Year)

HAPPHY (1987)

ELSA (2002)

LIFE (2002)

INVEST (2003)

ASCOT-BPLA (2005)

Overall

0.27 1 3.69

0.77 (0.49, 1.23) 5.4

1.2

28.8

23.1

41.6

100.0

(I-squared = 38.0 %, P = 0.17)

OR (95 % CI) Weight, %

1.59 (0.69, 3.69)

1.36 (1.14, 1.62)

1.14 (0.93, 1.40)

1.31 (1.13, 1.51)

1.26 (1.14, 1.38)

Favors β-blockers Favors other drugs

  Fig. 38.3    Effects of β-blockers versus other classes of antihypertensive drugs on stroke. Acronyms of trials are 
explained in the text. For further information, see Fig.  38.1  (Reproduced with permission from Ding et al. [ 22 ])       
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systolic blood pressure could well account for the 
odds ratio of 1.26. Although until now, there is 
no study specifi cally quantifying the association 
between central systolic blood pressure and stroke 
[ 44 ], and central systolic blood pressure should 
not be less, if not more, infl uencing on stroke risk 
than its brachial counterpart [ 45 ]. Nonetheless, it 
is diffi cult to understand why the less reduction 
in central systolic blood pressure by β-blockade 
does not offset the coronary benefi t.  

    Conclusions and Implications 

 The main fi nding of our meta-analyses and meta- 
regression analyses was that the effi cacy of 
β-blockade was less than antihypertensive treat-
ment of other mechanisms in reducing central 
augmentation index and less than ACE inhibitors 
and ARBs in reducing central systolic blood pres-
sure, mainly because of its intrinsic heart rate-
slowing effect. This mechanism might explain the 
inferior effect of β-blockers on stroke prevention. 

 Nonetheless, our fi ndings cannot be directly 
extrapolated to other β-blockers, such as nebivolol 
and carvedilol, which have vasodilating effect in the 
peripheral circulation and less heart rate- slowing 
effect in the heart. Our fi nding should also be cau-
tiously extrapolated to instruments other than the 
SphygmoCor device that was used in all trials 
included in the present meta-analysis. The built-in 
algorithm of the SphygmoCor device for the esti-
mation of the augmentation index is frequency 
dependent and thus at different heart rate may give 
different results of the augmentation index. The 
present meta-analysis may therefore overestimate 
the association between the changes in heart rate 
and the changes in the augmentation index. 

 Despite these limitations, our overview is con-
clusive that β-blockade is less effi cacious than 
other classes of antihypertensive drugs in reducing 
central augmentation and to a less extent in reduc-
ing systolic blood pressure. The heart rate slowing 
effect of β-blockade may largely account for its 
less reduction in central augmentation and to some 
extent also for its less reduction in central systolic 
blood pressure and in the risk of stroke. Our study 
is not intended to suppress the use of β-blockers in 

the management of hypertension. The intention is 
for the proper use of β-blockers. For instance, if a 
β-blocker is used in controlling hypertension, cen-
tral hemodynamics should be measured. 
Otherwise, a more stringent target level of brachial 
blood pressure might have to be adopted. 

 While we accept in the management of hyper-
tension ambulatory blood pressure that measures 
blood pressure variability with time and/or loca-
tions and conditions of measurement, we should 
readily accept central hemodynamics that mea-
sures blood pressure variability with arterial sites. 
With current technology, measurement of central 
hemodynamics has become feasible in clinical 
practice and can even be done simultaneously with 
the brachial blood pressure [ 46 ]. It is therefore 
imperative to build operational thresholds for cen-
tral augmentation index or blood pressure in the 
diagnosis and therapeutic monitoring of hyperten-
sion on the basis of prospective observational stud-
ies [ 47 ] and randomized controlled trials.     
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    Abstract  

  Change in arterial stiffness with drugs is a major end point in clinical 
trials, although evidence for arterial stiffness as a therapeutic target still 
needs to be confi rmed. Drugs which affect arterial stiffness include 
antihypertensive drugs, mostly blockers of the renin–angiotensin–aldo-
sterone system. Other drugs will be addressed in Chap.   40    . Whether the 
reduction in arterial stiffness after antihypertensive treatment is only 
due to the blood pressure (BP) lowering which unloads the stiff compo-
nents of the arterial wall such as collagen, or additional BP-independent 
effects are involved, has been largely debated. Currently, an increasing 
body of evidence, including theoretical aspects of arterial mechanics, 
long- term observational studies in humans and recent meta-analyses of 
double-blind, randomized, controlled trials, suggests that only part of 
aortic stiffness could be reduced through the normalization of BP by 
pharmacological treatment, and further reduction of aortic stiffness 
would require arterial  structural changes, including reduction in collagen 
density and rearrangement of the wall materials. Mechanistic pharmaco-
logical studies are required to demonstrate that novel pharmacological 
classes have true “de-stiffening” properties.  
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     Arterial stiffness has emerged as an important 
marker of cardiovascular risk. More than 20 
independent studies have shown that carotid to 
femoral pulse wave velocity (PWV) predicted 
cardiovascular outcome independently of major 
classical cardiovascular risk factors in different 
populations [ 1 ,  2 ] and can be modifi ed by cer-
tain drug groups [ 3 ]. This simple, non-invasive 
measurement was recently included in offi cial 
guidelines, and while reference values have been 
published, its implementation in clinical practice 
as a surrogate marker awaits evidence to suggest 
that this modifi cation is associated with a better 
clinical outcome. 

 Since extensive reviews of the literature have 
been recently published [ 3 – 5 ], the objective of 
the present article is to present an overview of 
published evidence for the effect of cardiovascu-
lar drugs on arterial stiffness and/or wave refl ec-
tion, with particular emphasis on drugs’ impact 
independently of mean blood pressure (MBP) in 
hypertension. Since the topic is very wide, we 
chose to address it in two chapters, this chapter 
dealing with antihypertensive drugs and Chap. 
  40     dealing with drugs not directly infl uencing 
blood pressure. For this chapter, we searched 
the Cochrane library, MEDLINE and EMBASE, 
from January 1993 to October 2013. We used 
the search terms “arterial stiffness” OR    “arterial 
compliance” AND either “hypertension/pharma-
cology” OR “hypertension/therapy”. Although 
we selected publications in the past 20 years, we 
did not exclude commonly referenced and highly 
regarded old publications. We included review 
articles to provide a more comprehensive over-
view than can be included in our report. We also 
searched   www.clinicaltrials.gov     to determine 
which clinical trials have been (or are currently) 
performed with novel molecules. 

    Theoretical Aspects 

 Theoretical aspects are precisely described in 
Chaps.   1     and   5    . We will thus only stress on the 
relevant points for this chapter. 

 Arterial stiffness depends on different param-
eters. First    is the composition of the arterial wall; 

distensible material is represented by elastin and 
stiff material by collagen, although the various 
components of the extracellular matrix also play 
a role, through their own elastic modulus and 
interactions with smooth muscle cells (SMCs). 
Smooth muscle cells play an important role in 
arterial stiffness, depending not only on their 
contractile status but also on phenotype dedif-
ferentiation in some disease, and thus secretory 
activity. When relaxed, their contribution to arte-
rial stiffness is modest, but when contracted, 
they behave as a stiff material linking fi brous 
components [ 6 ]. Elastin fi bres are under per-
manent load, whereas collagen fi bres are curled 
and progressively recruited as the arterial wall 
is stretched. This explains why arterial stiff-
ness increases with blood pressure. This is of 
the utmost importance because antihypertensive 
drugs may improve arterial stiffness passively, 
solely by decreasing blood pressure and with-
out changing arterial wall properties. This fact 
complicates the demonstration of a true pleiotro-
pic effect of de-stiffening drugs. It is therefore 
mandatory to systematically adjust for changes 
in blood pressure before interpreting the modifi -
cation in arterial stiffness. This also implies that 
the changes in blood pressure may affect arterial 
stiffness differently depending on whether they 
are acute or chronic. Indeed, blood pressure, 
especially its pulsatile component, is one of the 
strongest growth signals for the arterial wall [ 7 ], 
and chronic changes in blood pressure are most 
likely to induce changes in arterial wall prop-
erties. Furthermore, ageing needs to be taken 
into account during long-term trials (>1 year). 
In terms of arterial stiffness, the arterial tree is 
heterogeneous; the large arteries close to the 
heart are the most elastic as they contain large 
amounts of elastin, fewer collagen and SMCs. 
As we go more distally, medium-size peripheral 
arteries such as the radial artery become stiffer 
[ 8 ]. Therefore, when studying arterial stiffness, 
it is important to specify which site is studied, 
although the aorta (through CF-PWV) and the 
common carotid artery (CCA) are overwhelm-
ingly used in clinical studies. In the present arti-
cle, the term arterial stiffness corresponds to the 
aortic and/or carotid sites if not otherwise specifi ed. 
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It is important to note that this paper is only 
referring to valid measures of arterial stiffness 
such as listed in the consensus paper [ 9 ].  

    Animal Studies 

 Exploration of the effects of treatment on arte-
rial stiffness necessitates the use of models asso-
ciated with changes in arterial stiffness, mostly 
hypertension, such as spontaneous hyperten-
sion, secondary hypertension and hyperten-
sion induced by surgical, pharmacological and 
transgenic means (see Chap.   6    ). These different 
experimental models indeed confi rm the role of 
extracellular matrix (ECM) and muscular tone as 
essential targets for treatment. They also enhance 
the necessity of acting at the multiple interactions 
existing between SMCs and ECM [ 10 ].  

    Pharmacological Interventions 
on Arterial Stiffness in Humans 

    Infl uence of Antihypertensive Drugs 

 Antihypertensive medications have the best poten-
tial to improve arterial stiffness because they pas-
sively improve it by reducing blood pressure and 
may have further long-term effect on remodelling 
on small [ 11 ] and large arteries [ 12 ]. Blood pres-
sure lowering produces a shift to the more compli-
ant segment of compliance–pressure curve and 
may also modify attachments of VSMC to extra-
cellular matrix (see Chap.   6    ). Antihypertensive 
therapy may also have direct effects on the large 
arteries, particularly calcium channel blockers 
(CCBs), angiotensin-converting enzyme inhibitors 
(ACEIs), angiotensin receptor blockers (ARBs), 
mineralocorticoid receptor blockers and nitrates. 
The changes that occur may depend on the agent 
and dose used, the degree to which blood pressure 
is lowered and the duration of treatment and the 
vascular bed examined. In addition, the mecha-
nisms may differ: for instance, nitrates mainly 
increase compliance by vasodilatation, whereas 
ACEIs and CCBs may decrease stiffness (elastic 
modulus) without affecting arterial diameter [ 13 ]. 

 Numerous studies have been published on the 
effect of antihypertensive drugs on arterial stiff-
ness and are summarized in Table  39.1 . Recent 
reviews [ 3 – 5 ] underline important differences 
between the effects of various classes of anti-
hypertensive drugs. The general view is that 
drugs antagonizing the renin–angiotensin sys-
tem (RAS) are superior in reducing arterial stiff-
ness compared with the other classes; however, 
the evidence is scarce [ 14 ]. This may be as the 
RAS system is a potent pro-fi brotic system. The 
turnover of the extracellular matrix in the arterial 
wall translates into changes in mechanical proper-
ties of the vessel, although the three-dimensional 
organization of extracellular matrix components, 
and their interaction with SMC, is more impor-
tant than the absolute content of distensible or 
stiff material to explain arterial stiffness [ 10 ]. 
Until now, no drug is capable of directly target-
ing extracellular matrix turnover. ARBs [ 15 ] and 
mineralocorticoid receptor blockers [ 16 ] exert 
direct effects on conduit blood vessels resulting 
in decreased stiffness. Some of these effects are 
related to the ability of ACEIs, ARBs, CCBs and 
mineralocorticoid receptor blockers to exert anti- 
fi brotic actions, usually as a result of downregula-
tion of expression of transforming growth factor-β 
(TGF-beta). This leads to decreased activation of 
SMADs that are transcription factors that mediate 
the action of TGF-beta on collagen synthesis and 
consequently reduced vascular stiffness as less 
collagen is deposited in the media of large  vessels. 

   Table 39.1    Comparison of the effect on pulse wave 
velocity (PWV) and wave refl ection by various antihyper-
tensive drug classes   

 Drug class  PWW 
 Wave 
refl ection 

 ACE inhibitors    

 Angiotensin receptor blockers    

 Aldosterone antagonists     
 Thiazides    
 Calcium channel blocker: 
dihydropyridines 

  

 Calcium channel blockers: verapamil     
 Alpha-blockers     
 Beta-blockers: non-vasodilating     
 Beta-blockers: vasodilating     
 Nitrates     
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At the same time, similar changes in small arteries 
contribute to reduce impedance and wave refl ec-
tion, having a positive effect on augmentation of 
pulse pressure (PP) in the proximal aorta.

   ACE inhibitors were the fi rst class extensively 
studied. Benetos et al. [ 17 ] demonstrated a 
favourable decrease in the CF-PWV after both 
acute (3 h after fi rst dose) and chronic adminis-
tration (after 15 days) of ramipril. Other studies 
have shown similar fi ndings with different drugs 
within the same class [ 14 ,  18 ,  19 ] for full refer-
ences). The mechanism is thought to imply a vir-
tuous circle with reduction of the wave refl ection 
and augmentation index with subsequent lower-
ing of PP and SBP, in parallel with direct reduc-
tion of fi brosis of the wall, all resulting in 
regression of large arteries and LV remodelling 
[ 20 ]. 

 The role of angiotensin II receptor blockers 
on arterial stiffness is not yet clear, given the 
small number of studies including limited sample 
sizes. A substudy of the ONTARGET trial evalu-
ated the effects on arterial stiffness of telmisartan 
alone or in combination with ramipril on arterial 
stiffness; however, no true quantifi cation of the 
effect according to treatment arms was provided 
[ 21 ,  22 ]. The EXPLOR trial showed that although 
central SBP and PP were decreased to a larger 
extent by an ARB (valsartan) added to a CCB 
(amlodipine) than by a non-vasodilating beta- 
blocker (atenolol) added to a CCB (amlodipine), 
PWV was decreased similarly by both drugs. 
Recently, the promising compound 21, a selec-
tive non-peptide angiotensin II type 2 receptor 
agonist, has been tested in an animal model and 
was showed to improve arterial stiffness, without 
any change in blood pressure, suggesting that part 
of the positive effect of ARBs might be medi-
ated by overstimulation of AT2 receptors [ 23 ]. 
A recent study compared the effects of aliskiren 
(150–300 mg/daily) or ramipril (5–10 mg/daily) 
for 12 weeks on arterial stiffness and endothelial 
function. Both drugs had similar effects on blood 
pressure and PWV. Aliskiren induced a greater 
AIx reduction than ramipril [ 24 ]. 

 Because most of published clinical trials were 
of limited size, we performed a meta-analysis 
of double-blind, randomized, controlled trials [ 25 ] 

comparing different antihypertensive drugs and/
or placebo in both the short and long term. In 
this study, we correlated changes in PWV with 
changes in blood pressure while adjusting for 
the initial value of PWV. We showed that active 
treatment was associated with a reduction in arte-
rial stiffness compared with placebo (Fig.  39.1 ). 
Furthermore, PWV was reduced to a greater 
extent after long-term antihypertensive treatment 
than in the short-term, and changes in PWV were 
dependent on MBP and PP changes, not on heart 
rate. In long-term trials, ACE inhibitors were more 
potent than calcium antagonists, beta- blockers 
and diuretics, independently of changes in blood 
pressure (Fig.  39.2 ). One important limitation of 
this study was that the study patients were those 
recruited for clinical trials and therefore did not 
represent the general hypertensive population. 
Furthermore, duration of trials was too short to 
assess very long-term changes in PWV.

    We thus performed an observational prospec-
tive study under conditions of routine clinical 
practice, comprising 97 patients with treated 
essential hypertension with well-controlled blood 
pressure who had more than two measurements of 
aortic stiffness [ 26 ]. We showed that the reduction 
in PWV (from 14.2 to 11.0 m/s;  p  < 0.0001) over 
5.4 years follow-up was associated with a signifi -
cant reduction in central SBP and central PP, con-
trasting with a smaller change in brachial SBP and 
no change in brachial PP. The reduction in PWV 
was independent of the reduction in MBP, whereas 
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  Fig. 39.1    Changes in pulse wave velocity related to 
changes in mean blood pressure. The downward shift 
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shows the pressure-independent reduction in pulse wave 
velocity (Redrawn from Ref. [ 25 ])       
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the reduction in central PP was largely explained 
by the reduction in PWV. These results suggest 
that a large and sustained decrease in aortic stiff-
ness can be obtained in treated hypertensive 
patients in routine clinical practice. These changes 
most likely represent a delayed response to the 
long-term normalization of BP and cardiovascular 
risk factors, through arterial remodelling. 

 A recent meta-analysis [ 14 ] was conducted to 
investigate the effect of ACEI on large arteries 
in comparison to placebo and to other antihyper-
tensive agents. In 5 trials including 469 patients, 
treatment with ACEIs ( n  = 227) versus placebo 
( n  = 216) signifi cantly reduced PWV (−1.69 m/s 
[−2.05, −1.33],  p     < 0.00001). In 9 trials (378 
patients), treatment with ACEIs ( n  = 178) did not 
reduce PWV more than other antihypertensive 
drugs (ARBs, CCBs, beta-blockers, diuretics and 
a combination of ACEI and ARB) ( n  = 220) (mean 
difference −0.19 m/s, [−0.59, 0.21],  p  = 0.36). 
ACEI reduced AIx more than placebo (−3.8 % 
[−9.0, −1.6],  p  = 0.0006). Treatment with ACEIs 

signifi cantly reduced AIx when compared with 
other antihypertensive drugs (−1.84 %, [−3, 
−0.68],  p  = 0.002); however, this effect was only 
signifi cant when compared with beta-blockers. 
In this meta-analysis, changes in PWV were not 
associated with changes in blood pressure. The 
authors stressed on the lack of adequately powered 
trial [ 14 ]. 

 Blockers of the RAS system are particularly 
effi cacious in patients with diabetes mellitus [ 27 , 
 28 ], and here, high dosage [ 29 ], complete block-
ade and signifi cant reduction in blood pressure 
[ 30 ] are mandatory to improve arterial stiffness in 
these patients. Multifactorial intervention is prob-
ably the best way to improve arterial stiffness in 
patients with diabetes mellitus; however, the clini-
cal evidence for this is relatively limited [ 31 ]. 

 The capacity of a given drug to reverse aortic 
stiffening independently of changes in BP should 
theoretically be dose dependent. However, only 
one dose was tested in most studies. A major 
argument in favour of a BP-independent reduction in 
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aortic stiffness by a RAAS blocker would come 
from the demonstration of a dose- dependent 
reduction in aortic stiffness for a given MBP 
reduction. We tested whether a large dose of ACE 
inhibitor perindopril (8 mg) was superior than the 
usual dose (4 mg) at decreasing arterial stiffness 
in a population of hypertensive diabetic patients 
[ 29 ]. We were able to show that carotid stiffness 
decreased with the 8 mg and not with the 4 mg 
dose, whereas blood pressure remained identical 
(Fig.  39.3 ). These two studies demonstrate that the 
BP-independent changes in arterial stiffness could 
be obtained with most antihypertensive drugs, 
but particularly with RAS antagonists, and that 
they are enhanced by larger doses and long- term 
treatment. These results probably refl ect the slow 
turnover rate of extracellular matrix, the long time 
constant of arterial remodelling and the necessity 
to act on tissue systems to infl uence changes in 
arterial stiffness beyond blood pressure.

   The effects of CCB on central pressure and 
stiffness are detailed in Chap.   42    . The largest 
study to investigate the effect of calcium channel 
blockers on PP is the Conduit Artery Function 
Evaluation (CAFE) study [ 32 ], which exam-
ined the impact of two different blood pressure- 
lowering regimens (atenolol ± thiazide vs. 
amlodipine ± perindopril) on derived central aor-
tic pressures and haemodynamic status in 2,073 

participants with hypertension and at least three 
additional risk factors. Central aortic PP was sig-
nifi cantly lower with amlodipine ± perindopril 
compared with atenolol ± thiazide-based therapy 
when brachial PP was identical (see Chap.   42    ). 
As previously mentioned, this could be predomi-
nantly determined by the beta-blocker effects on 
heart rate and stroke volume. No differences were 
seen for PWV in the small subgroup ( n  = 114) 
who had CF-PWV measurements [ 32 ]. 

 Matsui et al. conducted a prospective, random-
ized, open-label, blinded end point study (J-CORE 
study) aimed to compare the effects of CCBs or 
diuretics when used in combination with ARBs 
on aortic systolic blood pressure (BP) and bra-
chial ambulatory systolic BP. These data showed 
that the combination of olmesartan (20 mg) and 
azelnidipine (16 mg) had a more benefi cial effect 
on central systolic BP and arterial stiffness than 
the combination of olmesartan (20 mg) and hydro-
chlorothiazide (12.5 mg) [ 33 ]. We showed from 
the EXPLOR trial that despite the presence of 
amlodipine, the differential effect between the 
ARB (valsartan) and beta-blocker (atenolol) could 
still be observed on central BP [ 22 ]. However, the 
effect of both compounds on PWV was similar. 

 The role of sodium load on large arteries is 
developed elsewhere (Chap.   13    ). In elderly 
individuals with hypertension, sodium restriction
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 rapidly reduces large artery stiffness [ 34 ]. Thus, 
it seemed reasonable to expect that thiazide 
diuretics would decrease aPWV. Diuretics did 
not have any benefi cial effect on arterial stiffness 
or wave refl ection in most studies [ 33 ,  35 – 40 ], 
despite that all classes of antihypertensive drugs 
might potentially reduce aortic PWV (aPWV) 
indirectly by lowering MAP, the distending pres-
sure in elastic tubes [ 41 ]. In a comparative study, 
Mahmud and Feely [ 40 ] showed that the reduc-
tion in aPWV was signifi cantly larger with an 
aldosterone receptor antagonist than with a thia-
zide diuretic even after adjusting for the reduc-
tion in MAP [ 40 ]. Matsui et al. showed from 
the J-CORE study data that the less perform-
ing group received hydrochlorothiazide. They 
observed that the change in plasma aldosterone 
was signifi cantly and positively associated with 
the change in aPWV in patients treated with 
hydrochlorothiazide. These fi ndings suggest that 
hyperaldosteronism in response to volume deple-
tion may exert deleterious effect on arterial stiff-
ness and partly explain why thiazide diuretics 
have little effect on large artery stiffness [ 42 ]. 

 A special attention should be put on beta- 
blockers. Beta-blockers decrease both heart rate 
and blood pressure. Because non-vasodilating 
beta-blockers induce a certain level of vasocon-
striction, they have a potential to increase wave 
refl ections. The Regression of Arterial Stiffness 
in a Controlled Double-Blind Study (REASON) 
compared perindopril (2 mg/day) plus indap-
amide (0.625 mg/day) versus atenolol (50 mg/
day) alone for 12 months in hypertensive sub-
jects. At 1 year, brachial and central SBP reduc-
tion achieved with combination therapy of ACEI 
plus diuretic was greater than that with beta- 
blocker alone or even ACEI alone. This effect 
was translated into greater structural changes of 
arterial stiffness more pronounced in central than 
in peripheral arteries [ 43 ]. Higher CF-PWV was 
closely correlated with higher SBP as a marker of 
more resistant hypertension requiring greater 
antihypertensive doses. In other words, increased 
arterial stiffening might be the reason of poor 
SBP response to drug treatment [ 44 ]. In most 
clinical trials in hypertensive patients, the reduc-
tion in MBP after beta-blockers is suffi cient to 

reduce PWV, despite a possible direct pro-fi brotic 
effect of beta-blockers on the arterial wall, as 
stated by animal studies. Thus, an important fi nd-
ing comes from the BBEST study [ 45 ], during 
which celiprolol, a beta-1 antagonist with beta-2 
agonist properties, administered for 4 years in 
patients with Ehlers–Danlos disease, increased 
the stiffness of the carotid wall material (elastic 
modulus), compared to placebo. This effect was 
unmasked because BP was not lowered. Various 
pharmacological mechanisms are possible, to 
explain such a pro-stiffening effect of beta- 
blockers. They include the stimulation of beta-2 
adrenergic receptors, which is associated with 
activation of TGF-beta and overstimulation of 
TGF-beta receptor, and an unopposed alpha- 
adrenergic stimulation by displacement of endog-
enous agonist from beta-receptors and barorefl ex 
stimulation, which is also associated with activa-
tion of TGF-beta. 

 Non-vasodilating beta-blockers such as ateno-
lol have been shown to be less effi cacious than 
vasodilating drugs such as calcium antagonists, 
RAS blockers [ 32 ,  22 ,  43 ] and vasodilating beta- 
blockers in reducing wave refl ection and central 
pressures [ 46 – 48 ] although arterial stiffness may 
be reduced to the same extent with all these drug 
groups. In the recent meta-analysis of antihyper-
tensive drugs [ 25 ], the beta-blocker bisoprolol was 
almost as effective as other drugs at lowering aor-
tic stiffness. The most commonly quoted explana-
tion is that the reduction in arterial stiffness is due 
to the reduction in heart rate because of viscoelas-
tic properties of the arterial wall (counterbalanc-
ing the lack of intrinsic improvement of arterial 
stiffness) [ 32 ]. At the same time, reduced heart 
rate leads to increased wave refl ection resulting 
in a lower reduction in aortic versus brachial sys-
tolic pressure and reduced PP amplifi cation. The 
peripheral vasoconstriction associated with ateno-
lol may be an additional mechanism responsible 
for a negative effect on wave refl ection. 

 We recently reanalyzed the EXPLOR data to 
study the changes in PWV in relation with the 
changes in blood pressure, heart rate and major 
covariates. We showed that although reductions in 
mean BP and PWV were not signifi cantly different 
between groups, the determinants of the reduction 
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in PWV differed between both treatment arms. 
Half of the decrease in PWV in response to valsar-
tan was not explained by the reduction in MBP and 
HR. By contrast, in the atenolol group, the decrease 
in PWV in response to atenolol was fully explained 
by the reduction in MBP and HR [ 49 ]. Finally, 
Casey et al. recently suggested that beta-adrenergic 
receptor sensitivity in the peripheral vasculature 
differs between sexes, women been oversensitive 
to the increased wave refl ection [ 50 ], and the same 
team showed that the negative effects (i.e. increased 
aortic wave refl ection) of non-selective beta-adren-
ergic blockade are less pronounced in postmeno-
pausal than in young women [ 51 ]. 

 By contrast to non-vasodilating beta-blockers, 
vasodilating beta-blockers may exert less deleteri-
ous effects on central BP. Indeed, nebivolol, which 
is a selective beta-1 blocker with nitric oxide 
potentiating vasodilatory effect, has been shown to 
slightly decrease the augmentation index, when 
compared with atenolol [ 42 ]. Whether this would 
result in less aortic stiffening and more favourable 
outcomes remains to be determined. This aspect is 
developed elsewhere (Chap.   40    ).  

    Nitric Oxide Donors 

 Nitric oxide is a powerful vasodilator and has been 
shown to improve arterial stiffness and central 
pressure without altering peripheral pressure [ 52 –
 55 ]. NO dilates more the large arteries than the 
small one, opposite to other vasodilators; they also 
improve wave refl ection and decrease specifi cally 
central systolic pressure [ 56 ]. However, clinical 
use of nitrates for treating hypertensive patients in 
the long term is limited by their short duration of 
action; the tolerance event tachyphylaxia; and 
their side effects, such as headache. Different com-
pounds are currently tested, which are supposed to 
overcome these caveats.   

    Pharmacological Perspectives 

    A recent and exhaustive review [ 57 ] described 
several novel cell-signalling pathways and patho-
physiological mechanisms that emerged in the 

past few years, providing new pharmacological 
targets to treat hypertension and by extension 
new potential refl ections to improve arterial stiff-
ness and/or wave refl ections. For instance, two 
new pharmacological strategies could bring out 
mechanisms of interest. The fi rst mechanism 
described [ 57 ] dual vasopeptidase inhibitors. 
Besides angiotensin-converting enzyme, two 
other zinc metalloproteinases neprilysin (also 
called neutral endopeptidase) and endothelin- 
converting enzyme are pharmacological targets 
for hypertension [ 58 ]. Combined inhibition of 
these three enzymes aimed not only to improve 
blood pressure control in patients with hyper-
tension, particularly those with resistant hyper-
tension, but also to reduce target organ damage 
through enhanced antiproliferative, anti-fi brotic 
and anti-infl ammatory effects [ 59 ]. Although 
several dual or triple neprilysin and angiotensin-
converting enzyme inhibitors (i.e. vasopepti-
dase inhibitors) were developed [ 60 ], only a few 
reached the clinical development stage because 
of side effects. Combined neprilysin and endo-
thelin-converting enzyme inhibitors have clear 
synergistic profi les [ 61 ] which might be of great 
interest for de-stiffening arteries. 

 A second class of combined drugs are dual- 
acting angiotensin receptor neprilysin inhibitors 
[ 57 ]. LCZ696 (Novartis Pharmaceuticals), a fi rst-
in- class inhibitor of dual-acting angiotensin II 
type 1 receptor and neprilysin inhibitors [ 62 ]. 
Again, these compounds have great interest in 
terms of de-stiffening potential. 

 Despite the effi cacy of antihypertensive drugs 
at reducing and controlling blood pressure, no 
intervention has been shown to normalize arterial 
stiffness [ 63 ,  64 ]. Multifactorial interventions 
might be needed [ 26 ] controlling for blood pres-
sure, other risk factors (see Chap.   40    )  and 
improvement in lifestyle (see Chap.   43    ), in order 
to reverse and eventually normalize arterial stiff-
ness. The effect of drugs not designed to lower 
blood pressure on arterial stiffness will be devel-
oped in Chap.   40    . It    remains that arterial stiffness 
as to prove its value as a true surrogate in clinical 
trials. The only evidence yet comes from one 
small study performed in patients with end-stage 
renal disease [ 64 ]. It was shown here that 
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 following the same protocol for reducing blood 
pressure yielded protection only in patients who 
showed an improvement in arterial stiffness, not 
in those who did not improve. This hypothesis is 
being tested on a larger scale in hypertensive sub-
jects in the SPARTE trial [ 65 ], and we eagerly 
await the results which could potentially have a 
profound effect on medical practice.     
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     Arterial stiffness has emerged as an important 
marker of cardiovascular risk. More than 20 inde-
pendent studies have shown that carotid to femo-

ral pulse wave velocity (PWV) predicted 
cardiovascular outcome independently of major 
classical cardiovascular risk factors in different 
populations [ 1 ,  2 ] and can be modifi ed by certain 
drug groups [ 3 ]. This simple, noninvasive mea-
surement was recently included in offi cial guide-
lines, and while reference values have been 
published, its implementation in clinical practice 
as a surrogate marker awaits evidence to suggest 
that this modifi cation is associated with a better 
clinical outcome. 

 We have developed in the previous chapter 
the infl uence of antihypertensive drugs on arte-
rial stiffness, which was the most obvious since 
passive decrease in blood pressure is accompa-
nied by a decrease in arterial stiffness. 
However, for most antihypertensive classes, a 
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  40      Decreasing Arterial Stiffness and/or 
Wave Refl ections Independently 
of Mean Arterial Pressure: Effect 
of Non- antihypertensive Drugs (Part 2) 
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    Abstract  

  Change in arterial stiffness with drugs is a major endpoint in clinical trials, 
although evidence for arterial stiffness as a therapeutic target still needs to be 
confi rmed. Although antihypertensive drugs have been the most studied (as 
developed in Chap. 39), other drug classes have also been assessed, includ-
ing hormone replacement therapy, lipid- lowering drugs, some antidiabetic 
agents, and anti-infl ammatory drugs. For these drugs which do not directly 
affect blood pressure, the mechanism by necessity includes direct effect on 
the arterial wall and the extracellular matrix. We also present some recent 
evidence of completely different pathways such as interaction with the 
lamin A pathway which have demonstrated true “destiffening” properties.  

  Keywords
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refl ection   •   Lipid-lowering drugs   •   Antidiabetic drugs   •   Cross-link breakers  
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true, pressure- independent effect of drug treat-
ment has been demonstrated, especially during 
long-term treatments. The objective of this 
chapter is to investigate whether non-antihy-
pertensive drugs might infl uence arterial stiff-
ness in different clinical situations and in a 
concluding part (common to the previous chap-
ter and this), which are the different options in 
the future to develop new approaches directly 
targeted on the arterial wall. The modalities of 
data search were similar to Chap.   39    , adding 
one of the following terms: “lipid-lowering 
drug,” “antiplatelet drug,” “antidiabetic drug,” 
“nitric oxide donors,” “hormone replacement 
therapy,” or “drug treatment.” We also searched 
  www.clinicaltrials.gov     to determine which 
clinical trials have been (or are currently) per-
formed with novel molecules. 

    The Effect of Pharmacological 
Interventions Not Related to Blood 
Pressure on Arterial Stiffness 
in Humans 

    Lipid-Lowering Drugs 

 Statins are the most potent drug group to reduce 
LDL cholesterol, and these drugs have several 
effects beyond LDL cholesterol lowering which 
might improve arterial stiffness. The effect of 
statins may also be more important in the con-
text of infl ammation. Wicks et al. found that 
atorvastatin reduced aortic stiffness in patients 
with rheumatoid arthritis [ 4 ]. More recently, 
Wallace et al. showed that simvastatin reduced 
infl ammation- induced aortic stiffening, through a 
lipid reduction mechanism [ 5 ]. Atorvastatin pre-
vented the age-associated increase in aortic stiff-
ness in patients with no dialyzed chronic kidney 
disease [ 6 ]. It has been recently shown that low- 
dose atorvastatin induced reductions in aortic 
PWV and showed signifi cant associations with 
changes in AIx(75), central aortic systolic blood 
pressure, and PP in patients with mild hyperten-
sion and hypercholesterolemia [ 7 ]. Atorvastatin 
could also improve arterial stiffness by reducing 
oxidative stress levels in elderly hypertensive 
patients [ 8 ]. So did pravastatin in patients with 
mild to moderate CKD [ 9 ]. 

 However, the role of statins in arterial stiff-
ness remains controversial. Some studies have 
not shown important improvements in aortic 
hemodynamics [ 10 ]. Nevertheless, a few small 
randomized placebo-controlled studies, in differ-
ent populations, have shown that statins decrease 
the infl ammatory marker levels in addition to 
having favorable effects on aortic distensibil-
ity [ 11 – 13 ]. In addition, rosuvastatin has been 
shown to reduce 3-nitrotyrosine levels (a marker 
of peroxynitrite- mediated oxidative stress) and to 
decrease aortic PWV. Interestingly, reduction of 
plasma cholesterol was the only independent pre-
dictor of reduced arterial stiffness in patients with 
primary hypercholesterolemia after rosuvastatin 
therapy [ 14 ]. A systematic review of published 
trials was performed and identifi ed 9 trials with 
471 participants [ 15 ]. These trials were hetero-
geneous regarding the populations studied and 
techniques employed. When aortic PWV was 
studied, only 2 of 4 trials showed improvement 
with statins. When peripheral arterial stiffness 
was studied, 4 out of 5 trials were positive. This 
may refl ect a publication bias or a true effect of 
statins, preferentially destiffening medium-size 
arteries than the aorta. The effect of statin treat-
ment on the long term has never been studied.  

    Antidiabetic Drugs 

 Type 2 diabetes mellitus is associated with 
increased arterial stiffness [ 16 ]. The difference 
between diabetics and nondiabetic patients is 
1.5–2 m/s for aortic PWV, which corresponds to 
over 20 years of age. The origin of increased arte-
rial stiffness is multifactorial and includes co- 
segregation with other cardiovascular risk factors 
(including genetics), increased sympathetic tone, 
increased sensitivity to the renin-angiotensin sys-
tem, and the effect of advanced glycation end prod-
ucts (AGE) [ 17 ]. These compounds result from the 
nonenzymatic glycation of proteins, especially col-
lagen, establishing progressive cross-links between 
collagen fi bers and stiffening the arterial wall. 

 Advanced glycation end products (AGE) cor-
respond to nonenzymatic glycation of proteins 
and are associated with increased arterial stiff-
ness in hypertension [ 18 ], but mostly in the pres-
ence of diabetes since AGE deposits are enhanced 
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by chronic hyperglycemia, the deposits occur 
continuously, earlier if diabetes is not well con-
trolled [ 19 ]. Drugs reversing AGE deposits are 
good candidate as destiffening drugs. Alpha- 
amino guanidine, a fi rst-line compound breaking 
AGE deposit, has been shown to reduce myocar-
dial and arterial stiffness [ 20 ] (see [ 19 ] for 
review). One compound, thiazolium derivative 
alagebrium (Synvista Therapeutics, ALT 711) 
which breaks collagen cross-links, has been 
extensively studied in phase I and II studies 
showing good safety and tolerability profi le [ 21 ]. 
In hypertensive diabetics, aortic stiffness and 
endothelial function were improved indepen-
dently of any change in blood pressure [ 22 ,  23 ]. 

 Drugs targeting glycemic control have also 
been shown to improve arterial stiffness. Although 
metformin has been shown to reduce arterial stiff-
ness [ 24 ], the most studied class is glitazones. 
Several papers have shown that these compounds 
could decrease aortic stiffness [ 25 ] (together with 
intima media thickness), better than other drugs, 
and that this effect could be proportional to the 
increase in adiponectin in diabetics [ 26 ] and 
hypertensives [ 27 ]. Because of the safety profi le of 
this class of antidiabetic drugs, this favorable 
effect on arterial stiffness did not translate into 
clinical benefi t. A recent study demonstrated that 
sitagliptin, a novel antidiabetic class, but not glib-
enclamide, showed a signifi cant benefi cial effect 
on BMI and triglyceride levels. However, arterial 
stiffness, blood pressure, oxidative stress, and 
infl ammatory status were not signifi cantly affected 
by adding sitagliptin or glibenclamide to metfor-
min-treated type 2 diabetes patients [ 28 ]. The new 
class of sodium glucose transport inhibitors (such 
as dapaglifl ozin) have a high probability of induc-
ing changes in arterial stiffness because by increas-
ing elimination of glucose in the urine, they also 
induce sodium excretion and mild decrease in 
blood pressure [ 29 ]. This class of drug might then 
cumulate the benefi cial effects of glucose reduc-
tion and blood pressure reduction.  

    Anti-infl ammatory Drugs 

 Chronic infl ammation is associated with increased 
arterial stiffness, either severe infl ammation such 
as seen in rheumatoid arthritis (RA) [ 30 ,  31 ] or 

chronic low-grade infl ammation as seen in patients 
with infl ammatory bowel disease [ 32 ] or advanced 
forms of atherosclerosis. Anti- infl ammatory drugs 
have a potential to improve arterial stiffness [ 33 ]. 
Several drugs have been tested, but up to now, 
only antibodies against TNF-alpha have been 
shown to improve arterial stiffness, independently 
of any change in blood pressure, in patients with 
different chronic infl ammation diseases [ 34 ,  35 ]. 
Maki-Petaja et al. also demonstrated recently that 
antitumor necrosis factor-alpha therapy reduces 
aortic infl ammation in patients with RA, and this 
effect correlates with the decrease in aortic stiffness 
(from 9.09+/−1.77 to 8.63+/−1.42 m/s,  P  = 0.04). 
These results suggested that RA patients exhibit a 
subclinical vasculitis, which provides a mechanism 
for the increased cardiovascular disease risk seen in 
RA [ 36 ]. However, not all trials were positive [ 37 , 
 38 ]. Nonsteroidal anti-infl ammatory drugs have 
not been tested in arterial stiffness. As mentioned 
above, statins exhibit destiffening properties only 
in the presence of infl ammation [ 4 ,  5 ,  15 ].  

    Hormone Replacement Therapy (HRT)  

 Women are thought to be protected against cardio-
vascular diseases by their hormonal status during 
their reproductive years. This view led to several 
trials of HRT with arterial stiffness as outcome. 
Since the seminal observation of decreased arterial 
stiffness in patients with HRT [ 39 ], more than 80 
papers were produced (Medline search). Thirteen 
publications concerned randomized controlled tri-
als (see [ 3 ] for full references). Out of these pub-
lications, 7 were negative. Among positive trials 
(showing improvement), one concerned raloxi-
fene, a potent selective estrogen receptor modula-
tor (SERM), one studied small cerebral arteries, 
and two studied hormone replacement therapy on 
arteries with MRI. Negative results were observed 
with all modalities of HRT:  estrogen alone, com-
bination, oral, or transdermal. The effect of estro-
gens might be modulated by the endothelium 
since Moreau et al. recently studied the effect of 
tetrahydrobiopterin (BH(4)), a critical cofactor for 
endothelial nitric oxide synthase to produce nitric 
oxide that improved endothelial function and arte-
rial stiffness in estrogen-defi cient postmenopausal 
women, not in premenopausal females [ 40 ].  
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    Antiplatelet Drugs 

 This aspect will be developed elsewhere (Chap. 
  32    ). Although platelets have the potential to mod-
ify vascular tone after aggregation and several 
reports have shown relations between aggrega-
tion and arterial stiffness [ 41 ], classical drugs 
such as aspirin or clopidogrel have not shown 
substantial effects on the arterial wall properties. 
The only evidence for action of aspirin has been 
observed in an acute infl ammation study, for pre-
venting infl ammation-associated increase in aor-
tic stiffness [ 42 ].   

    Pharmacological Perspectives 

 It is known that chronic obstructive pulmonary 
disease (COPD) is associated with increased arte-
rial stiffness which may in part explain the cardio-
vascular morbidity observed in the disease. Prior 
studies suggest that fl uticasone propionate/salme-
terol may improve cardiovascular outcomes in 
COPD, and a recent study showed that fl uticasone 
propionate/salmeterol does not reduce aPWV in 
all patients with moderate to severe COPD, but 
may have effects in those with elevated arterial 
stiffness. But additional studies are required to 
determine if aPWV could serve as a surrogate for 
cardiovascular events in COPD [ 43 ]. 

 Large artery structure and function are signifi -
cantly impaired in renal transplant recipient 
(RTR) which contributes to their high cardiovas-
cular morbidity (see Chap.   26    ) and could be 
altered by erythropoietin. However, Bartels et al. 
compared effects of erythropoiesis-stimulating 
agents’ therapy on large artery stiffness and 
endothelial function in RTR with chronic 
allograft dysfunction and renal anemia random-
ized to a group receiving darbepoetin alfa and a 
control group. They showed that therapy with 
darbepoetin alfa during 8 months did not signifi -
cantly impact parameters of large artery stiffness 
and endothelial function in RTR. These data sug-
gest that therapy with erythropoietin does not 
deteriorate arterial stiffness and endothelial func-
tion in RTR [ 44 ]. 

    Future Issues 

 We have not yet identifi ed a novel molecular 
determinant or a new signaling pathway mainly 
because arterial stiffness is a multifactorial phe-
notype. In the quest for new biological pathways 
contributing to arterial stiffness, genes identifi ed 
by genome-wide association using powerful SNP 
technology should bring new impetus to treat-
ment hypothesis generating [ 45 ]. 

 Numerous papers have shown that selected ali-
mentary compound can improve arterial stiffness 
(see Chap.   43    ). Recently, dietary nitrate that ele-
vated nitrite levels approximately 1.5-fold caused 
substantial reductions in systolic (approximately 
12 mmHg) and diastolic blood pressures and 
PWV which might support the concept of dietary 
nitrate supplementation as an effective, but simple 
and inexpensive, antihypertensive strategy [ 46 ]. It 
is unclear whether these alimentary compounds 
might have synergistic or additive effects among 
themselves and/or in combination with drugs and 
whether they confer protection against cardiovas-
cular disease. Several recent published papers 
showed positive results (see review by Kingwell 
in Chap.   43    ). It should be possible to target the 
arterial wall and the turnover of extracellular 
matrix in the future for pharmacological interven-
tion. Many pathways are only identifi ed as deter-
minants of early vascular aging or aging pathways 
[ 47 ]. Drugs could be designed to reduce arterial 
stiffness or accelerated stiffening with time. For 
instance, the farnesyl transferase pathway, implied 
in the severe genetic disease Hutchinson-Gilford 
progeria, and farnesyl transferase inhibitors have 
been shown to reduce arterial stiffness (Fig.  40.1 ) 
in this rare disease [ 48 ,  49 ]. The telomere length 
and the potential use of telomerase inhibitors [ 50 ] 
are also promising (see Chap.   8    ). What is more 
probable is that arterial stiffness will constitute a 
new target for already available drugs during mul-
tifactorial intervention trials, aiming at correcting 
target organ damage, in the present case large 
artery stiffness. Whether destiffening drugs have 
purely positive effects is pure speculation. Indeed, 
threads are also expected. Stiffness is also impor-
tant for resistance of vessels to rupture (although 
brittleness may have different determinants from 
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stiffness), and inappropriate arterial distensibility 
may lead to propensity for dilatation and rupture. 
Plaque stability could also be compromised by 
reduction of fi brosis at the level of vulnerable 
plaques. This may explain the unexpected results 
of the ROADMAP trial [ 51 ] where a potent antifi -
brotic compound, olmesartan, increased cardio-
vascular mortality despite a positive effect on 
albuminuria. On the contrary, we recently showed 
in patients with vascular Ehlers-Danlos syn-
drome, a condition associated with cutaneous and 
arterial fragility, that celiprolol, a beta1 antagonist 
with beta2 partial agonist properties, conferred an 
important protection against arterial dissection 
and rupture together with increased arterial stiff-
ness [ 52 ], suggesting that stiffer arteries were also 
more resistant (Fig.  40.2 ). There are also concerns 
about aging pathway inhibition and promotion of 
cancer. All these points must be considered in the 
development of destiffening drugs.
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  Fig. 40.1    Effect of 24-month course of lonafarnib, a 
farnesyl transferase inhibitor on carotid to femoral pulse 
wave velocity in patients with Hutchinson-Gilford proge-
ria syndrome (Reproduced with permission of Ref. [ 49 ])       
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  Fig. 40.2    Annual rate of change in carotid stiffness fol-
lowing celiprolol treatment in patients with vascular 
Ehlers- Danlos syndrome (Adapted from Ref. [ 52 ]). Data 
are represented between baseline, months 6 and 12, 
because of signifi cant crossing over to treatment in the 

untreated group. Young’s elastic modulus is log trans-
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kers , median-1.5*IRQ and median + 1.5*IRQ). Points 
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41Blood Pressure Variability: 
Measurements, Influential Factors, 
Prognosis and Therapy

Yi Zhang, Davide Agnoletti, Alexandra Yannoutsos, 
Michel E. Safar, and Jacques Blacher

Abstract

It was reported that, in addition to blood pressure (BP) level, BP variability
could also provide prognostic value of target organ damage, cardiovascular
and all-cause mortality. Therefore, evaluation of patients’ BP variability
could potentially offer guiding information on their clinical therapy. BP vari-
ability could be assessed by calculating standard deviation, coefficient of
variation and other parameters of BP readings from 24-h ambulatory BP
monitor, known as short-term BP variability. More recently, an emerging BP
variability can be derived from regular home and office BP recordings for 1
week or several months, known as long-term BP variability. Although the
cause and meaning of fluctuated BP was not well elucidated, several factors,
including age, mean BP, heart rate variability and arterial stiffness, may influ-
ence patients’ BP variability. Most clinical investigations indicated a signifi-
cant prognostic value of either short- or long-term BP variability, with regards
to target organ damage, cardiovascular events and mortality, but controversy
exists in this field, especially its incremental prognostic value in addition to
BP level. Till now, there is no solid evidence indicating any effective agent in
terms of BP variability reduction, but some clinical studies favor CCB in
reducing both short- and long-term BP variability. Further studies are war -
ranted to investigate the standardized evaluation of patients’ BP variation, its
cause and added prognostic significance, as well as effective treatment.

M.E. Safar, MD • J. Blacher, MD, PhD (*)
Department of Medicine, Diagnosis and Therapeutic
Center, Hôtel-Dieu Hospital, Assistance Publique des
Hôpitaux de Paris, Paris Descartes University, 1,
Place du Parvis Notre-Dame, 75181 Paris, France
e-mail: michel.safar@htd.apjp.fr;  
jacques.blacher@htd.aphp.fr

mailto:yizshcn@gmail.com
mailto:davide_agnoletti@hotmail.com
mailto:alexyanne2504@yahoo.fr
mailto:michel.safar@htd.apjp.fr
mailto:jacques.blacher@htd.aphp.fr


496

Ambulatory blood pressure (BP) was proved to
be superior to conventional BP in predicting CV
events and mortality by solid evidence [1, 2], but
some clinical investigations indicated that, inde-
pendent of BP level, BP variability also provided
significant but modest prognostic information.
Short-term BP variability derived from 24-hour
(24 h) ambulatory BP monitor (ABPM) has pre-
viously dominated in this field, but since 2010, as
Rothwell et al. proposed a long-term BP variabil-
ity based on regular office BP measurements, the
novel visit-to-visit BP variability was extensively
investigated. This chapter summarizes current
knowledge on both short- and long-term BP vari-
ability, involving its methodology, influential fac-
tors, prognostic significance and therapy.

 Methodology of Blood Pressure 
Variability Measurement

From a practical point of view, BP variability can
be derived from either 24 h ABPM or regular BP
measurement in clinic or at home. There are also
many different methods and formula for the cal-
culation of patients’ BP variability. In this sec-
tion, we would like to only focus on several
classical methodologies in this field.

 Calculation of BP Variability  
by 24-h ABPM

 Intra-individual Standard Deviation 
and Coefficient of Variation
The most simple assessment of patient’ BP vari-
ability is to calculate the standard deviation (SD)
and coefficient of variation of all the validreadings
from the 24 h ABPM [3], as following formulas.
Amount of BP readings actually depends on the
defined time intervals between measurements.

For instance, 96 readings would be available with
a 15-min interval throughout the whole day, but
48 readings with a 30-min setting.

 
SD = −( ) −( )

=
∑
k

n

kBP BP n
1

2
1/

 

 CV = SD BP/  

where k ranges from 1 to n, BPk is one BP mea-
surement, BP is mean BP, andn is the number of
BP readings in 24 h.

 Time-Weighted Intra-individual 
Standard Deviation
In routine clinical practice of 24 h ABPM, mea-
surement setting was sometimes defined with an
interval of 15–30-min in the daytime and of 
30–60-min in the nighttime. Furthermore, not each
measurement could be correctly recorded, and
measurement errors occurred. In this case, some-
times devices would retry to record BP 5-min later,
and if fail again, there would be a missing value at
this recording time. From a statistical point of 
view, with different measurement intervals in a
24 h recording, each BP reading did not contribute
evenly to the mean BP, so time need to be weighted.
A formula is available to calculate the time-
weighted SD of BP as follows.
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where w is the corresponding time interval.

 Time-Weighted Intra-individual 
Standard Deviation in Daytime, 
Nighttime and 24-h
To avoid the contribution of nocturnal BP dip-
ping in physiological condition, daytime and 

Keywords

Blood pressure variability • Visit-to-visit blood pressure variability • 24-h
ambulatory blood pressure monitor • Cardiovascular events • Mortality •
Antihypertensive treatment
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nighttime are normally defined as from 6:00
to 22:00 and from 22:00 to next 6:00, respec-
tively, or defined by the reported time awake
and asleep [4 ], and time-weighted intra-indi-
vidual SD is calculated by the above-mentioned
formula in daytime and nighttime, separately.
24-h BP variability is then calculated by the
following formula.

 

24 − = ×( )
+ ×( ) +( )

h SD DaytimeSD AT

NighttimeSD ST AT ST/
 

where AT and ST stand for awake and sleeping 
time in hours.

 Individual Residual Variability  
by the Fourier Spectral Analysis
Since BP variability can be largely (over 95 %)
attributed to two cyclic components, namely
circadian rhythm and diet-related effect, the 
fast Fourier transform spectral analysis was
applied to identify and then rule out these cyclic
components, in order to obtain patients’ resid-
ual BP variability [5 , 6]. There are three steps 
for this process. Firstly, individual BP readings

were averaged to obtain the circadian BPprofile
of a group as a whole, and the Fourier spectral
analysis was applied to identify the cyclic com-
ponents that accounted for most of BP varia -
tions. Secondly, the two above-mentioned cyclic
components were tested to fit the circadian BP
profile in each subject. Lastly, individual resid-
ual BP variability, as variability unexplained by
the cyclic components, was identified by calcu-
lating the sum squared of the difference between
the observed and the fitted profile of BP in each
subject. Figure 41.1 shows two examples of
patients’ residual BP variability by the Fourier
spectral analysis.

 Reading-to-Reading BP Variability
In order to better elucidate patients’ reading-
to-reading difference in 24h ABPM, two novel
SD-independent methodologies were invented, 
namely successive variation (SV) [7] and aver-
age real variability (ARV) [8, 9]. From a math-
ematical point of view, both SV and ARV can
reflect patients’ real BP variability by consid-
ering each difference between consecutive BP
readings, and its superiority to SD-dependent
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Fig. 41.1 The top panels show 24-h SBP tracing,
whereas the bottom panels show the first component (dot-
ted lines), second cyclic (dashed lines), and residual SBP

variability (continuous lines) as derived from Fourier
analysis. Data were from two different subjects (Adapted
from Mancia et al. [6], with permission)
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indexes, in some cases as shown in Fig. 41.2, 
are considerable. SV and ARV can be calcu-
lated by the following formula.

 

SV = × −( )∑ ∑
=

−
1

1
1

2

w
w BP BP

k

n

k k

 

 

ARV = × −
∑ ∑

=
−

1

1
1w

w BP BP
k

n

k k

 

where k ranges from 1 to n, w is the time interval 
between BPk-1 and BPk, and n is the number of BP
readings in 24 h.

 Calculation of BP Variability by Office 
BP Measurements

 Visit-to-Visit BP Variability
In 2010, an emerging BP variability, so called visit-
to-visit BP variability, was derived from the re-
analysis of several large-scale clinical trials [10, 
11]. Instead of readings from ABPM, mean office
BP readings at each visit, normally with an interval
of 4–6 months, were applied to calculate patients’
long-term BP variability. Similarly, SD, CV, SV
and ARV of these readings can be calculated with
the above-mentioned formula, but it is recom-
mended to have BP readings from at least 7 visits.

Several investigations indicated that long- 
term visit-to-visit BP variability was independent
of seasonal and weekly variation, with an accept-
able reproducibility [12, 13]. However, other 
investigators argued that this long-term BP

variability were loosely associated with classical
short-term BP variability derived from 24 h
ABPM, with the squared correlation coefficients
(r2) ranging from 0.02 to 0.06 [14, 15]. In this 
case, definition and calculation of this long-term
BP variability are still needed to be investigated
in the future.

 Influential Factors of Blood 
Pressure Variability

Theoretically, BP variability may be influenced
by many factors, such as seasonal change, mental
and physical stress, hormone secretion, barore-
ceptor’s sensitivity, vasoactive substance, etc. In
literature, Schutte etal. reported that, age,gender,
systolic BP level, body mass index, history of
peripheral arterial disease and use of β-blocker
were significant correlates of systolic BP vari-
ability [16]. Similarly, we reported that, in the 
X-CELLENT study, the major determinants of
BP variability included age, mean BP and the
corresponding heart rate variability, in the day-
time, nighttime, 24-h and ARV setting [17]. On 
the other hand, Muntner et al. indicated the sig-
nificant influential factors of visit-to-visit BP
variability, including age, gender, history of myo-
cardial infarction, BP level and the use of angio-
tensin converting enzyme inhibitor (ACEI), in
956 participants from the NHANES III survey
[18]. Moreover, Ohira et al. reported that, in a 
Japanese cohort, habitual alcohol intake was pos-
itively associated with enlarged day-night BP
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Fig. 41.2 In some cases with distinct blood pressure signals, SD can be the same, whereas ARV24 is not (Adapted from
Hansen et al. [9], with permission)
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difference and increased daytime BP variability
in diastolic BP, but not in systolic BP [19]. In 
theory, patients with obstructive sleep apnea syn-
drome (OSAS) may have a fluctuated sympathetic
activity at night, and consequently a greater
nighttime BP variation. However, three case con-
trol studies with small sample sizes only indi-
cated a significant association of OSAS or its
severity with less non-dipping pattern of circa-
dian BP variation [20], elevated nighttime BP
[21], and 24-h BP variability [22]. In this respect, 
further clinical investigations are warranted to
explore the association of OSAS with nocturnal
BP fluctuation and consequent complications.
Lastly and most importantly, increased arterial
stiffness, indicated by elevated pulse wave veloc-
ity, would theoretically be a cause of augmented
BP variability. This association was recently
proved in a Japanese diabetic cohort [23], but
with a brachial-to-ankle pulse wave velocity and
home BP variability. In this respect, further stud-
ies are warranted to investigate this interesting 
relationship, but also the real cause of elevated
BP variability, to help a better understanding of
this multifaceted phenomenon.

 Prognosis of Blood Pressure 
Variability

 Target Organ Damage

Table 41.1 shows major investigations on the 
association of target organ damage with BP
variability. Most studies indicated a significant
association, except for the ELSA study, in
which Mancia et al. [14] and Giannattasia et al. 
[30] reported that BP variability, assessed by
SD of systolic BP either in visit-to-visit or in
24 h ambulatory setting, failed to significantly
correlated to carotid artery wall thickness or 
distensibility, after adjustment for mean BP and
other CV risk factors. It is noteworthy that,
using a special calculation of 24 h rate of sys-
tolic BP variation, Zakopoulos and colleagues
reported a constant and significant association
between 24 h rate of systolic BP variation and

four target organ damages, namely carotid IMT
[27, 28], large coronary plaque [31], left ven-
tricular mass [5] and impaired renal function
[39], with adjustment for mean BP and other
CV risk factors. Secondly, some investigators
indicated that SD of nighttime systolic BP
yielded a more pronounced predictive value of
target organ damage, as compared to daytime 
systolic BP [24, 31, 36]. Lastly, it was observed
that much more evidences were accumulated in
literature with regards to an association of BP
variability with carotid IMT and stroke, but it
remained unclear whether BP variability was
superior in predicting stroke and carotid thick-
ness, as compared to other target organ dam-
ages. In this respect, a systematic clinical 
investigation or a meta-analysis, with taking all 
established target organ damages into account,
is warranted to compare their association with 
BP variation, which would help to have a better
understanding of BP variability, from a patho-
physiologic viewpoint.

 CV and All-Cause Mortality

As shown in Table 41.2, clinical studies on
association of CV events and mortality with BP
variability were summarized. Three investiga-
tions failed to indicate a significant relationship.
Pringle et al. reported that, in the 744 elderly
hypertensives of the Syst-Eur study, SD of sys-
tolic BP failed to predict patients’ CV mortality
[36], and Pierdomenico et al. indicated that, in 
two separate hypertensive cohorts, patients with 
the highest quartile of SD of systolic BP did not
present a higher CV risk, as compared with the
lowest quartile, after adjustment for mean BP and
other CV risk factors [46, 47]. In 2012 partici-
pants from the PAMELA study, Mancia et al.
reported that, with adjustment of mean BP, age
and gender, SD of systolic and diastolic BP was
not identified as a significant predictor of CV and
all-cause mortality, but the calculated residual
diastolic BP variation could significantly predict
CV and all-cause mortality with similar adjust-
ment [6]. To sum up, when SD or ARV of BP, but
not its quartiles as proposed by Pierdomenico,

41 Blood Pressure Variability: Measurements, Influential Factors, Prognosis and Therapy
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Table 41.1 Major investigations on association of target organ damage with blood pressure variability

Participants  
(mean age, years)

BPV
measurements TOD measurements Adjustment Sign

Sander and 
Klingelhöfer [24]

216 
normotensives + 208 
hypertensives (68.0)

Nighttime SBP
SD

Carotid IMT Age, mean BP,
smoking

+

Sander et al. [25] 286 CV patients
(68.0)

SBP SD Carotid IMT and 
progress

Age, mean BP,
smoking

+

Moncia et al.  
(ELSA) [26]

1,662 hypertensives 
(56.2±7.7)

SBP/PP SD Carotid IMT Age, mean BP,
24 h HR SD

+

Zakopoulos  
et al. [27]

280 
normotensives+234
hypertensives (53.0)

24 h rate of SBP
variation

Carotid IMT Age, gender, 
smoking, 
cholesterol

+

Stamatelopoulos  
et al. [28]

241
normotensives + 232 
hypertensives (55.0)

24 h rate of SBP
variation

Carotid IMT Age, gender, 24 h
HR, BMI

+

Nagai et al. [29] 201 high-risk elderly 
(79.9±6.4)

DBP CV Carotid IMT Age, mean BP,
smoking, 
cholesterol, 
treatment

+

Mancia et al.  
(ELSA) [14]

1,264 hypertensives
(55.8±7.4)

SBP VVV Carotid IMT Age, mean BP,
gender, smoking, 
DM, cholesterol, 
treatment

−

Giannattasio  
et al. (ELSA) [30]

124 hypertensives
(56.3)

SBP SD Carotid artery 
distensibility

Age, mean BP −

Shimbo et al.  
(MESA) [31]

2,640 subjects (60.0) SBP VVV Aortic distensibility Age, mean BP,
gender, CV risk
factors, treatment

+

Hata et al. 
(ADVANCE) [32]

8,811 diabetes
(66±6)

SBP VVV Macrovascular and
microvascular
events

Age, mean BP,
gender, smoking, 
alcohol, BMI, DM
duration, HR,
cholesterol, 
treatment

+

Manios et al. [33] 162 normotensives 
(61.0)

24 h rate of SBP
variation

Coronary artery 
lesion

Mean BP,
smoking, DM, 
cholesterol

+

Iwata et al. [34] 795 subjects (71±9) Nighttime SBP
SD

Coronary plaque Age, mean BP,
gender, smoking, 
DM, cholesterol, 
treatment

+

Kukla et al. [35] 118 subjects (70.0) SBP SD Lacunar infarction Age, mean BP,
hypertension

+

Pringle et al. 
(Syst-Eur) [36]

744 elderly
hypertensives (69.5)

Nighttime SBP
SD

Stroke Age, mean BP,
gender

+

Rothwell et al. [11] 
(TIA/ASCOT-BPLA)

2,006 patients after 
TIA (60.3±9.1)

SBP VVV Stroke Mean BP +

2,011 hypertensives SBP VVV Stroke + coronary 
events

Mean BP +

Shimbo et al. [37] 58,228 
postmenopausal
women (50–79)

SBP VVV Stoke Age, mean BP,
race, smoking, 
BMI, other CV
risk

+
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was considered, most studies in Table 41.2 vali-
dated a significant prognostic value of patients’
BP variability derived from 24h ABPM.However,
it is also noteworthy that, as proposed by Hansen
et al. in an international survey composed of
8,938 participants from 11 populations, indepen-
dent of 24 h mean BP, ARV of BP only provided
about 1 % additional prognostic value [9]. In this 
respect, the effectiveness analysis of 24 h BP
variability measurement, with regard to death
prediction, need to be re-assessed.

 Visit-to-Visit Blood Pressure 
Variability

Since Rothwell et al. reported the significant
and independent prognostic value of a long-term
BP variability, so-called visit-to-visit BP vari-
ability in 2010 [11], this novel parameter was 
extensively investigated in clinical studies. For
instance, Mancia etal. [14] and Shimbo etal. [31] 
reported a significant association of carotid IMT
and aortic distensibility with visit-to-visit BP

variability, respectively, in their recent publica-
tions. Meanwhile, after Rothwell’s report on the 
significant relationship between stroke and visit-
to-visit BP variability in the TIA and ASCOT-
BPLA studies [11], Shimbo et al. also indicated
that, in 58,228 postmenopausal women, visit-
to-visit systolic BP variability was significantly
and independently associated with stroke, after 
adjustment for mean BP and other CV risk fac-
tors [37]. On the other hand, it is controversial 
for the role of visit-to-visit BP variability in the
death prediction. Schutte et al. reported that, in a
general population, systolic BP variability, in the
visit-to-visit setting, failed to predict CV and all-
cause mortality [16], and Mancia et al. also indi-
cated a similar result with regards to CV events
in a hypertensive cohort [14]. However, Muntner
et al. Poortvliet et al. and Rossignol et al., in the 
NHANES [18], PROSPER [51] and FOSIDIAL
[52] studies, respectively, indicated a significant
prognostic value of visit-to-visit BP variability. It
is of note that Kikuya et al. and Asayama et al. in
the Ohasama study [49, 55] and Hsieh et al. in the 
Finn-Home study all reported a significant and

Table 41.1 (continued)

Participants  
(mean age, years)

BPV
measurements TOD measurements Adjustment Sign

Sega et al. [5] 1,648 subjects
(48.2±13.1)

Residual SBP/
DBP BPV

LVMI Age, mean BP,
gender

+

Zakopoulos  
et al. [38]

365 
normotensive + 185 
whitecoat+448
uncomplicated
hypertensives 
(53.4±12.9)

24 h rate of SBP
variation

LVM Age,meanBP,
gender,HR,BMI,
BPdipping

+

Manios et al. [39] 803 hypertensives 
(54.6±13.0)

24 h rate of SBP
variation

Impaired renal 
function

Age, mean BP,
gender

+

Okada et al. [40] 422 diabetes
(65.8±9.1)

SBP CV Log UAE HbA1c, mean BP,
UC, ACEI/ARB

+

Okada et al. [41] 354 diabetes
(65.5±9.3)

SBP CV Development of 
albuminuria

mean BP,
cholesterol

+

Leoncini et al. [42] 169 untreated
hypertensives 
(47.1±9.5)

SBP SD/ARV Number of organ
damage

Age +

+/− indicates significant/non-significant association of target organ damage with BP variability
BP blood pressure, SBP systolic blood pressure, PP pulse pressure, BPV blood pressure variability, TOD target organ 
damage, Sig significance, SD standard deviation, IMT intema-media thickness, HR heart rate, BMI body mass index,
VVV visit-to-visit variability,DM diabetes mellitus,CV cardiovascular,LVM left ventricular mass,UAE urinary albumin
excretion, UC uric acid,ACEI ageniotensin converting enzyme inhibitor,ARB ageniotensin receptor blocker,ARV aver-
age real variability

41 Blood Pressure Variability: Measurements, Influential Factors, Prognosis and Therapy



502

Ta
b

le
 4

1
.2
M
aj
or
in
ve
st
ig
at
io
ns
on
as
so
ci
at
io
n
of
m
or
ta
lit
y
an
d
ev
en
ts
w
ith
bl
oo
d
pr
es
su
re
va
ri
ab
ili
ty

Pa
rt

ic
ip

an
ts

  
(m
ea
n
ag
e,
ye
ar
s)

B
PV
m
ea
su
re
m
en
ts

E
ve

nt
s 

an
d 

m
or

ta
lit

y
A
dj
us
tm
en
t

Si
gn

K
ik
uy
a
et
al
.

(O
ha
sa
m
a)
[4
3]

1,
54
2
su
bj
ec
ts

SB
P
SD

C
V
m
or
ta
lit
y

A
ge
,m
ea
n
B
P,
ge
nd
er
,s
m
ok
in
g,
D
M
,

ob
es
ity
,H
R
,c
ho
le
st
er
ol
,C
V
di
se
as
es
,

tr
ea

tm
en

t

+

Pr
in

gl
e 

et
 a

l. 
(S
ys
t-
E
ur
)
[3

6]
74
4
el
de
rl
y
hy
pe
rt
en
si
ve
s
(6
9.
5)
SB
P
SD

C
V
m
or
ta
lit
y

A
ge
,m
ea
n
B
P,
ge
nd
er

−

B
jo
rk
lu
nd

 
et
al
.[
44

]
87
2
el
de
rl
y
su
bj
ec
ts
(>
70
)

D
ay
tim
e
SB
P
SD

C
V
m
or
ta
lit
y

Sm
ok
in
g,
D
M
,B
M
I,
ch
ol
es
te
ro
l,

tr
ea

tm
en

t
+

E
T
O
et
al
.[
45

]
10

6 
el

de
rl

y 
hy

pe
rt

en
si

ve
s 

(7
3.
9
±
8.
1)

H
ig
he
r
vs
lo
w
er
SB
P
SD

C
V
ev
en
ts

A
ge
,m
ea
n
B
P,
ge
nd
er
,s
m
ok
in
g,
D
M
,

ob
es
ity
,c
ho
le
st
er
ol
,C
V
di
se
as
es

+

Pi
er

do
m

en
ic

o 
 

et
al
.[
46

]
1,
08
8
un
co
m
pl
ic
at
ed
m
ild

hy
pe

rt
en

si
ve

s
H
ig
he
r
vs
lo
w
er
SB
P
SD

C
V
ev
en
ts

A
ge
,m
ea
n
B
P,
sm
ok
in
g,
ch
ol
es
te
ro
l

−

Pi
er

do
m

en
ic

o 
 

et
al
.[
47

]
1,
47
2
tr
ea
te
d
hy
pe
rt
en
si
ve
s

H
ig
he
r
vs
lo
w
er
SB
P
SD

C
V
ev
en
ts

A
ge
,m
ea
n
B
P,
sm
ok
in
g,
ch
ol
es
te
ro
l,
D
M
,

LV
M

−

V
er
de
cc
hi
a

 
et
al
.[
48

]
2,
64
9
un
tr
ea
te
d
hy
pe
rt
en
si
ve
s

(5
1.
2
±
12
.0
)

N
ig
ht
tim
e
SB
P
SD

C
ar

di
ac

 e
ve

nt
s

A
ge

, g
en

de
r, 

sm
ok

in
g,

 c
ho

le
st

er
ol

, D
M

, 
LV
H

+

M
an

ci
a 

et
 a

l. 
(P
A
M
E
L
A
)
[6

]
2,
01
2
su
bj
ec
ts
(4
9.
3
±
13
.4
)

SB
P/
D
B
P
SD
re
si
du
al

D
B
P
B
PV

C
V
an
d
al
l-
ca
us
e
m
or
ta
lit
y

A
ge
,m
ea
n
B
P,
ge
nd
er

−
C
V
an
d
al
l-
ca
us
e
m
or
ta
lit
y

+
K
ik
uy
a
et
al
.

(O
ha
sa
m
a)
[4
9]

2,
45
5
su
bj
ec
ts
(5
9.
4
±
12
.3
)

H
om
e
SB
P
SD
/C
V

C
V
an
d
al
l-
ca
us
e
m
or
ta
lit
y

A
ge
,m
ea
n
B
P,
ge
nd
er
,s
m
ok
in
g,
D
M
,

ob
es
ity
,H
R
,a
lc
oh
ol
,c
ho
le
st
er
ol
,C
V

di
se

as
es

, t
re

at
m

en
t

+

E
gu
ch
ie
ta
l.
[5

0]
30
0
un
co
m
pl
ic
at
ed
di
ab
et
es

(6
7.
8
±
9.
6)

N
ig
ht
tim
e
SB
P/
D
B
P
SD

C
V
ev
en
ts

A
ge
,g
en
de
r,
sm
ok
in
g,
B
M
I,
cr
ea
tin
in
e

+

H
an
se
n
et
al
.[

9]
8,
93
8
su
bj
ec
ts
(5
3.
0)

SB
P/
D
B
P
SD

C
V
an
d
al
l-
ca
us
e
m
or
ta
lit
y

A
ge
,m
ea
n
B
P,
ge
nd
er
,s
m
ok
in
g,
D
M
,

B
M
I,
H
R
,a
lc
oh
ol
,c
ho
le
st
er
ol
,C
V

di
se

as
es

, t
re

at
m

en
t

+
SB
P/
D
B
P
A
R
V

M
or
ta
lit
y
+
C
V
ev
en
ts
+
st
ro
ke

+

M
un
tn
er
et
al
.

(N
H
A
N
E
S)
[1

8]
95
6
su
bj
ec
ts
(4
7.
4
±
17
.7
)

SB
P
V
V
V

A
ll-
ca
us
e
m
or
ta
lit
y

A
ge
,m
ea
n
B
P,
ge
nd
er
,M
I,
tr
ea
tm
en
t

+

Sc
hu
tte
et
al
.[

16
]

2,
94
4
su
bj
ec
ts
(4
4.
9)

SB
P/
D
B
P
SD
/A
R
V

C
V
an
d
al
l-
ca
us
e
m
or
ta
lit
y

A
ge
,m
ea
n
B
P,
ge
nd
er
,s
m
ok
in
g,
H
R
,

B
M
I,
gl
uc
os
e,
ch
ol
es
te
ro
l,
C
V
di
se
as
es
,

tr
ea

tm
en

t

−
SB
P/
D
B
P
V
V
V

C
V
an
d
al
l-
ca
us
e
m
or
ta
lit
y

−

M
an

ci
a 

et
 a

l. 
 

(E
L
SA
)
[1
4]

1,
26
4
hy
pe
rt
en
si
ve
s
(5
5.
8
±
7.
4)

SB
P
V
V
V

C
V
ev
en
ts

A
ge
,m
ea
n
B
P,
ge
nd
er
,s
m
ok
in
g,
D
M
,

ch
ol

es
te

ro
l, 

tr
ea

tm
en

t
−

Y. Zhang et al.



503

Po
or
tv
lie
te
ta
l.
[5

1]
(P
R
O
SP
E
R
)

1,
80

8 
el

de
rl

y 
hy

pe
rt

en
si

ve
s 

(7
5.
2
±
3.
3)

SB
P/
D
B
P/
PP
V
V
V

V
as
cu
la
r
an
d
to
ta
lm
or
ta
lit
y

A
ge
,m
ea
n
B
P,
ge
nd
er
,s
m
ok
in
g,
B
M
I,

ch
ol
es
te
ro
l,
C
V
di
se
as
es
,t
re
at
m
en
t

+

R
os
si
gn
ol
et
al
.[

52
]

(F
O
SI
D
IA
L
)

39
7 

pa
tie

nt
s 

w
ith

 
he
m
od
ia
ly
si
s+
LV
H
(6
7)

SB
P
V
V
V

C
V
m
or
ta
lit
y

A
ge
,s
tr
ok
e,
PA
D
,C
A
D
,D
M
,L
V
M

+

H
si
eh
et
al
.[

53
]

2,
16
1
di
ab
et
ic
pa
tie
nt
s

(6
3.
5
±
11
.9
)

SB
P/
D
B
P/
PP
V
V
V

C
V
an
d
al
l-
ca
us
e
m
or
ta
lit
y

A
ge
,m
ea
n
B
P,
ge
nd
er
,B
M
I,
gl
uc
os
e,

H
bA
1C
,c
ho
le
st
er
ol
,c
re
at
in
in
e,
es
tim
at
ed

G
FR

+

Jo
ha
ns
so
n
et
al
.[
54

]
(F
in
n-
H
om
e)

1,
86
6
su
bj
ec
ts
(6
6.
4
±
8.
5)

D
ay
tim
e
ho
m
e
SB
P
SD

A
ll-
ca
us
e
m
or
ta
lit
y

A
ge
,m
ea
n
B
P,
ge
nd
er
,s
m
ok
in
g,
D
M
,

B
M
I,
H
R
,a
lc
oh
ol
,c
ho
le
st
er
ol
,C
V

di
se

as
es

, t
re

at
m

en
t

+

A
sa
ya
m
a
et
al
.[

55
] 

(O
ha
sa
m
a)

2,
42
1
su
bj
ec
ts
(5
8.
6)

H
om
e
SB
P
SD

A
ll-
ca
us
e
m
or
ta
lit
y

A
ge
,m
ea
n
B
P,
ge
nd
er
,s
m
ok
in
g,
D
M
,

B
M
I,
H
R
,a
lc
oh
ol
,c
ho
le
st
er
ol
,C
V

di
se

as
es

+

H
as
tie
et
al
.[

56
]

14
,5
22
hy
pe
rt
en
si
ve
s
(5
0)

SB
P
V
V
V
(A
R
V
)

C
V
an
d
al
l-
ca
us
e
m
or
ta
lit
y

A
ge
,m
ea
n
B
P,
ge
nd
er
,s
m
ok
in
g,
al
co
ho
l,

B
M
I,
ch
ol
es
te
ro
l,
C
V
di
se
as
es
,e
st
im
at
ed

G
FR

+

M
al
la
m
ac
ie
ta
l.
[5

7]
1,

61
8 

pa
tie

nt
s 

w
ith

 2
–5

 s
ta

ge
 

C
K
D
(6
4
±
12
)

SB
P
V
V
V

C
V
ev
en
ts
an
d
m
or
ta
lit
y

A
ge
,m
ea
n
B
P,
ge
nd
er
,s
m
ok
in
g,
D
M
,

B
M
I,
ch
ol
es
te
ro
l,
C
V
di
se
as
es
,t
re
at
m
en
t,

es
tim

at
ed

 G
FR

+

+
/−
in
di
ca
te
s
si
gn
ifi
ca
nt
/n
on
-s
ig
ni
fic
an
ta
ss
oc
ia
tio
n
of
ev
en
ts
an
d
m
or
ta
lit
y
w
ith
B
P
va
ri
ab
ili
ty

B
P
bl
oo
d
pr
es
su
re
,

SB
P
sy
st
ol
ic
bl
oo
d
pr
es
su
re
,

D
B

P
di
as
to
lic
bl
oo
d
pr
es
su
re
,

P
P
pu
ls
e
pr
es
su
re
,

B
P

V
bl
oo
d
pr
es
su
re
va
ri
ab
ili
ty
,

Si
g
si
gn
ifi
ca
nc
e,

SD
 s

ta
nd

ar
d 

de
vi

at
io

n,
 H

R
 

he
ar

t r
at

e,
 B

M
I
bo
dy
m
as
s
in
de
x,

V
V

V
vi
si
t-
to
-v
is
it
va
ri
ab
ili
ty
,D

M
di
ab
et
es
m
el
lit
us
,C

V
ca
rd
io
va
sc
ul
ar
,L

V
M
le
ft
ve
nt
ri
cu
la
r
m
as
s,

LV
H
le
ft
ve
nt
ri
cu
la
r
hy
pe
rt
ro
ph
y,

A
R

V
 a

ve
r-

ag
e
re
al
va
ri
ab
ili
ty
,M

I 
m

yo
ca

rd
ia

l i
nf

ar
ct

io
n,

 P
A

D
 p

er
ip

he
ra

l a
rt

er
y 

di
se

as
e,

 C
A

D
 c

or
on

ar
y 

ar
te

ry
 d

is
ea

se
, G

F
R
gl
om
er
ul
ar
fil
tr
at
io
n
ra
te

41 Blood Pressure Variability: Measurements, Influential Factors, Prognosis and Therapy



504

independent prognostic value of day-by-day BP
variability derived from home BP measurements,
which undoubtedly casted another prospective
topic in this field.

 Effects of Antihypertensive Agents 
on Blood Pressure Variability

 Short-Term Blood Pressure Variability

Although effect of various antihypertensive
agents on BP reduction was extensively proved in
numerous randomized clinical trials since 1980s,
evidences of their influence on BP variabil-
ity were very limited. In a randomized clinical 
trial, Floras et al. indicated that β-adrenoceptor 
antagonists significantly reduced patients’ day-
time systolic BP but did not change its SD, and
consequently increased patients’ coefficient of
variation in systolic BP [58]. Mancia et al. also 
reported in 236 mild hypertensives that angioten-
sin ACEI or calcium channel blocker (CCB), with
a 4–8 weeks therapy, significantly but modestly
decreased patients’ daytime SD of BP, which
was proportional or less than proportional to the 
reduction in mean BP, resulting in no change or
an increase in coefficient of variation in BP [59]. 
Later, Mancia and colleagues also reported that,
in 1,523 hypertensive patients, SD of systolic and 
diastolic BP was reduced significantly and pro-
gressively by 4-year therapy of lacidipine or aten-
olol, but their coefficient of variation remained
unchanged after treatment [60]. Similarly, in the 
Syst-Eur study, active treatment (nitrendipine in
86 % of participants) caused a significant reduc-
tion in SD of both daytime and nighttime BP, but
without influence on coefficient of variation [36]. 
In 100 untreated hypertensives, it was reported
that, after a follow-up of 12 months, amlodipine,
but not valsartan, could significantly reduce SD
of daytime systolic BP derived from 24 h ABPM
[61]. Lastly, in the X-CELLENT study, a ran-
domized, double-blinded and placebo-controlled
clinical trial, we reported that, after a 3-month 
treatment, amlodipine and indapamide sustained
release (SR), but not candesartan, could signifi-
cantly reduce patients’ systolic BP variability,

in daytime, nighttime, 24-h and ARV settings
[17]. All those above-mentioned clinical inves-
tigations indicated a superiority of CCB in low-
ering patients’ BP variability derived from 24 h
ABPM, as so-called short-term BP variability.

 Long-Term Blood Pressure Variability

In 2010, a novel visit-to-visit BP variability, also
termed as long-term BP variability, was firstly
proposed by Rothwell and his colleagues, which
was proven as an important indicator of stroke 
and other CV events and mortality. In ASCOT-
BPLA study, visit-to-visit BP variability was
greater in patients randomized to atenolol treat-
ment arm than in the amlodipine group, with the
latter having fewer CV events [11]. Second, by
reviewing data from comparison of atenolol, 
diuretics or placebo treatment, a significant asso-
ciation of visit-to-visit BP variability with subse-
quent stroke was detected in atenolol treatment
group [62]. Third, in a post-hot analysis of 389 
clinical trials, Webb et al. reported a 19 % reduc-
tion in visit-to-visit BP variability with CCB and
a 13 % with non-loop diuretics, but 8 % increase
with ACEI, 16 % increase with angiotensin
receptor blocker (ARB) and 17 % increase with
β-adrenoreceptor antagonists, with CCB exhibit-
ing the greatest reduction (24 %) as compared
with placebo [63]. Moreover, Webb et al. also
recently reported that impact of β-adrenoreceptor 
antagonists on augmentation in BP variability
and impact of CCB on BP variability reduction
were both dose-dependent [64]. However, those 
above-mentioned findings should also be cau-
tiously interpreted within the context of their
limitations. Firstly, as criticized by Zanchetti [65] 
and Mancia [66], all those findings were derived
from post-hoc analysis of reviewing previous
clinical trials. Secondly and more importantly, 
although intra-individual visit-to-visit BP vari-
ability (SD of an individual’s BP measured from
visit to visit) was scientifically sound as a reliable
surrogate of long-term BP variability, inter-
individual BP variability (SD of BP in a group of
patients in those clinical trials) was actually cal-
culated instead and analyzed in all Rothwell’s
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post-poc analysis. Authors may argue that the
two variabilities were strongly (about 50 %) cor-
related, but with different meaning, they were
definitely not identical or replaceable. In this
respect, clinical investigations in the prospective 
setting and with intra-individual calculation are
undoubtedly warranted.

 Non-pharmacotherapy on Blood 
Pressure Variability

Many studies indicated an essential role of auto-
matic nervous system (ANS) in BP variability
and its reduction, and the increased BP variabil-
ity was partly attributable to sympathetic over -
drive [67, 68]. Recently, catheter-based renal
sympathetic denervation (RSD) emerged as a
prospective treatment option for patients with 
resistant hypertension, which is to ablate both
afferent and efferent sympathetic nerve in the 
adventitial of both renal arteries [69, 70]. 
Considering its significant influence on sympa-
thetic tone, this procedure, in theory, would have
an impact on patient’s BP variability. In a small
interventional study of 11 resistant hypertensives,
patients’ SD of systolic BP was significantly
reduced 6 months after RSD [71]. The effect of 
this prospective procedure on BP variability and
subsequent CV events and mortality needs to be
explored by future investigations.

 Perspective

Although the cause and exact meaning of BP
fluctuation have not been fully understood, sev-
eral factors, including age, mean BP, heart rate
variability and arterial stiffness, may influence
patients’ BP variation. A large body of evidence
has shown a significant association of short- and
long-term BP variability with target organ dam-
age, CV events and CV and all-cause mortality,
but controversy exists in this field, especially its
incremental prognostic value in addition to BP
level. Till now, there is no solid evidence indicat-
ing any effective agent in terms of BP variability
reduction, but some clinical studies are in favor

of CCB in reducing both short- and long-term BP
variability.
The unknown is still much greater than the known
in this field. There are several critical issues need to
be addressed for future investigations. First, best
estimate of BP variability, calculated by a standard-
ized procedure, either in short- or long-term setting,
needs to be fixed, as well as its reference value.
Second, with this standardized BP variation, spe-
cific cause and meaning of BP variability need to
be explored, especially from a pathophysiologic
point of view, as well as an effectiveness analysis 
on its additional prognostic significance in prospec-
tive studies. Third, from a therapeutic viewpoint,
since BP variability is ultimately supposed to guide
clinical treatment, effect of BP variability lowering
therapy needs to be conducted in well-designed
randomized clinical trials with head-to-head com-
parison of different antihypertensive agents, espe-
cially CCB and diuretics. Forth, limited data are
available in the prognostic value of day-by-day BP
variability derived from regular home BP measure-
ments. It is obviously prospective to apply stan-
dardized home BP variability as a reliable and
effective estimate of patients’ BP variation, because
it is much more convenient and practical than visit-
to-visit BP variability. Lastly, a non-invasive device
(Mobil-O-Graph NG, Germany) was recently vali-
dated by invasive method to record patients’ 24 h
ambulatory brachial and central BP simultaneously
[72], by which the 24-h profile of human’s central
BP can be explored, as well as central BP variabil-
ity. Difference and potential superiority of central
to brachial BP variability remain unknown and fur-
ther studies are undoubtedly warranted.
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    Abstract  

  Nitrates such as nitroglycerine and isosorbide mononitrate are unique 
drugs, and at least in theory ideal for treating Isolated Systolic Hypertension 
in the Elderly (ISHE). Early wave refl ection from aortic stiffening 
increases late systolic pressure in the ascending aorta and left ventricle, 
and is the cause of ISHE, but diastolic pressure and mean pressure are 
normal. Nitrates decrease or abolish wave refl ection from peripheral arte-
rioles, “trapping” this within the peripheral arterial networks (Yaginuma 
et al. Cardiovasc Res 20:153–160, 1986). 

 While having the most favourable of all mechanisms for treatment of 
angina pectoris and ISHE, nitrates have disadvantages over conventional 
modern anti-anginal and antihypertensive drugs, and so are usually used in 
conjunction with other drugs. 

 The purpose of this chapter is to describe the actions of nitrates, the 
properties that make them useful, and those which can detract from their 
use in clinical medicine. All have been clarifi ed by modern concepts of 
aortic elasticity, arteriolar resistance, wave refl ection, and pressure pulse 
wave analysis. Surprisingly, few if any of the mechanistic concepts are 
considered in contemporary journals and textbooks.  

  Keywords  

  Nitrates   •   Systolic hypertension   •   Central aortic pressure   •   Wave refl ection   • 
  Tolerance  

        X.  J.   Jiang ,  MD      
  Department of Cardiology ,  Hypertension Centre, 
Fuwai Hospital, Cardiovascular Institute, 
Chinese Academy of Medical Sciences, 
National Centre for Cardiovascular Diseases, 
Peking Union Medical College ,   167 Beilishi Rd, 
Xicheng sitrict ,  Beijing   100037 ,  China   
 e-mail: jxj103@hotmail.com   

  42      Nitrate: The Ideal Drug Action 
for Isolated Systolic Hypertension 
in Elderly? 

           Xiong     J.     Jiang       and        Michael     F.     O’Rourke     

    M.  F.   O’Rourke ,  MD, DSc      (*) 
  Department of Cardiovascular and Hypertension , 
 St. Vincent’s Clinic, University of New South Wales, 
Victor Chang Cardiac Research Institute ,   Suite 810 
St. Vincent Clinic, 438 Victoria Street ,  Darlinghurst, 
Sydney ,  NSW   2010 ,  Australia   
 e-mail: m.orourke@unsw.edu.au  

mailto:jxj103@hotmail.com
mailto:m.orourke@unsw.edu.au


510

        Nitrates in Clinical Practice 

 Nitrates were introduced as anti-anginal agents in 
the late nineteenth century, and immediately 
taken up as the basis of therapy for this condition. 
Nitrates were administered by inhalation (amyl 
nitrate) or by topical application under the 
tongue. The fi rst paper on clinical use of glyceryl 
trinitrate [ 1 ] showed a typical effect on the sphyg-
mogram, recorded from the radial artery. This we 
can now interpret as showing reduction in 
wave refl ection from peripheral sites [ 2 ,  3 ]. 
During the twentieth century, nitroglycerine 
remained the mainstay for treatment of angina, 
but its mode of action remained a mystery [ 4 ]. It 
was effective in relieving anginal pain without 
reducing brachial systolic or diastolic pressure. It 
did not appear to reduce peripheral resistance, so 
that its effect was considered due to reduction in 
venous tone, causing reduced venous return to 
the heart. This together with dilation of coronary 
arteries [ 5 ] appeared to explain therapeutic 
effects, which by the beginning of the twenty-
fi rst century included relief of acute cardiac fail-
ure as well, again, attributed to reduction in 
venous return and left ventricular preload [ 6 ]. 
Studies on central and peripheral pressures have 
clarifi ed the action of nitrates on cardiovascular 
properties. These are discussed in detail later, but 
are still not recognised in major recent clinical 
papers on nitrates [ 7 ] or in textbooks.  

    Problems with Clinical Use 
of Nitrates 

 Nitrates are volatile, hence tablets and other 
preparations only remain effective for a short 
period of time. They are not readily or uniformly 
absorbed from the gastrointestinal tract, so that 
older oral preparations did not prove reliable in 
action. Nitrates dilate muscular arteries and read-
ily induce headache, and fl ushing. The drugs can 
precipitate migraine, and can in excessive dose 
induce syncope. Therapeutic doses of glyceryl 
trinitrate (0.4–0.6 mg) per tablet often need be 
divided into halves or quarters in order to obtain 
therapeutic response without headache. One tiny 

glyceryl trinitrate tablet provides over 10 min as 
much as the smallest available (5 mg) nitrate 
patch delivers over 1 h [ 8 ]. The smallest available 
patch (5 mg) often has to be cut into a half or 
even one quarter in order to provide therapeutic 
effect without headache. 

 Another major problem with nitrate is toler-
ance – loss of drug action as a consequence of 
continuing exposure. This is a reason for using 
nitroglycerine patch over a continuous 12–14 h 
period when angina pain is most likely to occur, 
or blood pressure is likely to be highest, or car-
diac failure most in evidence, then removing the 
patch for a 10–12 h period before reapplying the 
patch on the following day. Our most recent work 
confi rms tolerance, showing from studies of cen-
tral pulse pressure or augmentation that this is 
reduced by around 35 % during constant expo-
sure after 6 days; this however is not suffi ciently 
great as to render the dose ineffective [ 9 ]. 

 The last major problem with nitrate is the dif-
fi culty in measuring its action through the effect 
on arterial pressure [ 10 – 13 ]. This is described 
below, where benefi ts of measuring central aortic 
pressure are emphasised. 

 The major problem with nitrates remains 
headache; this can usually be prevented without 
compromising drug action by reduction in dose. 
Present formulations often contain too much of 
the drug for too many of the patients on whom it 
is used.  

    Actions of Nitrates 

 Yaginuma et al. [ 1 ] in 1986 studied the effects 
of sublingual nitroglycerine on ascending aortic 
impedance, determined from use of high fre-
quency pressure manometer and electromagnetic 
fl ow waveforms at cardiac catheterisation. They 
were able to show that nitroglycerine reduced 
wave refl ection markedly without signifi cant 
effect on peripheral resistance (impedance at zero 
frequency) or on aortic characteristic impedance 
(a measure of aortic stiffness, and closely related 
to aortic pulse wave velocity). Yaginuma et al. 
[ 1 ] explained the fi ndings to indicate an action 
of vasodilation on muscular conduit arteries 
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throughout the body which was systematically 
greater at a branch in the daughter than in par-
ent arteries. This action confi rmed the fi ndings 
of Feldman et al. [ 5 ] on differential effects of 
nitroglycerine on arteries of different size in the 
heart, and the minimal effects of the drug on arte-
rioles (measured as peripheral resistance) and on 
the aorta itself, measured as aortic characteristic 
impedance. It was in keeping with Womersley’s 
calculation on wave refl ection under different 
conditions at arterial branches [ 14 ]. These stud-
ies showed that impedance is usually almost per-
fectly matched at arterial branches by the area 
ratio of two daughter to one parent artery, and 
wave refl ection is minimal whereas if the area 
ratio is reduced (daughter ÷ parent), wave refl ec-
tion is increased and if the ratio is increased, 
wave refl ection is decreased. This is the simple 
explanation given by Yaginuma et al. [ 1 ], but 
this can be enhanced by an arterial dilator such 
as nitroglycerine which relaxes muscular tone in 
the daughter branches, so transferring stress from 
collagenous to elastic elements in the wall and 
rendering the dilated daughter arteries more dis-
tensible [ 3 ,  15 ]. Change in both diameter and dis-
tensibility serve to decrease impedance in vessels 
beyond a branch, so reducing refl ection returning 

from the arterioles, and “trapping” this refl ection 
in the peripheral arterioles. Such action is readily 
apparent in Fig.  42.1 .

   The study by Yaginuma with nitroglycerine 
on ascending aorta impedance confi rmed studies 
on other arterial dilating and antihypertensive 
drugs. These drugs however, usually showed 
reduction in peripheral resistance, attributable to 
a substantial effect on arterioles and peripheral 
resistance [ 1 ,  3 ,  15 ] and relatively less effect on 
wave refl ection. 

 Yaginuma’s studies were pursued by Kelly 
who was a pioneer of arterial tonometry for non- 
invasive measurement of central arterial pressure 
[ 16 ,  17 ]. Kelly et al. [ 10 ] showed that the reduc-
tion in central aortic pressure induced by nitrate 
was not apparent as a similar reduction in brachial 
or radial pressure measured either invasively by 
catheter or non-invasively by cuff or applanation 
tonometry [ 11 ]. He explained this on the basis 
that peak of the central wave in older adults was 
due to wave refl ection, whereas the radial peak 
was not, since refl ection in the brachial or radial 
pulse was manifest as a secondary shoulder in 
late systole (Fig.  42.1 ). This established how the 
benefi t of nitrate reduction in wave refl ection was 
seen in reduction of systolic aortic and left ven-
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  Fig. 42.1    Pressure    waves measured invasively in the 
ascending aorta and brachial artery at cardiac catheterisa-
tion, before ( left ) and after ( right ) administration of 
0.5 mg nitroglycerine sublingually in a human adult. 
Nitroglycerine caused little change in brachial systolic 
pressure, since the initial peak of the wave (caused directly 
by ventricular ejection and indicated by the  vertical bar 

marked by X ) was higher than the late systolic refl ected 
wave ( R ). In the ascending aorta, the second late systolic 
peak caused by wave refl ection was higher than the initial 
peak. When this was reduced by nitroglycerine, systolic 
peak pressure was reduced by almost 20 mmHg 
(Reproduced with permission from Kelly et al. [ 10 ])       
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tricular pressure but not in brachial or radial pres-
sure. This fi nding was promptly confi rmed by 
Fitchett in Montreal [ 13 ] and Takazawa et al. in 
Tokyo [ 12 ]. These studies more than any others 
drew early attention to central aortic pressure as 
superior to brachial cuff pressure for assessment 
of drug effect, and led on to the REASON [ 18 ], 
CAFE [ 19 ] and J-CORE [ 20 ] studies in showing 
superior value of arterial vasodilating drugs in 
treatment of hypertension. All are summarised 
in books  Arterial Vasodilation: Mechanism and 
Therapy  (by O’Rourke, Safar, Dzau [ 3 ]) and suc-
cessive editions of  McDonald’s Blood Flow in 
Arteries  [ 15 ]. 

 The hemodynamic studies of central pressure 
and fl ow showed another predicted effect of 
nitrates in reduction of wave refl ection. In older 
adults with systolic heart failure, wave refl ection 
can have a predominant effect in reducing late 
systolic fl ow, rather than causing augmentation 
of late systolic pressure [ 21 ,  22 ]. With adminis-
tration of nitrate, such patients usually show 
increase in stroke volume rather than reduction in 
pressure augmentation [ 15 ,  22 ]. This is also 
apparent in Doppler and especially MRI ascend-
ing aortic waveforms [ 23 – 25 ]. 

 Maurice McGregor of Montreal [ 4 ] was one 
of the fi rst to draw attention to the unique action 
of nitrates in clinical practice. This stimulated 
the work of Fitchett and Kelly in Montreal and 
Toronto [ 26 ] and preceded that of Yaginuma et al. 
[ 1 ]. McGregor [ 4 ] noted the strong pulsation of 
tissue especially the pulse of the fi nger as well as 
of arteries such as the radial and superfi cial tem-
poral (which was linked to headache), and cor-
rectly attributed this to selective dilation of tiny 
peripheral arteries [ 27 ,  28 ]. This was confi rmed 
by plethysmographic studies at the forearm and 
fi nger tip (now widely used as photoplethysmog-
raphy) as well as through ultrasound of individ-
ual larger arteries [ 15 ]. Administration of nitrate 
was shown to cause marked increase in diam-
eter of arteries such as the radial without cor-
responding change in amplitude of the pressure 
waveform [ 4 ,  15 ]. Changes were attributable to 
relaxation of smooth muscle in the arterial wall. 
This smooth muscle acts as though in series 
with stiff collagenous elements in the wall, but 

in parallel with elastin fi bres [ 15 ]. Relaxation 
of smooth muscle in the wall transferred stress 
to the more extensible elastin fi bres, so that the 
small muscular arteries dilated, and became 
more distensible at the same time. Arteries 
throughout the body dilate passively with greater 
distending pressure, such as with elevation of 
arterial pressure, but become progressively more 
stiff as they dilate; the action of nitrates causes 
an opposite, paradoxical effect: i.e. dilation with 
less stiffness [ 15 ]. 

 The effect of nitrates is of dilation and reduced 
stiffness of muscular arteries throughout the 
whole body. The overall effect is manifest as 
reduction in wave refl ection, and this is best mea-
sured from change in the pulse waveform – as 
noted by Murrell 130 years ago [ 2 ,  3 ], and fore-
shadowed by McGregor over 30 years ago [ 4 ].  

    Use of Central Pulse Pressure 
to Study Nitrate Action 

    Invasive and Non-invasive Studies 

 From simultaneous measure of central aortic and 
radial pressure waveforms in patients under 
intensive care prior to cardiopulmonary bypass, 
Pauca et al. [ 29 ] were able to demonstrate the 
dramatic effect of glyceryl-trinitrate in reducing 
or abolishing augmentation of late systolic pres-
sure through reduction of wave refl ection 
(Fig.  42.2 ) in a series of 50 patients. This occurred 
despite the drug having no demonstrable effect in 
the low doses administered on the initial pressure 
wave generated by ventricular ejection. Such 
fi ndings could not be explained on the basis of 
reduction in venous return from venodilatation, 
but were readily explicable on the basis of reduc-
tion in wave refl ection from peripheral (arterio-
lar) sites. Pauca’s analysis of the same recordings 
of radial/aorta pressure waves in a larger patient 
group [ 30 ] was used to test the then new 
SphygmoCor method for generation of central 
aortic pressure waveforms from the radial pulse. 
This showed strong relationship between the aor-
tic pulse, synthesised from the radial pulse with 
the simultaneously recorded directly measured 
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aortic pressure waveform [ 8 ]. This work was 
largely responsible for acceptance of the 
SphygmoCor method by the US Food and Drug 
Administration (FDA) for generation of the aor-
tic pressure waveform from the radial pressure, 
recorded invasively (US FDA K002742) or non- 
invasively (US FDA K0012487) and calibrated to 
brachial cuff pressure.

   Those responsible for development of the 
Sphygmocor process, were surprised by the cor-
respondence of synthesised with measured aortic 
waveforms, particularly after nitroglycerine, in 
view of its known effect on muscular arteries in 

the upper limb which link the ascending aorta to 
the radial artery. They were called on by FDA 
examiners to compare the transfer function used 
in Sphygmocor with that seen at the peak effect 
of nitrate action, using the Pauca data. This was 
done, and did show blunting of the transfer func-
tion compared to that originally described. The 
degree of “blunting” did not interfere with use of 
Sphygmocor during vasodilatation challenge 
such as use of nitrate [ 30 ]. Satisfaction on this 
issue provided a non-invasive method to obtain 
information which would not have been possible 
except from direct aortic pressure measurement 
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  Fig. 42.2    ( a ) Invasively recorded ascending aortic pres-
sure waves in a patient with regular (paced) heart rate, 
before ( top trace ) and after ( bottom trace ) infusion of 
nitroglycerine (6 mg/kg/min) prior to initiation of cardio-
pulmonary bypass. Effects of the drug are readily appar-
ent on the refl ected component of the wave.  CP0  central 
pressure in diastole,  CP1  initial impulse generated by ven-
tricular systole,  CP2  peak of refl ected wave and of sys-
tolic pressure,  Ci  central pressure at the incisura (ie. at 
aortic valve closure),  TP0  foot of initial wave (t = 0),  TP1  

time of initial peak (usually about 100 ms),  TP2  time to 
refl ected wave peak,  T1  time to incisura (aortic valve clo-
sure). ( b ) Ascending aortic pressure waves in 50 patients, 
taken prior to cardiopulmonary bypass.  Left : Change of 
initial wave peak (P0 − P1) from control to steady state 
with nitrate infusion (29 ± 9 mmHg) before and after 
nitroglycerine.  Right : Change in augmented pressure (P2 
− P1) before and after nitroglycerine (23 ± 12 mmHg) to 
8 ± 8 mmHg) (Reproduced with permission from Pauca 
et al. [ 29 ])       
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[ 30 ], or by taking the tonometric measurement of 
the carotid pressure wave as a surrogate of the 
aortic pressure pulse [ 17 ,  31 ].  

    Non-invasive Studies: Dose 
Dependent Effects 

 Dose ranging studies were concluded on 46 vol-
unteers (patients awaiting electrophysiological 

studies at Fu Wai hospital, Beijing) [ 8 ]. Subjects 
were randomly assigned to different doses of 
nitroglycerine patch (2.5–20 mg/24 h) over 24 h 
each with one day without therapy in between. 
Results are shown in Fig.  42.3 , which shows 
effects on brachial cuff pressures and on central 
pressure indices. In general, there was little 
apparent effect on nitrate on brachial systolic, 
diastolic or mean pressures, but defi nite effect on 
central systolic and pulse pressure, together with 
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  Fig. 42.3    Analysis of change in radial ( left ) and aortic 
( right ) pressure waves determined non-invasively by 
SphygmoCor over 24 h after application of nitroglycerine 
patch.  Left panels : radial systolic ( top ), pulse ( centre ) and 
mean ( bottom ) pressures taken from integration of the 
radial pressure wave.  Right panels : aortic systolic ( top ), 
pulse ( centre ) and augmentation ( bottom ) pressures. 
 Colours :  grey  inactive patch,  pink  0.104 mg/h,  green  
0.208 mg/h,  blue  0.416 mg/h,  brown  0.625 mg/h.  Small 

symbols  indicate not signifi cant,  large solid symbols  
p < 0.01. Change in mean pressure was relatively small, 
and only seen with higher doses. Change in augmented 
pressure as clearly dose dependent, and signifi cant with 
all doses over the entire dosing rate. No signifi cant change 
in radial systolic or pulse pressure for the lower doses. 
Signifi cant change in aortic systolic and pulse pressure for 
all doses (Reproduced with permission from Jiang et al. 
[ 8 ])       
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substantial effect on augmentation and augmen-
tation index, even with the lowest dose of nitro-
glycerine (2.5 mg/24 h, approximately 0.1 mg/h). 
Findings confi rmed the view that nitroglycerine 
in low dosage reduces wave refl ection, and 
thereby reduces pressure wave augmentation, 
together with aortic systolic and pulse pressure, 
with this effect not apparent from measures of 
brachial pressure.

   From the study we were able to gauge the 
effects of nitroglycerine on arteriolar calibre and 
on venous return – the former from reduction in 
mean pressure, and the latter from reduction in 
ejection duration. To be completely confi dent of 
our views we would have had to measure cardiac 
output at the same time. This was not done. 
However, amplitude of the aortic pressure wave 
from foot to fi rst systolic shoulder is an indirect 
index of stroke volume and this was not altered 
by the administration of nitroglycerine 
(Fig.  42.2 ). Duration of ejection is also related to 
stroke volume and this was decreased at high 
doses of nitroglycerine. We believe that venodila-
tion was largely responsible for this, but it was 
only seen at high doses in these subjects with 
normal ventricular function (Fig.  42.3 ). 

 These data confi rmed our previous views – 
that very small doses of nitroglycerine have clini-
cally signifi cant effects on muscular conduit 
arteries. These effects remain at higher doses, but 

are not linearly increased (Fig.  42.4 ). Higher 
doses of nitroglycerine can cause arteriolar dila-
tion and venodilation. The study confi rmed our 
view that the main effect of nitroglycerine is seen 
at low doses of the drug, and is caused by reduc-
tion in wave refl ection and on left ventricular 
afterload.

       Non-invasive Study: Effects 
of Phosphodiesterase 5 (PDE5) 
Inhibitors 

 Phosphodiesterase 5 inhibitors act by delaying 
breakdown of cyclic GMP which is generated by 
nitric oxide from nitrates. They are widely used 
in men for treatment of erectile dysfunction, but 
they do have the effect of increasing action of 
nitroglycerine, and so of inducing headache and 
syncope when used together. 

 We have investigated this drug interaction by 
studying effects of nitroglycerine patch applica-
tion in subjects to whom sildenafi l or tadalafi l 
had been administered [ 32 ]. Findings were of 
(approximate) doubling of nitrate effect from use 
of the PDE5 drug. There were no surprises. 
Findings supported the view that use of the two 
drugs together is not absolutely contra-indicated, 
but can be warranted if a suffi ciently small 
dose of nitroglycerine is used, and/or if the drug 
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interaction can be monitored through measure-
ment of central aortic pressure.  

    Nitrates and Nitric Oxide 

 The pharmacological action of nitrates are attrib-
utable to their conversion to nitric oxide (NO) in 
the body. Nitric oxide has been identifi ed by 
Louis Ignarro [ 33 ] as the ‘endothelially-derived 
relaxing factor” which has a tonic effect on 
smooth muscle in blood vessels throughout the 
body, and helping maintain their normal func-
tion. Nitrates can thus be seen as mimicking a 
normal regulatory function in the body, and so as 
a unique drug for use when endothelial function 
is compromised, as it is when endothelium is 
damaged as by denudation, or when the pathway 
from endothelial cell (where NO is produced) to 
site of action (medial smooth muscle cell) is 
abnormally thickened or diseased – as in the 
presence of atherosclerosis, or hyperplasia. NO is 
a volatile gas which is quickly degraded in such 
passage. NO is also the neurotransmitter of the 
parasymphathetic nerve supply to penile arteries 
[ 34 ], causing their vasodilation with penile tur-
gidity and erection. Nitrates have no direct effect 
on erectile dysfunction, probably because the 
amount of NO released from the orally or trans-
dermally administered drug in the penis is small, 
compared to that generated through activation by 
excitation of the penile nerve endings.   

    Endothelial Function 

 Study of vascular endothelial properties has led 
to major advances in drug therapy over the last 
40 years, and to Nobel Prizes in 2 years – the fi rst 
to Vane in 1982 [ 35 ] for the discovery of pros-
taglandins and related biologically related sub-
stances, and the second to Furchgott, Murad and 
Ignarro in 1998 for their work on endothelially- 
derived relaxing factor as a signalling agent in 
the endothelium and media of blood vessels. 
The best summaries of work are the Nobel Prize 
addresses of these men, posted on the Nobel 
Prize website [ 35 – 38 ]. Arising from the fi rst 

cycle of endothelial function study were drugs 
such as tissue plasminogen activator, used widely 
now for dissolution of coronary thromboses 
and treatment of evolving myocardial infarction 
[ 39 ], and for dissolution of cerebral thromboses 
in evolving non-hemorrhagic stroke [ 40 ]. From 
the later work arose PDE5 inhibitors drugs such 
as sildenafi l and tadalafi l for treatment of erec-
tile dysfunction in men [ 41 ], and for pulmonary 
hypertension [ 42 ]. 

 Ignarro’s contribution [ 33 ,  34 ,  38 ] was 
 identifi cation of NO as the endothelially-derived 
relaxing factor which is produced continually 
by the vascular endothelium, and which diffuses 
across from endothelial cells lining the blood ves-
sel to the medial coat where it has a tonic effect, 
causing relaxation of smooth muscle though 
generation of cyclic GMP. Ignarro explained 
that clinical problems can result from defective 
formation of NO in vascular endothelial cells (as 
when endothelium has been denuded) or when 
the pathway from site of origin in endothelial 
cell to site of action in the medial muscle cell has 
been blocked by disease such as atherosclerosis 
or intimal hyperplasia. He and others showed 
that nitrate drugs have their direct action by the 
breakdown with release of NO in the media and 
other tissues [ 38 ]. The effi cacy and unique action 
of nitrates to which we have previously referred 
can be attributed to their taking over an action 
in the body which sustains vascular potency and 
reactivity, and which is impaired in older per-
sons, and in the presence of endothelial disease 
such as diabetes and atherosclerosis.  

    Conclusion 

 There are few drugs as effi cacious in clinical 
practice as nitroglycerine and the nitrates. 
There are few drugs that have been used for 
such a long time (over 130 years). There are 
few drugs about which so little is known [ 43 ]. 
There are few drugs with actions so well 
suited for use in ISHE. 

 Problems in understanding nitrate action 
stem from their predominant clinical effect of 
reducing wave refl ection. This major therapeu-
tic action is seen in older persons in whom early 
wave refl ection is responsible for boosting 
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(augmenting) pressure in late systole [ 15 ,  44 ], 
and so inducing ill-effects on the left ventricle 
(with increased load, hypertrophy, myocardial 
ischemia, failure) on the large arteries [ 15 ], 
and on the small arteries of the brain and kid-
neys [ 44 ,  45 ]. The problems in understanding 
arise from the reduction in wave refl ection 
which alters the relationship between systolic 
pressure in the aorta, left ventricle and brain, 
and systolic pressure in the brachial artery, 
where effects of a drug are traditionally mea-
sured [ 44 ,  45 ]. Benefi cial effects of nitrates in 
older persons with early wave refl ection (from 
a stiffened aorta) are not apparent from mea-
surement of cuff brachial arterial pressure, and 
can only be gauged from measurement of cen-
tral aortic pressure [ 10 – 15 ]. Ironically, the 
clue to understanding is contained in the radial 
pressure tracings recorded in Murrell’s 1879s 
paper, which show evidence of marked reduc-
tion in wave refl ection. 

 The most recent papers on nitrate tolerance 
and nitrate action [ 7 ,  43 ] and virtually all major 
textbooks (with the exception of Hurst’s The 
Heart) make no mention of wave refl ection and 
its ill-effects on the elderly, nor nitrate action 
from brachial pressure. One expects this fi eld 
to expand, and for nitrates to be used more 
widely, and more confi dently, and for analogs 
with better absorption, less tolerance, and lon-
ger duration of action to emerge, when the clue 
in Murrell’s (1879) pulse waveforms is applied 
[ 2 ], and the limits of the cuff sphygmomanom-
eter (introduced in 1896) and of brachial blood 
pressure are fully recognised [ 15 ].     
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    Abstract  

  Arterial stiffening, especially of the large elastic arteries, is a fundamental 
vascular aging trait, which is, however, accelerated in the presence of 
genetic and environmental factors. It is an early marker of subclinical arte-
rial disease but also a well-established biomarker of clinical cardiovascu-
lar disease events and cardiovascular disease mortality. Preventive 
strategies    on the basis of aortic stiffness have been proposed. Effi cient 
de- stiffening strategies are thus of major importance, but specifi c tools are 
currently lacking. Sodium balance and blockade of the renin–angiotensin 
system are among the most important ones, since disturbed homeostasis of 
these two systems contributes signifi cantly to accelerated arterial stiffen-
ing. In this chapter we will present both classical and novel or hypothetical 
key issues related to the effect of the two systems on the arterial wall and 
its components. We will also discuss the current treatment strategies that 
involve (1) the sodium balance, (2) the blockade of the renin–angiotensin 
system, and (3) their combination. We conclude that the correct sodium 
balance (either with dietary restriction or the prudent use of diuretics) and 
mostly the blockade of the renin–angiotensin system are still the 

        A.  D.   Protogerou ,  MD, PhD      (*) 
  Cardiovascular Research Laboratory and 
Hypertension Center, First Department 
of Propedeutic and Internal Medicine , 
 “Laiko” Hospital, Medical School, 
National and Kapodistrian University of Athens , 
  17 Ag. Thoma str ,  Athens   117 25 ,  Greece   
 e-mail: aprotog@med.uoa.gr   

    M.  E.   Safar ,  MD      •    J.   Blacher ,  MD, PhD      
  Department of Medicine, Diagnosis and Therapeutics 
Center, Hôtel-Dieu Hospital, Assistance Publique des 
Hôpitaux de Paris, Paris Descartes University , 
  1, Place du Parvis Notre- Dame  ,  75181   Paris ,  France   
 e-mail: michel.safar@htd.apjp.fr; 
jacques.blacher@htd.aphp.fr   

  43      De-stiffening Strategy, Sodium 
Balance, and Blockade 
of the Renin–Angiotensin System 

              Athanase     D.     Protogerou      ,        Michel     E.     Safar      , 
    Gerard     E.     Plante     , and     Jacques     Blacher     

    G.  E.   Plante      
  Institut de Pharmacologie, 
Universitye de Sherbrooke , 
  3001, 12 eme avenue Nord ,  J1H5N4   Sherbrooke , 
 QC ,  Canada   
 e-mail: gerard.e.plante.@usherbrooke.ca  

mailto:aprotog@med.uoa.gr
mailto:michel.safar@htd.apjp.fr
mailto:jacques.blacher@htd.aphp.fr
mailto:gerard.e.plante.@usherbrooke.ca


520

 cornerstones of an effective de-stiffening strategy. However, in the light of 
novel evidence regarding (1) the potential harmful effect of extreme 
sodium depletion on the arterial wall and the cardiovascular disease; (2) 
the modulating role of age, gender, race, infl ammation, and impaired 
metabolism; as well as (3) the gradual emergence of other de-stiffening 
tools, such as    calcium channel blockade and allopurinol, a careful indi-
vidualized de- stiffening strategy on the basis of sodium balance, in com-
bination with the renin–angiotensin system blockade, appears to be the 
currently available optimal strategy.  

  Keywords  

  Sodium balance   •   Salt restriction diet   •   Diuretics   •   Renin–angiotensin sys-
tem blockade   •   Arterial stiffness  

        Introduction 

 Large artery rigidity develops in a variety of dis-
orders, in addition to the so-called physiological 
senescence of the vascular system [ 1 ]. Arterial 
hypertension [ 1 ,  2 ], diabetes mellitus [ 3 ] with or 
without dyslipidemia, chronic renal failure [ 4 ], 
and other systemic diseases have been recog-
nized to be associated with conduit artery rigid-
ity. It is now well established that increased 
arterial stiffness is associated with elevated car-
diovascular mortality and overall mortality in 
most of these morbid conditions [ 5 ]. In some of 
them, arterial rigidity has even been identifi ed 
before the classical features of disease develop-
ment: elevated blood pressure (BP) and blood 
sugar in hypertensive [ 6 ] and diabetic subjects 
[ 3 ], respectively. For these reasons, arterial de- 
stiffening is a major clinical target in contempo-
rary clinical practice. Acute blood pressure 
reduction with drug treatment or other strategies 
is associated with a reduction in several biomark-
ers that describe the arterial stiffening. However, 
this is mostly attributed to functional changes due 
to the decreased distending pressure within the 
arterial lumen, rather than to structural changes 
in the arterial wall components. The actual de- 
stiffening process is a long-term process that 
includes specifi c molecular changes taking place 
within the arterial wall. 

 Almost half a century ago, the renin– 
angiotensin system has been shown to play a 
central role in the physiopathology of arterial 

 hypertension [ 7 ], but it is often activated in other 
comorbidities and especially in insulin resistance 
states [ 8 ]. The identifi cation of the two major 
angiotensin vascular receptors (AT1R and AT2R) 
made possible to examine the respective direct 
and indirect actions of the peptide on the structural 
and functional components of blood vessels. It 
has been also well described that sodium balance 
is important not only for the BP control but also 
for preserving the arterial function. High dietary 
sodium intake has adverse effects on the arterial 
wall [ 9 ,  10 ], often independent of BP effects [ 11 , 
 12 ]. The role of the renin–angiotensin system in 
regulating sodium balance is cardinal, but there 
is also a close interplay between sodium bal-
ance treatment strategies and the blockade of the 
renin–angiotensin system. As shown by Brunner 
et al. [ 13 ], the plasma renin activity within the 
physiological levels correlates inversely with the 
amount of sodium intake in both normotensive 
and hypertensive individuals. In other words, 
for any given level of sodium intake, the level of 
angiotensin fl uctuates between the normal limits 
in order to maintain normal pressure and sodium 
balance [ 14 ]; in this case the pressure elevation 
to inappropriate levels depends on the circulating 
intra-arterial fl uid volume [ 14 ]. 

 In the present chapter we describe several 
aspects of the de-stiffening process. We    focus in 
the blockade of the renin–angiotensin system on 
arterial vessels and emphasize the role of sodium 
balance and some important aspects of the clini-
cal management of renin–angiotensin inhibition.  
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    Blockade of the Renin–Angiotensin 
System and the Hypertensive 
Arterial Wall: Old and New Aspects 

 The structure of large arteries includes the fol-
lowing components: (1) the endothelial cells; 
(2) the vascular smooth muscle (VSM) cells 
distributed in three different orientations (circu-
lar, oblique, longitudinal); (3) the collagen and 
elastin fi bers; (4) other interstitial environment 
macromolecules (proteoglycans, fi bronectins, 
integrins, and others) immersed in extracellular 
fl uid, the composition of which is regulated by 
the local cell populations [ 15 ] and the autonomic 
nerve endings [ 16 ]; and (5) the luminal to adven-
titial microcirculation, i.e., the vasa vasorum. The 
endothelial cell basement membranes, as well as 
the highly specialized proteins involved in cell–
cell communication between the barrier and the 
contractile cellular populations, are involved and 
responsible for intimate relationships within the 
large artery wall [ 17 ]. 

 Each of these parts of the arterial wall may be 
sensitive to stimulation and blockade of the 
renin–angiotensin system as well as subjected to 
modulation by local sodium concentration. Some 
of these classical as well as some novel aspects 
are detailed below. 

    The Old and New Role of Endothelial 
Cells and the Renin–Angiotensin 
System 

 Several experimental studies, performed in reno-
vascular as well as in spontaneous hypertension 
rats [ 18 – 21 ], have shown that blockade of the 
renin–angiotensin system increases carotid arte-
rial compliance and distensibility. The fi nding 
occurs both under acute and chronic blockades 
and is observed even in isobaric conditions. The 
presence of the endothelium is a prerequisite to 
obtain this effect, as shown in the early 1990s by 
Levy at al. [ 22 ]. Both in untreated normotensive 
and hypertensive animals, de-endothelialization 
is associated with an increase of carotid diameter 
and stiffness [ 18 ,  19 ]. Blockade of the renin–
angiotensin system has no effect in such condi-
tions, but the effect is restored in the presence of 

the endothelium.    Such results strongly suggest 
that, in normotensive and hypertensive animals, 
(1) the resting carotid diameter in isobaric condi-
tions results from the balance between the respec-
tive infl uence of vasodilating (nitric oxide (NO) 
and others) and vasoconstrictive (catecholamines, 
angiotensin II) agents and (2) the blockade of the 
renin–angiotensin system is responsible for an 
enhancement of NO bioavailability and/or release 
[ 18 ,  19 ]. 

 The recently described new role of the endo-
thelial cells involves the endothelial glycocalyx, 
a network of membrane-bound proteoglycans 
and glycoproteins covering the endothelium 
luminally, which although described almost 40 
years ago just recently re-attracted the research-
ers’ attention. Data suggest that it is modulated 
by the renin–angiotensin system, as well as by 
sodium balance. In the presence of aldosterone 
and increased extracellular sodium concentra-
tion, the endothelial glycocalyx shrinks and 
becomes stiffer [ 23 ]. As a result, sodium over-
load causes a reduction of the heparan sulfate 
residue, the endothelial glycocalyx gets destabi-
lized and collapses, and sodium overload shifts 
the endothelial cells from a sodium release into a 
sodium-absorbing state. Spironolactone prevents 
these changes [ 23 ]. Thus, the endothelial glyco-
calyx serves as an effective buffer barrier for 
sodium; when damaged in the presence of aldo-
sterone, it facilitates sodium entry into the endo-
thelial cells. These observations by the group of 
Oberleithner et al. provided one more link in the 
pathway between endothelial dysfunction, arte-
rial hypertension, and increased sodium intake 
[ 23 ]. 

 Under angiotensin blockade, numerous other 
components of the arterial wall may also inter-
fere, such as the vasa vasorum, the smooth muscle 
cells, the vascular collagen, and the interstitium.  

    The Effect on VSM 

 Studies looking at the contractile response of 
the VSM cells clearly indicate the expected 
dose- response constriction induced by angio-
tensin II, suggesting a predominant net effect on 
VSM. However, the response profi le differs in the 
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aorta, the mesenteric artery, as well as in vein sam-
ples measured in vitro, and the phenomenon var-
ies greatly with age in normal rats [ 24 ]. However, 
in most studies in which the response of VSM 
cells to vasoactive compounds was examined, the 
classical helicoidal strips of vascular tissue prep-
aration have been utilized. This approach does 
not allow the evaluation of the different smooth 
muscle subpopulations. In particular, the eventual 
contribution of circular subtype of smooth mus-
cle cells to large artery rigidity has not yet been 
extensively examined [ 25 ]. These cells, obtained 
from spontaneously hypertensive rats, do con-
tract in a prolonged, sustained, and dose-related 
manner, when thoracic aortic ring preparations 
are stimulated with bradykinin, as opposed with 
control tissues obtained from Wistar-Kyoto rats. 
Surprisingly, the results obtained in already-
hypertensive animals (8 and 12 weeks of age) are 
also documented in rats before elevation of BP 
(4-week-old). The response is completely and 
selectively blocked by HOE140, a B2-bradykinin 
receptor blocker. In contrast, angiotensin II- and 
phenylephrine- induced contractions are identical 
in both groups of rats [ 25 ]. Further data suggest 
that the regulation of the arterial distensibility 
by the angiotensin- converting enzyme inhibi-
tion involves the stimulation of B2-bradykinin 
receptor [ 26 ]. The pathophysiological and clini-
cal signifi cance of these results remains to be 
further explored, but requires some reference to 
the potential role of bradykinin-related effects 
of angiotensin-converting enzyme inhibitors, 
as opposed to AT 1  receptor blockade and their 
consequence on changes of arterial stiffness. Of 
note, the role of bradykinin signaling is further 
implicated in the regulation (decrease) of sodium 
reabsorption at the level of the aldosterone-sensi-
tive distal nephron – especially under conditions 
of elevated sodium intake – thus contributing to 
the natriuretic and antihypertensive effect of the 
angiotensin-converting enzyme inhibition [ 27 ].  

    Fibers and Interstitial 
Macromolecular Components 

 Under chronic blockade of the renin–angiotensin 
system, two different structural changes may be 

identifi ed [ 18 – 21 ]. First, the cross-sectional area 
of the vessel wall is reduced, in parallel with BP 
reduction. Second, independently of BP changes, 
a reduction of carotid and aortic collagen con-
tent is observed, in association with an increase 
in distensibility. Such fi ndings, already observed 
in cell cultures, seem to be exclusively related to 
angiotensin II blockade of AT1R receptors and 
do not involve the role of bradykinin. Moreover, 
in vivo and ex vivo human studies have shown 
that angiotensin-converting enzyme inhibition 
increased arterial elasticity, decreased collagen 
deposition by 50 %, and increased elastin and 
fi brilin-1 deposition by more than threefold and 
that the latter effect was mediated via increased 
fi brillin-1 gene expression [ 28 ]; on the other hand, 
both the gene and protein expressions of metal-
loproteinases were reduced [ 28 ]. An important 
fi nding is that collagen reduction is observed only 
in the presence of normal, but not high- sodium, 
diet. It is worth noting that high salt intake alone 
is associated with an increase in the thickness of 
the arterial wall, a huge development of extracel-
lular matrix, and an increase of vascular stiffness 
[ 20 ,  21 ]. Furthermore, in the presence of high-
sodium diet, carotid and aortic arterial fi bronectin 
is constantly increased. The association of fi bro-
nectin with increased specifi c integrins induces a 
further enhancement of the attachments between 
the VSM and the collagen, thus preventing any 
reduction of arterial stiffness. It is also notice-
able that, at the endothelium level, gap junctions 
also play a role in intercellular coordination. 
Connexins 37 and 40, as opposed to connexin 30, 
are highly sensitive to the AT1R blockade by can-
desartan [ 17 ]. The endothelium- derived hyperpo-
larizing factor    might also play an additional role 
of messenger between the various cellular popu-
lations [ 29 ]. Just recently, it was shown in animal 
models that a genetic polymorphism of connexin 
40 enhances the sensitivity to intraluminal pres-
sure and increases arterial stiffness by preventing 
endothelium-derived hyperpolarization during 
myogenic constriction; thus a new link between 
the renin–angiotensin system and arterial stiffen-
ing is further starting to be elucidated [ 30 ]. 

 The interstitial macromolecular composition 
of large conduit arteries has been extensively 
examined with respect to different subtypes of 
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collagen. The recent ex vivo studies performed in 
the normal rabbit thoracic aorta have revealed 
that elastic fi bers of the internal and external lam-
inae are differently oriented in relation to the nor-
mal direction of blood fl ow under stable 
nonpulsatile fl ow conditions [ 31 ]. For instance, 
the internal elastic lamina is oriented against the 
fl ow direction, as opposed to the parallel orienta-
tion of elastic fi bers in the external layer [ 32 ]. It 
is possible that the different distribution of stress 
and strain parameters along the thoracic and 
abdominal aortic segments, as observed in a nor-
mal pig experimental model, could be associated 
with various orientation profi les according to the 
local particularities of some interstitial macromo-
lecular components [ 33 ]. An interesting aspect is 
provided by studies on glycosaminoglycans 
(GAGs), which seem to play a signifi cant role on 
large artery compliance in the spontaneously 
hypertensive rat model subjected to a high- 
sodium diet [ 33 ]. The physical characteristics of 
GAGs, in particular their polyanionic and hydro-
philic properties, suggest complex interactions 
between sodium, renin–angiotensin system, and 
arterial wall mechanics [ 34 ]. Independently of 
the elastin to collagen ratio, high-sodium diet is 
associated with low-isobaric systemic compli-
ance together with low-hyaluron content within 
the carotid and aortic wall. An opposite effect is 
observed under administration of the diuretic 
indapamide [ 33 ]. Other observations have shown 
the additional effect of angiotensin II and high- 
sodium intake on GAGs sulfate incorporation 
[ 35 ]. The results raise the potential opposite, but 
not necessarily negative and/or deleterious 
effects, of angiotensin II on the arterial wall, with 
enhanced smooth muscle contraction and 
increased elasticity and compliance through 
changes in GAGs absorbing capacity. It is worthy 
to note that the impact of conductance artery 
destruction of swollen GAGs by hyaluronidase 
was also found to be associated with signifi cant 
reduction in the measured thickness of the arte-
rial wall obtained in normal mice. The corre-
sponding media/lumen ratio was decreased 
because of the hyaluronidase-induced effect on 
media thickness. In such experiments, the calcu-
lated changes in arterial stiffness varied clearly in 
the direction of increased rigidity [ 35 ].  

    Vasa Vasorum 

 The microcirculatory network of the large con-
duit arteries (the vasa vasorum) is responsible for 
approximately two-thirds of the entire vascular 
wall nutrition [ 36 ]. Because the lymphatic circu-
lation is poorly developed in large arteries [ 37 ], 
and because adventitial microcirculation distur-
bances develop in various systemic vascular dis-
orders, accumulation of foreign molecules 
transiting from the lumen to the adventitia may 
interfere with critical muscular and interstitial 
functions taking place in the media [ 38 ]. 
Unfavorable    events for the arterial wall may 
therefore occur, including alteration in compli-
ance, matrix calcifi cation, and atherogenesis 
[ 39 ]. The vasa vasorum contains receptors for 
potent vasoactive autacoids and hormones, 
including angiotensin, bradykinin, and endothe-
lin. In young spontaneously hypertensive rats, 
a moderately high-salt diet leads to blood vessel 
hypertrophy and hypertension, and this is possi-
bly mediated by angiotensin II within the vasa 
vasorum [ 40 ]. 

 Additional structural and functional character-
istics that could be responsible for increased 
large artery rigidity must also be carefully exam-
ined in relation to the renin–angiotensin system. 
Hyperuricemia has recently been reevaluated as a 
potential source of vascular damage in hyperten-
sive subjects [ 41 ]. A large number of clinical 
observations indicate that hyperuricemia now 
represents a signifi cant cardiovascular risk factor, 
more important in female than in male popula-
tions. Using a uricase inhibitor to reproduce a rat 
model of hyperuricemia, Johnson and coworkers 
[ 42 ] were able to show a direct toxic effect of uric 
acid on different renal vascular segments, from 
the interlobar to arciform, interlobular, and even 
afferent arterioles. These blood vessels in vivo 
exposed to hyperuricemia develop a clear hyper-
trophy of the media. More recent data showed 
that uric acid concentration is an independent 
predictor of arterial stiffness, particularly in 
women [ 43 ,  44 ]. Of note, experimental increase 
in uric acid was associated with increased plasma 
renin activity, plasma aldosterone, and urine K to 
Na ratio [ 45 ]. Structural changes are prevented 
by reducing serum uric acid levels, either by 
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 synthesis inhibition, using allopurinol, or by 
increasing urinary uric acid excretion with pro-
benecid. These fi ndings were verifi ed by more 
recent studies that showed signifi cant improve-
ment in arterial and heart function and structure 
after treatment with allopurinol [ 46 ]. The ques-
tion raised by the eventual vasculotoxic actions 
of uric acid could represent a central axis in terms 
of hypertensive target organ damage. Obesity, 
type I and type II diabetes mellitus, and serum 
lipid abnormalities are all associated with hyper-
uricemia [ 47 ,  48 ]. Interestingly, the antagonist of 
the angiotensin II AT1R receptor, losartan, is able 
to reduce hyperuricemia. However, to our knowl-
edge, there is no interventional study showing 
that the reduction of uric acid is associated with 
the reduction of cardiovascular events.   

    Blockade of the Renin–Angiotensin 
System and Clinical Management 
of Large Artery Stiffness 

 Theoretically, the clinical management of arterial 
hypertension should start with measures able to 
identify early detection of the arterial dysfunc-
tion/remodeling [ 49 ].    The development of meth-
ods capable of picking up early large artery 
stiffening rigidity, such as increased pulse wave 
velocity or disturbed wave refl ections [ 50 ], is 
now well documented in elderly patients with 
isolated systolic hypertension [ 51 ] and in young 
subjects with positive family history, with or 
without borderline hypertension [ 52 ], and now 
represents interesting opportunities. Lifestyle 
modifi cation, such as physical exercise per-
formed by normal male and female subjects, has 
been shown to produce changes in arterial stiff-
ness, even before hypertension develops [ 53 ], 
and thus represents a recommended prevention 
strategy. 

 Several randomized and double-blind studies 
have shown that, with pharmacological agents 
modulating the renin–angiotensin–aldosterone 
system, three major changes in large arteries may 
be observed in the long term: (1) large artery 
stiffness can be reduced independently of BP 
changes (see reviews in references [ 18 ,  54 – 56 ]), 
(2) carotid and aortic wave refl ections are 

 constantly delayed and/or attenuated [ 55 ], and 
mostly (3) systolic and pulse pressure (PP) are 
reduced more in central than in peripheral arter-
ies [ 57 ,  58 ]. Indeed, a recent extensive review of 
the available literature showed that in 10 out of 
the 15 reviewed studies, the blockade of the 
renin–angiotensin system resulted in an increase 
in PP amplifi cation, mostly due to reduced wave 
refl ections but also due to reduction in arterial 
stiffness [ 59 ]. The related available data regard-
ing the inhibition of the angiotensin-converting 
enzyme are particularly abundant [ 59 ] and 
recently replicated in a meta-analysis and meta- 
regression analysis [ 60 ]. The latter meta-analysis 
provided more evidence on the role of renin–
angiotensin system blockade. The angiotensin- 
converting enzyme inhibition signifi cantly 
improved arterial stiffness and wave refl ections 
compared to placebo. While the reduction in 
pressure wave refl ections was mediated by BP 
reduction, on the contrary the improvement in 
arterial rigidity was independent from pressure 
reduction [ 60 ]. The same conclusion reached 
another meta-analysis suggesting that pulse wave 
velocity after angiotensin-converting enzyme 
inhibition decreases independently from BP 
reduction in both short-term and long-term 
(>4 months) follow-up [ 61 ]. Conclusions regard-
ing the comparison of angiotensin-converting 
enzyme inhibition vs. the angiotensin II block-
ade, and the role of bradykinin, cannot be drawn 
due to the lack of suffi cient data [ 60 ,  61 ].  

    Sodium Balance Strategies 
and Clinical Management 
of Large Artery Stiffness 

 Control of the external and/or internal sodium 
balance can be achieved by non-pharmacological 
dietary measures, as well as by pharmacological 
treatment, such as the thiazide or thiazide-like 
diuretics which are capable of maintaining the 
external sodium homeostasis through renal 
actions (aldosterone antagonists are specifi cally 
studied in a separate chapter of this book). We 
have previously proposed the hypothesis that in 
the middle age, thiazide diuretics do not reduce 
isobaric arterial stiffness, probably as a conse-

A.D. Protogerou et al.



525

quence of the associated extreme activation of the 
renin–angiotensin system secondary to salt and 
water depletion (Table  43.1 ) [ 62 ]. In the elderly 
subjects, diuretics might be able to reduce arterial 
stiffness because the response of the renin–angio-
tensin system is attenuated [ 19 ,  20 ]. In old popula-
tions, diuretics are indeed very effi cient to reduce 
selectively systolic BP and PP [ 2 ,  19 ,  20 ,  54 ]; yet, 
the presence of increased salt sensitivity in the 
elderly and the ability of diuretics to reduce BP 
and stiffness are expected to be also modulated 
by the degree of lost functional nephrons. The 
overall published data on the basis of monother-
apy with thiazide or thiazide-like diuretics have 
shown confl icting results regarding their ability 
to reduce arterial stiffness (both positive [ 63 ,  64 ] 
and negative data exist [ 65 – 67 ]). These confl ict-
ing data can be related to the different methodol-
ogies, to the duration of treatment, and mainly to 
the existing differences between diuretics. It 
might also be related with the hypothesis of 
extreme sodium depletion of the arterial wall due 
to diuretic drug treatment.

   On the other hand, it was just recently shown 
in a randomized crossover study that in a popula-
tion with mean age 62 years the dietary sodium 
restriction strategies (low sodium (1,200 mg/day) 
compared to normal sodium intake (3,600 mg/
day)) [ 10 ] reversed endothelial function (at the 
level of both the micro- and macrocirculation), as 
well as arterial stiffness (assessed by PP). This 
effect was mediated by improved oxidative sta-
tus, and the effect on the arterial wall was inde-
pendent from pressure reduction. Moreover, the 
same group [ 9 ], almost a decade ago, showed in a 
similar experiment that in older adults (age >64 

years) both offi ce and ambulatory systolic BP as 
well as carotid stiffness were signifi cantly and 
progressively reduced over a period of 4 weeks in 
the low sodium state but not in the normal sodium 
state. Most importantly, in line with the hypoth-
esis of extreme sodium depletion and the activa-
tion of the renin–angiotensin system, a J-curve 
association between sodium intake and pulse 
wave velocity was described (Fig.  43.1 ) [ 68 ]. 
This observation also strengthens the proposed 
hypothesis regarding the presence of a J-curve 
association between dietary sodium and cardio-

   Table 43.1    Arterial changes following hydrochlorothiazide vs. felodipine in subjects with essential hypertension of 
middle age [ 62 ]   

 Baseline  Felodipine  HCTZ  Felodipine vs. HCTZ 

 Systolic blood pressure (mmHg)  162 ± 12  140 ± 17  150 ± 13  <0.02 
 Diastolic blood pressure (mmHg)  96 ± 9  85 ± 9  89 ± 9  <0.05 
 CF-PWV (m/s)  10.9 ± 2.0  9.2 ± 1.8  10.1 ± 2  <0.005 
 FT-PWV (m/s)  12.8 ± 1.7  11.1 ± 1.9  12.2 ± 1.7  <0.005 
 CR-PWV (m/s)  11.7 ± 1.9  10.0 ± 2  11.8 ± 1.8  <0.005 

 Brachial arterial diameter (cm)  0.437 ± 0.06  0.449 ± 0.06  0.431 ± 0.05  <0.05 
 Brachial vascular resistance (dyne s/cm 4 )  104 ± 40  72 ± 30  92 ± 46  0.05 
 Brachial artery compliance (dyne/cnrr/10 7 )  1.13 ± 0.48  1.71 ± 0.83  1.19 ± 0.57  0.005 

   PWV  pulse wave velocity,  CF  carotid femoral,  FT  foot tibial,  CR  carotid radial  
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  Fig. 43.1    Relationship    of sodium intake grouped by 
quartiles with arterial stiffness, assessed by pulse wave 
velocity ( PWV ) and expressed as lnPWV.  Line a  unad-
justed;  line b  adjusted for age, gender, smoking status, 
ethanol intake, total energy intake, systolic 24 h blood 
pressure, antihypertensive medications, antidiabetic med-
ications, and lipid-lowering drugs (Reprinted from [ 68 ] 
with permission from Elsevier)       
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vascular disease [ 69 ], which has been supported 
by several recent fi ndings from epidemiologic 
studies [ 70 ], meta- analysis [ 71 ], and clinical tri-
als [ 72 ].

   Finally evidence regarding the role of race and 
genetic predisposition exists; it was recently 
shown that a modest reduction in salt intake, 
approximately the amount of the current public 
health recommendations, leads to reduction in 
BP and urinary albumin/creatinine ratio in whites, 
blacks, and Asians, but the decrease in pulse 
wave velocity was signifi cant only in blacks [ 73 ]. 
All the above data suggest that a balanced and 
judiciously individualized dietary sodium restric-
tion or drug-induced reduction strategy may be 
more appropriate.  

    Combination of Sodium Balance 
Strategies and Blockade 
of the Renin–Angiotensin System 
and Clinical Management of Large 
Artery Stiffness 

 The combination of pharmacological treatment 
involving both diuretics and renin–angiotensin 
blockade is a well-established strategy for the 
effective reduction of systolic BP and PP. There 
are also convincing evidences regarding the abil-
ity of this combination to reduce effi ciently cen-
tral hemodynamics including aortic stiffness, 
wave refl ections, and aortic BP [ 74 ]. The poten-
tial superiority of the angiotensin-converting 
enzyme inhibition over other classical antihyper-
tensive drugs is diffi cult to be established due to 
the lack of well-designed studies; however, there 
are related evidences both for central stiffness 
and mostly for pressure wave refl ections (aug-
mentation index) [ 60 ]. Similarly, there are no suf-
fi cient data to conclude regarding the superiority 
of the combined effect of diuretics/angiotensin- 
converting enzyme inhibition over other com-
bination treatments [ 60 ]. Moreover, there are 
no data regarding the effect of the combination 
of dietary sodium restriction with angiotensin- 
converting enzyme inhibition on arterial stiffness. 

 However a recent study suggested that a more 
modern combination including blockade of the 

renin–angiotensin system (AT2R blockade) and 
calcium channel blockade may have a better 
impact on central arterial properties, including 
both aortic stiffness and BP vs. the classical com-
bination with diuretics [ 75 ]. These data are in 
line with the outcome of the Accomplish clinical 
trial in nonobese individuals [ 76 ] which demon-
strated greater capacity of the combination of 
angiotensin-converting enzyme inhibition with 
amlodipine, rather than with hydrochlorothia-
zide, in reducing cardiovascular events in patients 
with hypertension who were at high risk for such 
events. 

 The newly raised hypothesis [ 77 ] that patients 
with high on-treatment plasma renin activity 
(PRA) levels die sooner of cardiovascular events 
because they are excessively sodium volume 
depleted challenges the uncritical use of the 
diuretics/renin–angiotensin system blockade 
combination since it can induce such high PRA 
levels which is evidence of sodium depletion 
[ 77 ]. However, this critical question remains 
largely unanswered and requires specifi cally 
design trials with different dosages of treatment 
regiments. Other important issues which need to 
be addressed in order to further elucidate this 
topic include the matter of optimal timing of 
treatment strategies, e.g., before the development 
of irreversible arterial stiffening or the establish-
ment of renal damage. In the same line of think-
ing, not only body mass as previously discussed 
but also aging and race may be an important 
modulator of the optimal de-stiffening strategy, 
particularly since differences exist in terms of 
salt sensitivity. Last but not least, the impact of 
dietary intake of nutrients beyond sodium, such 
as potassium, has to be taken into account in 
future studies.  

    Conclusion 

 In the present chapter we examined classical 
and novel key issues related to the effect of the 
sodium balance and of the renin–angiotensin 
system blockade and showed that they both 
interact and affect most components of the 
arterial wall. We did not discuss other specifi c 
de-stiffening strategies that involve infl amma-
tion or metabolism since it will be discussed 
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in other chapters. We focused on the current 
treatment strategies that involve (1) the sodium 
balance, (2) the blockade of the renin–angio-
tensin system, and (3) their combination. We 
conclude that the correct sodium balance 
(with either dietary restriction or prudent use 
of diuretics) and mostly the blockade of the 
renin–angiotensin system are still the corner-
stones of an effective de-stiffening strategy. 
However, in the light of novel evidence regard-
ing (1) the potential harmful effect of extreme 
sodium depletion on the arterial wall and the 
cardiovascular disease; (2) the modulating 
role of age, gender, race, infl ammation, and 
impaired metabolism; as well as (3) the grad-
ual emergence of other de- stiffening tools, 
such as    calcium channel blockade and allopu-
rinol, a careful individualized de-stiffening 
strategy on the basis of sodium balance in 
combination with the renin–angiotensin sys-
tem blockade appears to be the currently avail-
able optimal strategy.     
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  44      Long-Term Effects of Calcium 
Channel Blockers on Central 
and Peripheral Arteries 

              Yoshio     Matsui       and        Michael     F.     O’Rourke     

    Abstract  

  Calcium channel blockers (CCBs) are reported to be more effective in reducing 
cerebrovascular events than other antihypertensive drugs in hypertensive 
patients. Large artery stiffness could be partly reduced through the reduction 
of the distending pressure and arterial structural changes by long- term treat-
ment with CCBs. Because CCBs reduce the magnitude of wave refl ection by 
attenuating the vascular tone of peripheral muscular arteries, CCBs cause a 
greater fall in the central aortic pressure than did β-blockers or diuretics, 
despite no difference in peripheral (brachial) pressure. The de-stiffening of the 
large arteries and the dilation of peripheral muscular arteries by CCBs might 
be underlying mechanisms of the signifi cant reductions in central pressure and 
blood pressure variability, thus reducing carotid atherosclerosis, cerebral arte-
riosclerotic damage, and cerebrovascular events in hypertensive patients.  

  Keywords  

  Arteriosclerosis   •   Augmentation index   •   Blood pressure variability   • 
  Calcium channel blockers   •   Central aortic pressure   •   Large artery  stiffness   • 
  Muscular arteries   •   Pulse wave velocity   •   Wave refl ection  

        Introduction 

 Several large clinical trials have shown that dihy-
dropyridine (DHP)-calcium channel blockers 
(CCBs) are as effective in reducing brachial 
blood pressure (BP) and cardiovascular events as 
other classes of antihypertensive drugs when 
administered as monotherapy or part of combina-
tion therapy in both low- and high-risk hyperten-
sive patients [ 1 – 6 ]. In particular, DHP-CCBs 
were reported to reduce the risk of stroke in com-
parison to angiotensin-converting enzyme inhibitors 
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(ACE-Is) [ 7 ]. DHP-CCBs also have been shown 
in large clinical trials to reduce morbidity and 
mortality in patients with isolated systolic hyper-
tension (ISH), a condition in which wide pulse 
pressure (PP) and early wave refl ection result 
from excessive large artery stiffness [ 1 ]. 

 These clinical trials suggest that DHP-CCBs 
may have vasculo-protective actions beyond sim-
ply lowering brachial BP. The therapeutic bene-
fi ts of DHP-CCBs on arteries consist of two 
major effects: the effects due to sustained BP 
lowering and the direct effects of CCBs on the 
arterial wall. Arteries are of three types: the large 
central, predominantly elastic conduit arteries, 
including aorta and carotid arteries, the smaller 
peripheral muscular conduit arteries, such as the 
brachial, radial and femoral arteries; and the 
smallest pre-arteriolar arteries, which are entirely 
muscular. The therapeutic target of CCBs in these 
arteries would be the elastic properties of the 
muscular arteries, which are modifi ed by smooth 
muscle tone, resulting in more distensible arteries 
with their vasodilation. 

 This chapter focuses on the long-term effects 
of DHP-CCBs on the properties of central elastic 
arteries and those of peripheral muscular arter-
ies in hypertensive patients. Long-term studies 
(>12 weeks) are more meaningful because hyper-
tension is a chronic disease and acute effects may 
not predict chronic effi cacy because of counter- 
regulatory mechanism (i.e. the activation of the 
renin–angiotensin and/or sympathetic nervous 
systems).  

    CCB and Large Artery Stiffness 

 Part of large artery stiffness could be reduced 
through the reduction of the distending pressure 
by CCBs, and further reduction of arterial stiff-
ness would require arterial structural changes 
obtained through long-lasting BP normalization 
[ 8 ]. The effects of CCBs on the large artery stiff-
ness are determined by their actions on endothe-
lial function, smooth muscle cells proliferation, 
collagen/elastin ratio, extracellular matrix com-
position, oxidative stress, infl ammation, and 
barorefl ex mechanism. It has not been unequivocally 

shown that long-term drug administration of 
CCBs can modify these wall components at the 
site of proximal elastic large arteries. A decreased 
nitric oxide production from endothelium is 
involved in the development of structural altera-
tions in large elastic arteries, including changes 
in the mechanical properties [ 9 ]. It is generally 
known that DHP-CCBs improve vascular endo-
thelial dysfunction; therefore, the NO-mediated 
effects of DHP-CCBs might theoretically lead 
to a reversal of endothelial dysfunction and to a 
decrease of large artery stiffness. 

 At present, the gold standard for evaluating 
large artery stiffness in clinical practice is the 
aortic pulse wave velocity (PWV), assessed by 
carotid-femoral PWV. Because aortic PWV was 
shown to be an independent predictor of car-
diovascular mortality in hypertensive patients 
[ 10 ], large arterial stiffness assessed by measur-
ing aortic PWV is increasingly recognized as 
a surrogate endpoint of cardiovascular risk dur-
ing antihypertensive treatment. After 12 weeks’ 
treatment, felodipine reduced aortic PWV more 
than a thiazide diuretic, despite of similar brachial 
BP reductions [ 11 ]. One year of treatment with 
nitrendipine decreased signifi cantly aortic PWV, 
similarly to the effects of ACE-I, in hypertensives 
with end-stage renal disease [ 12 ]. After 24 weeks’ 
treatment, both amlodipine and eplerenone signif-
icantly reduced aortic PWV from baseline [ 13 ]. 
After 12 months’ treatment, both amlodipine and 
valsartan signifi cantly reduced the brachial-ankle 
PWV (baPWV), which refl ect a stiffness of the 
large- to- middle-sized arteries, to a similar degree 
in hypertensives [ 14 ]. Similarly, 38 weeks’ treat-
ment, both amlodipine and valsartan signifi cantly 
reduced aortic PWV in hypertensive postmeno-
pausal women to a similar degree [ 15 ]. During 24 
weeks of antihypertensive combination treatment, 
the addition of azelnidipine to olmesartan reduced 
the aortic PWV more than the addition of thiazide 
diuretic to olmesartan [ 16 ]. 

 On the other hand, there are several studies 
reporting the negative effects of CCBs on the aor-
tic PWV despite their BP lowering effects. After 6 
months’ treatment, amlodipine did not signifi -
cantly reduce the aortic PWV, while quinapril did 
[ 17 ]. After 6 months’ treatment, barnidipine had 
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no signifi cant effects on the local measures of 
large artery stiffness [ 18 ]. These are considered to 
be unsuitable measures of arterial stiffness and 
not associated with cardiovascular events [ 19 ] 
when allowance is not made for amplifi cation of 
the pulse between central (carotid or aorta) and 
brachial arteries. In elderly hypertensives with 
ISH, 12 weeks’ treatment of lercanidipine did not 
reduce the aortic PWV, despite the reduction in 
brachial BP [ 20 ]. After 12 weeks’ treatment, slow 
release nifedipine coat-core did not reduce the 
baPWV, while valsartan did [ 21 ]. In diabetic 
hypertensives, 24 weeks’ treatment of amlodipine 
reduced the aortic PWV, but this reduction was 
lower than valsartan/diuretic combination treat-
ment [ 22 ]. Long-term (2.5 year) treatment with 
amlodipine signifi cantly reduced the baPWV, but 
this effect was inferior to candesartan [ 23 ]. Thus, 
in contrast to the benefi cial effects of ACE-Is or 
angiotensin II receptor blockers (ARBs) on the 
aortic PWV, there is no clear agreement on the 
effect of DHP-CCBs on large artery stiffness. 

 During 24 weeks’ treatment, cilnidipine caused 
a signifi cantly greater reduction in baPWV than 
amlodipine, at doses where both drugs had similar 
brachial BP reductions [ 24 ]. Recently, 24 weeks’ 
treatment of olmesartan/azelnidipine combination 
achieved greater reductions in baPWV and heart 
rate (HR) than did olmesartan/amlodipine combi-
nation [ 25 ]. Nifedipine and amlodipine increased 
the HR [ 21 ,  22 ,  25 ]. Interestingly, PWV was well 
reduced in patients with greater hypotensive 
response without any tachycardia even in a group 
treated with nifedipine [ 21 ]. All these fi ndings 
suggest that sympathetic activation might be 
related to the large artery stiffening. Thus, nife-
dipine and amlodipine could limit an improve-
ment of arterial stiffness if they would induce 
sympathetic activation. On the other hand, cilni-
dipine and azelnidipine deceased the HR due to 
their inhibition of increased sympathetic nervous 
activity [ 16 ,  24 ,  25 ]. Because it was also shown 
that the decreased HR itself was associated with 
improvement in aortic PWV [ 16 ], the HR-lowering 
effects of cilnidipine and azelnidipine through 
their sympathetic inhibition may be, in part, 
responsible for the greater effects on the large 
artery stiffness. A clinical study has demonstrated 

that cilnidipine and azelnidipine leads to reduced 
activation of the renin-angiotensin- aldosterone 
system, and thereby reduced production of aldo-
sterone, compared to the other L-type CCBs [ 26 , 
 27 ]. The signifi cant association between aldoste-
rone induced by antihypertensive medication and 
the aortic stiffness change was reported in hyper-
tensive patients [ 28 ]. Therefore, the reduced 
increase of aldosterone by cilnidipine and azelni-
dipine might also have been partly involved in the 
mechanism of their marked  reduction of PWV.  

    CCB and Carotid Atherosclerosis 

 A meta-analysis of randomized controlled trials 
revealed that DHP-CCBs reduce the risk of stroke 
in comparison to other antihypertensive drugs [ 7 ]. 
Another meta-analysis of randomized controlled 
trials supporting this specifi c protection against 
stroke by CCBs suggested their greater effective-
ness in the prevention of carotid intima- media 
thickening (IMT) than other antihypertensive 
drugs [ 29 ]. The PREVENT study reported that 
the 36 months’ treatment of amlodipine had a sig-
nifi cant suppressive effect on the progression of 
carotid IMT in patients with coronary artery dis-
ease, while this treatment did not appear to pre-
vent the progression of moderate or advanced 
coronary artery stenoses [ 30 ]. This discrepancy 
may be explained by the BP-lowering action of 
amlodipine: reduction in wall stress may have dif-
ferent effects on the large central arteries and 
smaller coronary arteries. In the ELSA study, a 
randomized, double-blind trial in 2,334 hyperten-
sives, 4 years’ antihypertensive treatment with 
lacidipine slowed down progression of carotid 
atherosclerosis signifi cantly more than atenolol 
[ 31 ]. The greater effi cacy of lacidipine on carotid 
IMT progression and number of plaques per 
patient, despite a smaller ambulatory BP reduc-
tion, suggests an anti-atherosclerotic action of 
lacidipine independent of its antihypertensive 
action. This anti-atherosclerotic process of DHP-
CCBs may be involved with their improvement of 
endothelial function, anti- infl ammation effects, 
anti-oxidant effects, and anti-proliferation effects 
on vascular smooth muscle cells.  
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    CCB and Peripheral Muscular 
Arteries 

 DHP-CCBs reversibly inhibit calcium entry 
into vascular smooth muscle cells by binding 
to L-type voltage-sensitive calcium channels. 
This decreases intracellular calcium concentra-
tions, resulting in smooth muscle cell relaxation. 
There is fi rm evidence that CCBs can markedly 
reduce the magnitude of wave refl ections by 
their effect on peripheral muscular arteries, and 
thereby decrease the augmentation index (AIx) 
and augmentation pressure of the central arteries 
[ 12 ,  16 ,  18 ,  20 ,  22 ,  32 – 37 ] (Fig.  44.1 ). Although 
large artery stiffness may not be a readily modifi -
able risk factor, independent of BP change, mus-
cular artery stiffness is a modifi able risk factor, 
and is held responsible for the strong effects of 
nitroglycerine in reducing wave refl ection [ 38 ]. 
The manifestation of change in muscular artery 
stiffness is the reduction in amplitude of wave 
refl ection. Why and how do CCBs decrease mus-
cular artery stiffness, and how does this reduce 
wave refl ection? These mechanisms might be 
explained as follows; smooth muscle in muscu-
lar arteries behaves as though in series with col-
lagenous fi bers and in parallel with elastic fi bers. 
Hence, contraction of smooth muscle in the arte-
rial wall makes it both narrower and stiffer, and 

increases wave refl ection. Relaxation of smooth 
muscle by CCBs transfers stresses from collag-
enous to elastic fi bers, dilates the muscular artery, 
and makes it less stiff, resulting in decrease in 
wave refl ection [ 38 ]. In a study using nitroglyc-
erine, Yaginuma et al. demonstrated that the 
combination of dilation and decreased stiffness 
of the muscular conduit arteries causes reduc-
tion in wave refl ection [ 38 ]. Yaginuma et al. also 
pointed out that progressively larger effects of the 
drug on smaller than large muscular arteries can 
enhance reduction in wave refl ection [ 38 ].

   Hypertensive remodeling of small resistance 
arteries is characterized by the increased wall/
lumen ratio of arterioles, which represent the 
principal sites of vascular resistance and also the 
origin of most of the wave refl ections [ 39 ]. 
Schiffrin et al. reported that the long-term treat-
ment with CCB amlodipine caused the regression 
of the arterial hypertrophy due to structural 
changes in the peripheral arterial network, that is, 
decreased wall/lumen ratio of small resistance 
arteries [ 40 ]. This modifi cation with CCB might 
contribute to decrease of refl ection coeffi cients, 
thus lowering the amplitude of wave refl ections 
[ 39 ]. Thus, CCBs have predominant effects on 
the muscular arteries from reduction in early 
wave refl ection back in to the central elastic arter-
ies and heart (Figs.  44.1  and  44.2 ).
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  Fig. 44.1    The main hemodynamic mechanism of the central BP-lowering effect of the dihydropiridine calcium chan-
nel blockers ( CCBs ): reduction of the magnitude of the refl ected wave       
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       CCB and Central Aortic Pressure 

 Recent studies using validated methods have 
reported that non-invasively determined central 
systolic BP (SBP)/PP more strongly relates to the 
extent of target organ damage and future cardio-
vascular events than peripheral (brachial) BP [ 34 , 
 41 ,  42 ]. The ASCOT-CAFÉ study demonstrated 
that central BP-lowering by antihypertensive 
medication contributes to an improvement of car-
diovascular outcomes beyond those achieved by 
brachial BP-lowering [ 34 ]. This has led to the 
suggestion that central BP rather than brachial 
BP should be a therapeutic target for cardiovas-
cular risk reduction in hypertensive patients. 

 Although there was no difference in the 
change of brachial SBP/PP among the various 
antihypertensive drug classes, CCBs caused a 
greater fall in the central SBP/PP than did 
β-blockers or thiazide diuretics [ 16 ,  20 ,  32 – 37 ]. 
This discrepancy can be explained by the differ-
ences of changes in the magnitude of wave refl ec-
tions, but not the large artery stiffness between 
these drugs, because the reduction of wave refl ec-
tion from conduit arteries effectively reduces the 
central SBP but does not necessarily change the 
peripheral SBP [ 18 ,  20 ,  22 ,  34 ,  36 ] (Figs.  44.1  
and  44.2 ). Studies of nitrates at cardiac catheter-
ization have shown marked reduction in wave 

refl ection and in aortic systolic pressure without 
signifi cant change in aortic stiffness [ 38 ]. Such 
benefi cial effects were also confi rmed at cardiac 
catheterization with acute administration of CCB 
nifedipine [ 43 ]. In this study [ 43 ], there was no 
signifi cant change in pulmonary vascular imped-
ance with nifedipine, while there was a clear 
change in the systemic vascular impedance 
(Fig.  44.3 ). The characteristic impedance fell by 
22 %, but this change did not reach the level of 
statistical signifi cance. The decrease in aortic 
SBP/PP by nifedipine can be mainly explained 
on the basis of the decrease in the amplitude of 
the refl ected wave, not solely by the change in 
mean arterial pressure and characteristic imped-
ance [ 43 ].

   The J-CORE study examined the effects of 
CCB azelnidipine versus a thiazide diuretic 
(hydrochlorothiazide) in combination with the 
same ARB (olmesartan) on central pressure [ 16 ]. 
The extent of reduction in central SBP was sig-
nifi cantly greater in the ARB/CCB group, 
whereas the difference in the reduction in bra-
chial SBP between the two groups was not sig-
nifi cant. The aortic PWV and AIx adjusted for 
HR in the ARB/CCB group decreased more than 
those in the ARB/diuretic group. In addition, this 
study provided evidence on the mechanism of 
reduction of central SBP/PP by CCB, namely by 

  Fig. 44.2    The mechanisms 
of the reduction of cerebro-
vascular events by dihydrop-
iridine calcium channel 
blockers ( CCBs )       
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reducing AIx and PWV. Reduction of magnitude 
of pressure wave refl ections is the fi rst important 
mechanism of central SBP reduction by CCB 
(Fig.  44.1 ). Second mechanism is that the refl ec-
tion wave arrival time may have been delayed 
because of changes in aortic PWV. Although HR 
was decreased in the azelnidipine arm, thus 
favoring an earlier timing of wave refl ections in 
systole, AIx was reduced. This may be explained 
partly by the prolonged time of return of the 
refl ected wave because of lower PWV. In the 
ACCOMPLISH trial [ 5 ], the benefi t of peripheral 
arterial vasodilation with an ACE-I/CCB combi-
nation for survival was greater than would be 
expected from analysis of brachial cuff pressure 
measurements. This can be explained on the basis 
of greater SBP/PP reduction in central aorta [ 16 ].  

    CCB and BP Variability 

 Recent evidence has been provided that indepen-
dently of mean BP levels, increased short-, mid-, 
and long-term BP variability (BPV) are associated 
with the severity of target organ damage, and with 

an increased risk of cardiovascular events and mor-
tality [ 44 – 46 ]. It was reported that CCBs could 
lower short-term BPV as assessed by ambulatory 
BP monitoring [ 47 ], mid-term BPV as assessed by 
day-by-day home BPV [ 48 ], and long-term BPV as 
assessed by visit-to-visit offi ce BPV [ 49 ]. The 
greater reduction in BPVs among subjects treated 
with CCBs may be best explained by their more 
profound effects on the relaxation of peripheral 
muscular arteries, mainly by attenuating the myo-
genic response of vascular smooth muscle cells 
[ 50 ] (Fig.  44.2 ). On the other hand, the J-CORE 
study reported that the reduction of aortic PWV 
was independently associated with the reduction in 
home BPV in subjects with CCB treatment [ 48 ]. 
Cross-sectional studies have demonstrated that all 
term BPVs were signifi cantly associated with large 
artery stiffness [ 48 ,  51 ,  52 ]. However, it remains to 
be clarifi ed whether a reduction in BPV by CCB 
could contribute to an improvement in arterial stiff-
ness [ 14 ], or if the CCB-induced reduction in arte-
rial stiffness would lead to reduced BPV [ 48 ] 
(Fig.  44.2 ). Use of well tolerated, long acting CCBs 
may be responsible for lower BPVs, through their 
success in decreasing large artery stiffness.  
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    Conclusion 

 It has been recognized that the mechanisms of 
the anti-arteriosclerotic effects mediated by 
DHP- CCBs are mainly caused be their sus-
tained peripheral BP lowering actions; how-
ever, recent trials suggest that long-term 
treatment with CCBs may have benefi cial 
effects beyond the reduction of peripheral 
(brachial) mean arterial pressure. The de- 
stiffening of the large arteries and the dilation 
of peripheral muscular arteries by CCBs might 
be underlying mechanisms of the signifi cant 
reductions in central SBP/PP and BPV, each 
of which was reported to be an independent 
predictor of cerebrovascular events  [ 34 ,  44 – 46 ]. 
Thus, these processes could provide a key to 
understanding why CCBs appear more effec-
tive than other antihypertensive drugs for 
reducing carotid atherosclerosis, cerebral arte-
riosclerotic damage, and cerebrovascular 
events in hypertensive patients (Fig.  44.2 ).     
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        Introduction 

 Stiffening of the large conduit arteries is inherent 
to the ageing process and compounded by a num-
ber of cardiometabolic diseases. It constitutes the 
main cause of isolated systolic hypertension, 
with additional salient contributions to cardiac 
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    Abstract  

  Clinically signifi cant modulating effects of lifestyle factors on both age- and 
disease-related arterial stiffening – particularly those relating to habitual 
physical activity – are widely recognised. Consequently, exercise training 
may represent an important strategy in the non-pharmacological treatment of 
arterial stiffening and related complications – often apparent even at an early 
stage of the cardiometabolic disease continuum. Observational and interven-
tional data relevant to this context are reviewed in the current chapter. 

 Arterial de-stiffening certainly appears achievable with aerobic exer-
cise in young adults, and may even begin at a lower volume threshold 
than current exercise guidelines. However, the response in older indi-
viduals and those with cardiovascular risk factors appears highly vari-
able. Where short-term training adaptations are evident (weeks to 
months), these probably refl ect functional mechanisms related to blood 
pressure- lowering. Intrinsic changes in arterial wall structure are diffi -
cult to assess in humans, but may be possible when exercise is com-
menced in young adulthood and performed continually throughout the 
life course. Resistance training promotes arterial stiffening at high inten-
sities, but may otherwise have a neutral or benefi cial effect – particularly 
in combination with aerobic exercise.  
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dysfunction and remodelling [ 1 ]. However, it is 
clear that several aspects of lifestyle – particu-
larly physical activity – can modulate the rate of 
both age- and disease-related changes in arterial 
biomechanical properties [ 2 – 5 ]. It therefore fol-
lows that exercise training represents a valid tar-
get for intervention to reduce the rate of arterial 
stiffening and associated complications. This 
chapter builds on an earlier edition of this publi-
cation [ 6 ] in focussing on the effi cacy of exercise 
interventions to reduce large artery stiffening 
throughout the life course and in certain clinical 
contexts, drawing on both observational and 
intervention data. 

 The studies discussed have applied a variety 
of methodologies to assess arterial biomechani-
cal and/or wave refl ection properties, each asso-
ciated with its own advantages, limitations and 
assumptions [ 7 ,  8 ]. These have been discussed 
earlier in this volume and include systemic mea-
sures of whole body arterial compliance using 
Windkessel (capacitance) models, as well as 
measures of local compliance using 2D echocar-
diography and magnetic resonance imaging ( β  
index), regional methods such as pulse wave 
velocity (PWV) and indices of wave refl ection 
including peripheral (e.g. radial) and central 
(carotid or derived ascending aortic) augmenta-
tion index (AIx), which rely on distributive mod-
els [ 1 ]. As in the previous version of this chapter 
[ 6 ], no distinction will be made based on the 
parameter reported in original works. For the 
present purpose it is adequate to consider 
increased arterial stiffness, however assessed, as 
being a disadvantageous state compared with 
more compliant, less stiff arteries.  

    Aerobic Exercise 

    Observational Studies in Healthy 
Individuals 

 The prospect of aerobic exercise preventing – or 
even reversing – the increased arterial stiffness of 
ageing and disease is founded on a strong body of 
observational data. Early studies using magnetic 

resonance imaging to characterise total and 
regional aortic compliance observed their marked 
augmentation in athletes – hypothesised to be an 
adaptive mechanism to accommodate high car-
diac output and prevent extreme blood pressure 
(BP) elevation during exercise [ 9 ]. Greater arte-
rial compliance and more favourable wave refl ec-
tion status in endurance athletes compared with 
the recreationally active or sedentary controls has 
since been supported by a number of investiga-
tors [ 10 ,  11 ]. 

 Importantly, arterial adaptations with aerobic 
exercise do not appear to be limited to a highly 
trained state. Correlations of higher peak oxygen 
uptake (VO 2peak ) with lower aortic PWV/central 
AIx are apparent in more sedentary individuals 
(<3 × 20 min exercise per week) [ 12 ]. Cross- 
sectional studies in both men [ 13 ] and women 
[ 14 ] have demonstrated substantive attenua-
tion of age-related central artery stiffening in 
those who are physically active. Indeed, differ-
ences in carotid arterial compliance between 
older (~65 years old) vs. younger sedentary men 
(~30 years old) were almost twice those observed 
in similarly aged men who engaged in regular, 
vigorous aerobic exercise [ 13 ]. Similar fi ndings 
apply to aortic PWV in post- vs. pre-menopausal 
women (~60 vs. 30 years old) [ 14 ]. 

 A question that naturally arises from these 
data pertains to the importance of exercise dose 
(including frequency, intensity and duration of 
activity). In a Japanese study of older individuals 
who wore a pedometer/accelerometer over 1 
year, aortic PWV was inversely correlated with 
both daily step count and time spent in activities 
at an intensity >3 metabolic equivalents (METs; 
i.e. moderate-vigorous intensity). However, no 
additional benefi t was apparent once daily activ-
ity of 6,600 steps or 16 min of exercise at >3 
METs was exceeded [ 15 ]. Notably, this exercise 
volume is less than is advocated by public health 
guidelines (30 min on most days of the week). 
With respect to exercise intensity, moderate and 
vigorous activity appear to be stronger correlates 
of central artery stiffness compared with light 
intensity activity [ 16 ,  17 ]. This dovetails well 
with the lower arterial stiffness of aerobically 
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trained athletes and raises the prospect of greater 
effi cacy from exercise interventions targeting 
gains in cardiorespiratory fi tness (e.g. high inten-
sity and/or interval training). It has also been 
reported that arterial stiffness is inversely associ-
ated with both “sports-related” physical activity 
(questionnaire-based) and cardiorespiratory fi t-
ness in young adults, but the latter relationship is 
stronger [ 18 ]. 

 Finally, it should be acknowledged that the 
inverse association of physical activity with arte-
rial stiffness may be moderated or even reversed 
at the most extreme levels of aerobic exercise. In 
studies of ultra-endurance athletes and marathon 
runners, central AIx was shown to be similar [ 19 ] 
and aortic PWV elevated [ 20 ] compared with 
recreationally-active controls.  

    Intervention Studies in Healthy 
Individuals 

    Young Adults 
 Consistent with observational data, exercise 
training studies indicate that the threshold for 
benefi t from aerobic exercise (i.e. in relation to 
arterial adaptations) may be relatively low. The 
fi rst intervention trial [ 21 ] (moderate intensity 
cycling 3 × 30 min/week) demonstrated that post- 
training systemic arterial compliance and aortic 
 β -stiffness index in previously sedentary males 
(18–32 years) reached levels akin to elite athletes 
[ 22 ] within as little as 4 weeks. More recently, 
just six consecutive days of moderate intensity 
cycling (2 h/day) showed reductions in aortic and 
peripheral (femoral-ankle) PWV [ 23 ]. Notably, 
the magnitude of change in aortic PWV over this 
short time frame (−0.5 m/s) was as high as has 
been observed during interventions lasting 
weeks-months. Indeed, a 0.3 m/s reduction in 
aortic PWV was reported in similarly aged (mean 
25 years) sedentary males following an 8-week 
cycling program (3–4 days/week for 60 min; 
moderate intensity) [ 24 ]. Exercise intensity may 
also be important. A 16-week randomised con-
trolled trial (RCT) in young women with a family 
history of hypertension demonstrated greater 

effi cacy for aortic PWV reduction with interval 
training (2 min/1 min bouts at 50–60 %/80–90 % 
of VO 2peak , respectively) compared with equal- 
volume continuous moderate intensity walking/
running exercise (60–70 % of VO 2peak ) [ 25 ].  

    Middle-Aged and Older Adults 
 In middle-aged/older adults (mean age 50–64 

years), uncontrolled intervention studies have 
also reported improvements in systemic [ 26 ] and 
local (carotid) arterial compliance [ 13 ,  16 ,  27 , 
 28 ], carotid  β -stiffness index [ 13 ,  16 ,  27 ], and 
aortic PWV [ 28 ] with walking/running or cycling 
interventions lasting between 12 and 26 weeks 
(moderate-vigorous intensity). Although these 
fi ndings provide proof-of-concept, RCT evidence 
for aerobic exercise in middle-aged and older 
adults is equivocal. Three RCTs have evaluated 
responses of arterial stiffness to 8-week com-
bined walking/cycling programs (60–75 % peak 
heart rate [HR]) in postmenopausal women 
(mean age 58–60 years). Although one study 
demonstrated improvements in carotid artery 
compliance and  β -stiffness index [ 29 ], another 
reported mixed effects on these endpoints [ 30 ]. In 
the most recent trial [ 31 ], no changes in aortic 
PWV or AIx were observed. Thus, the respon-
siveness of some arterial properties to aerobic 
exercise training may be diminished with ageing, 
although it is important to acknowledge that this 
conclusion is based on only a small number of 
controlled studies.   

    Mechanisms 

 Direct effects on the vasculature are purported to 
fi ll large parts of the “risk factor gap” between 
physical activity and improved cardiovascular out-
comes [ 32 ], and these may refl ect both functional 
and structural adaptations in the arterial wall. 

    Functional Pathways 
 Aerobic exercise may promote arterial de- 
stiffening via smooth muscle cell relaxation – 
an outcome of improvements in one or both of 
 endothelial function and reduced sympathetic 
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activity/vasoconstrictor tone. The former is 
widely recognised to occur with aerobic exer-
cise independent of cardiovascular risk factors 
[ 32 ] and largely refl ects local shear stress- 
mediated augmentation of nitric-oxide and other 
endothelium-derived vasodilators [ 33 ]. Aside 
from sympathetic withdrawal, the autonomic 
nervous system may adapt by enhancement of 
barorefl ex sensitivity [ 34 ], although it is unclear 
whether this actively contributes to – or is a 
favourable consequence of – changes in arterial 
compliance.  

    Structural Pathways 
 Structural determinants of arterial stiffness 
relate mainly to arterial wall scaffolding pro-
teins [ 2 ]. Put simply, a lower ratio of elastin-
to-collagen fi bres typifi es a stiffened artery [ 8 ]. 
Animal  studies give some indication that this is 
modifi able by aerobic exercise based on a rela-
tive increase in aortic elastin [ 35 ] and reduction 
in collagen in exercised vs. sedentary rats [ 36 ]. 

These  exercise- induced  compositional changes 
affect the intrinsic arterial wall properties to 
increase the slope of the diameter-pressure rela-
tionship [ 37 – 39 ].  

   Functional vs. Structural Pathways 
in Exercise-Mediated Arterial 
De-stiffening 
 Theoretical mechanical representations of func-
tional vs. structural changes with exercise are 
depicted in Fig.  45.1 . Exercise-mediated reduc-
tion in mean BP (related to functional pathways) 
shifts the operating point of the non-linear stress- 
strain curve [ 40 ] (largely responsible for the 
BP-dependence of many arterial stiffness and 
wave refl ection parameters) [ 7 ]. Importantly, this 
manifests in reduced stiffness (by the incremen-
tal elastic modulus; ratio of stress/strain) even if 
underlying structural adaptations in the arterial 
wall are absent. In contrast, structural pathways 
linking exercise with elevated compliance would 
manifest as an overall curve shift.
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  Fig. 45.1    Theoretical mechanical representation of 
the functional and structural basis for arterial de-
stiffening with exercise. Panel ( a ) displays the arte-
rial stress-strain relationship, while Panel ( b ) displays 
the corresponding elastic modulus as a function of 
strain (where elastic modulus is the ratio of stress/
strain and refl ects ‘intrinsic’ arterial stiffness). Exercise-
mediated blood pressure ( BP ) lowering unloads the 
arterial wall and shifts the operating point of the 

non-linear stress-strain curve to a fl atter section. Thus, 
the elastic modulus may be reduced even if intrinsic wall 
properties do not change (“functional” de-stiffening). In 
the event that aerobic exercise does alter wall properties 
(i.e. structural change) – as demonstrated in animal stud-
ies [ 37 – 39 ] – the entire stress-strain curve is fl attened. 
Thus, the elastic modulus may be reduced at any given 
strain. The curves displayed are based in part on previ-
ously published fi gures [ 39 ,  40 ]       
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   Whether the basis of arterial stiffness modifi -
cation by aerobic exercise is mainly functional 
or structural remains unanswered. There is a per-
vasive view that since exercise trials report posi-
tive outcomes from interventions lasting 
days-to- weeks – a length of time considered 
insuffi cient to realise meaningful changes in 
scaffolding proteins – that functional adaptations 
must be predominant [ 2 ,  5 ]. Stronger associa-
tions of cardiorespiratory fi tness with stiffness of 
muscular arterial segments compared with the 
more proximal elastic segments also fi ts with 
this contention [ 18 ]. Alternately, this may sim-
ply refl ect that shifts in the aortic stress-strain 
curve [ 37 – 39 ] are more diffi cult to detect in 
humans compared with trained rats. Theoretical 
pressure-volume relationships (based on compli-
ance calculations at different points of the dia-
stolic pressure waveform) were favourably 
altered within 4 weeks in the fi rst exercise trial 
examining arterial stiffness [ 21 ]. This provides 
some evidence that the arteries of young adults 
(18–32 years) may be amenable to structural 
changes. More recent studies using a novel index 
of aortic stiffness derived from stroke volume 
and central pressure waveform measurements – 
the “Modelfl ow aortic age” – have shed new 
light on this issue in older persons. The 
Modelfl ow aortic age method uses aortic 
 impedance estimation, which is theoretically not 
infl uenced by ambient blood pressure and there-
fore provides an index of structural aspects of 
aortic stiffness [ 41 ,  42 ]. Notably, Masters ath-
letes were shown to have a “younger” aortic age 
(40 years) than their chronologic age (68 years), 
whereas matched, sedentary controls showed 
equivalency of aortic and chronologic ages [ 42 ]. 
However, in further determining whether this 
index was “trainable” in older, sedentary indi-
viduals (mean 71 years for both chronologic and 
aortic age), the same investigators found that the 
aortic age did not get “younger” following 
12-months of intensive aerobic training (up to 
200 min/week; suffi cient to elicit a rise in VO 2peak  
of 19 %) [ 42 ]. Despite this, improvements in 
stroke volume, HR, effective arterial elastance, 
peripheral vascular resistance and systemic arte-
rial compliance were observed to such extents 

that they were comparable with the Masters ath-
letes. Collectively, these data (displayed in 
Fig.  45.2 ) are consistent with the notion that 
adverse structural changes in the arterial wall are 
not  reversible  with aerobic exercise in older indi-
viduals, although BP-dependent markers of arte-
rial stiffness may improve on account of 
favourable haemodynamic and functional adap-
tations. However, aerobic exercise performed 
across the life span may have a benefi cial  pre-
ventative  effect in slowing age-related structural 
changes [ 42 ].    

    Intervention Studies in Individuals 
with Cardiovascular Risk Factors 

 In addition to the functional and structural path-
ways described above, arterial stiffness may be 
reduced in consort with both traditional and novel 
cardiovascular risk factors. 

    Hypertension 
 Aerobic exercise remains a cornerstone of life-
style modifi cation recommendations for individ-
uals with hypertension due to its well-established 
BP-lowering effects. Indeed, a meta-analysis of 
training data involving >3,000 individuals dem-
onstrated that reductions in systolic and diastolic 
BP are greater in hypertensive (−6.9/−4.9 mmHg) 
vs. normotensive (−2.4/−1.6 mmHg) individuals 
[ 43 ]. The mechanistic basis for the antihyperten-
sive effects of aerobic exercise is certainly multi-
factorial, though many postulated mechanisms 
share reduced arterial stiffness as an endpoint 
[ 44 ]. Of course, any change in arterial stiffness or 
wave refl ection may simply refl ect the 
BP-dependence of these markers [ 7 ], as high-
lighted in Fig.  45.1 . From available controlled tri-
als, lowering of BP may be a prerequisite for 
benefi cial effects on arterial properties, albeit 
without necessarily correlating. Guimaraes et al. 
[ 45 ] compared 16 weeks of high intensity inter-
val (2 min/1 min bouts at 50 %/80 % of HR 
reserve, respectively) vs. continuous moderate 
intensity treadmill training (60 % of HR reserve) 
in patients with pharmacologically controlled 
hypertension. Despite BP lowering of a similar 
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extent in each training group, concurrent reduc-
tion in aortic PWV was observed only in patients 
who performed high-intensity interval training. 
More recently, carotid artery compliance (but not 

central AIx or femoral-ankle PWV) was shown 
to improve in pre-/stage 1 systolic hypertension 
with 12 weeks swimming training (mostly vigor-
ous intensity) – a change that was not associated 
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with concurrent BP reduction [ 34 ]. Cycling [ 46 ] 
and walking [ 47 ] interventions of similar dura-
tion and intensity failed to improve aortic PWV 
or other arterial properties; notably, these inter-
ventions also failed to lower BP. In three 12-week 
RCTs of low-moderate intensity training pro-
grams in hypertensive individuals (directed by 
blood lactate targets; 2.0–2.5 mmol/L during 
thrice weekly 30 min sessions), changes in large 
artery compliance were not detected by radial 
pulse wave analysis despite signifi cant reduc-
tions in ambulatory BP [ 44 ,  48 ,  49 ].  

    Overweight/Obesity 
 There is an independent, positive association 
between adiposity and elevated arterial stiffness 
[ 50 ]. Short-term, weight-neutral training studies 
in healthy individuals provide proof-of-concept 
that arterial de-stiffening is possible in the 
absence of weight loss [ 21 ]. This is important to 
recognise given volumes of exercise recom-
mended for the general population may be inad-
equate to achieve weight loss of a clinically 
signifi cant magnitude (particularly in the absence 
of co-interventions targeting energy intake) [ 51 ]. 
Given a paucity of studies, it remains uncertain 
whether aerobic exercise (either weight-neutral 
or with accompanying weight loss) modifi es arte-
rial properties in overweight or obese individuals. 
In one study of obese men and women aged 
39–60 years, short-term exercise training  without  
weight loss (10 consecutive days of treadmill 
walking for 60 min; 70–75 % VO 2peak ) was found 

to be ineffective for PWV reduction (both aortic 
and peripheral [i.e. femoral-ankle]) [ 52 ]. In con-
trast, a longer intervention of 12 weeks (3 days/
week walking/running for 40–60 min; light- 
vigorous intensity) elicited improvements in 
carotid artery compliance and  β -stiffness index in 
the context of modest (3.7 %), but statistically 
signifi cant weight loss in overweight/obese men 
(mean age of 50 years) [ 53 ]. These fi ndings from 
two small and uncontrolled studies should not be 
interpreted to indicate that weight loss is a pre-
requisite for positive outcomes from exercise 
training in this setting; indeed, the divergence 
may have refl ected BP lowering of greater mag-
nitude in the latter trial, or any of multiple differ-
ences in study design (e.g. duration of 
intervention, endpoints). Clearly, larger con-
trolled studies are required to inform whether the 
stiffened arteries of overweight/obese individuals 
are responsive to aerobic exercise independently 
of weight loss.  

    Type 2 Diabetes 
 The metabolic milieu of type 2 diabetes, which 
may include insulin resistance, hyperglycaemia 
and hyperinsulinaemia, independently promotes 
arterial stiffening via mechanisms such as local 
renin-angiotensin-aldosterone system activation, 
endothelial dysfunction, and advanced glycation 
end-product accumulation [ 2 ]. As exercise training 
is known to reverse hyperglycaemia and insulin 
resistance to an extent equivalent to anti-diabetic 
pharmacotherapy [ 54 ], there are important addi-

  Fig. 45.2    The data show changes in vascular properties 
before (“Pre”) and after (“Post”) a 12-month exercise 
training intervention in previously sedentary, healthy, 
older individuals and in reference to a group of similarly 
aged Masters athletes (“Fit” group). Panel ( a ) displays 
data for the “Modelfl ow aortic age”. This method uses 
aortic impedance estimation in generating an index of 
stiffness that – in being independent of BP – theoretically 
refl ects intrinsic aortic structural properties [ 41 ,  42 ]. 
Panel ( b ) displays data for more conventional measures: 
effective arterial elastance ( Ea ), peripheral vascular 
resistance ( PVR ) and systemic arterial compliance ( SAC ) 
(all BP-dependent and infl uenced by both functional and 
structural factors). Exercise training by the previously 
sedentary – suffi cient to realise a large increment in peak 

oxygen uptake (19 %) – improved Ea, PVR and SAC to 
such an extent that they achieved values similar to those 
observed in Masters athletes [ 42 ]. However, although the 
“younger” Modelfl ow aortic age of Masters athletes indi-
cated that this index may also be responsive to exercise, 
it was unchanged in the previously sedentary by 12 
months training. Collectively, the data support that age-
related intrinsic arterial structural changes can be attenu-
ated by aerobic exercise, but may be irreversible in older 
individuals once established. Functional pathways by 
which exercise may reduce arterial stiffness appear to 
remain intact (Panel  a  and  b  fi gures are reproduced from 
Ref. [ 42 ] with permission of The American Physiological 
Society).       
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tional pathways in this population by which arte-
rial properties may be positively affected. This 
concept was supported in a 3-week cohort study of 
low-moderate intensity walking/cycling (23 indi-
viduals with type 2 diabetes), in which improve-
ments in  β -stiffness index (carotid and femoral 
arteries) were signifi cantly associated with the 
extent of concurrent improvement in insulin sen-
sitivity (based on euglycemic- hyperinsulinemic 
clamp) [ 55 ]. Unchanged BP, HbA 1c  and anthro-
pometrics over this short-term intervention sup-
ported that insulin sensitisation constituted the 
primary driver of these arterial adaptations (i.e. 
via functional mechanisms such as improved 
endothelium-dependent vasodilation). A subse-
quent controlled study in individuals with type 2 
diabetes and multiple cardiovascular risk factors 
found that 3 months of vigorous walking/cycling 
training reduced both aortic and arm PWVs [ 56 ]. 
Unfortunately, insulin resistance was not mea-
sured in this study, but since changes in BP and 
glycaemic control (fasting glucose) were only 
borderline signifi cant and weight loss was not 
achieved, the fi ndings collectively supported that 
arterial changes may refl ect other metabolic fac-
tors and/or direct vascular effects. 

 Notwithstanding these positive results, a 2012 
RCT of aerobic exercise – larger than both for-
mer studies – found no change in brachial-ankle 
PWV with a 12-week moderate intensity walking 
program (300 min/week) in women with type 2 
diabetes (mean age of 54 years) [ 57 ]. This was 
despite signifi cant weight loss and reductions in 
both BP and HbA 1c . The negative fi nding may 
refl ect reliance on a non-specifi c arterial stiffness 
marker (i.e. composite of aortic and peripheral 
PWV), but nevertheless highlights a need for 
additional data in this population.  

    Kidney Disease 
 Progressive decline in renal function is indepen-
dently associated with increased arterial stiff-
ness and wave refl ections [ 58 ]. These represent 
 important targets for therapy given mortality in 
end- stage kidney disease is strongly predicted by 
aortic stiffness [ 59 ]. Three studies have evaluated 
aerobic exercise for this purpose in haemodial-
ysis patients. Central AIx improved in a small, 

uncontrolled study (n = 11) after 3 months light- 
moderate treadmill/cycling training (120 min/
week) – a benefi t that was lost following 3 
months of de-training [ 60 ]. More compelling evi-
dence of benefi t for arterial properties lies with 
a crossover trial of intra-dialytic exercise in 19 
patients, which resulted in aortic PWV reduction 
after 3 months of cycling training even though BP 
did not change (self-guided intensity; ≥90 min/
week) [ 61 ]. Unfortunately, these fi ndings were 
not replicated in a more recent study – a multi-
centre, 6-month RCT that evaluated intra-dialytic 
and home-based exercise programs [ 62 ]. Neither 
exercise intervention (both of moderate intensity; 
45–65 min/week) altered aortic PWV, AIx or 
related parameters relative to usual care, though 
retrospective power calculations demonstrated 
inadequacy of the sample size (n = 15–16 per 
group) for these endpoints. In predialysis patients 
with chronic kidney disease, aerobic exercise 
has been evaluated in one RCT – a pilot study 
of light-vigorous intensity exercise (median 
43.4 min/week). Compared with controls, AIx 
was signifi cantly lower in the exercise training 
group after 12 months (despite no change in body 
mass, BP or other confounders) [ 63 ]. 

 Given mixed, but promising fi ndings from this 
series of small studies in kidney disease patients, 
larger trials powered for arterial stiffness end-
points are awaited with interest.    

    Resistance Training 

 Resistance training is associated with health 
benefi ts independent of aerobic exercise and is 
recommended for many sub-populations char-
acterised by stiffened arteries, including elderly 
and cardiometabolic disease populations. Despite 
long-held concerns that it promotes arterial stiff-
ening – fi rst highlighted by Bertovic et al. [ 64 ] – 
it is now apparent that adverse effects may be 
restricted to high-intensity training that is not 
performed in conjunction with aerobic exercise. 

 Miyachi [ 65 ] identifi ed an overall 10.7 % 
increase in arterial stiffness (by PWV or carotid 
 β -stiffness index) in a meta-analysis that consid-
ered eight RCTs (n = 193) up to April 2011. 
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However, sub-analyses revealed that this was 
limited to high-intensity training (>70 % of 1 
repetition-maximum), which is consistent with 
the notion that repeated exposures to marked BP 
elevation (up to 480/350 mmHg has been 
recorded during a resistance exercise set) [ 66 ] 
are largely responsible for adverse stiffening 
effects [ 65 ]. Chronically increased vasoconstric-
tion – secondary to raised sympathetic activity – 
is also implicated [ 65 ] even though resistance 
training is usually associated with a fall in rest-
ing BP [ 67 ]. 

 Importantly, training at a mild-to-moderate 
intensity, as recommended by the American 
Heart Association [ 67 ], does not appear to elicit 
adverse effects [ 65 ]. Indeed, a study not included 
in Miyachi’s meta-analysis reported that brachial- 
ankle PWV and endothelial function were 
 improved  following resistance training performed 
at 50 % of 1 repetition-maximum and with short 
30-s breaks between sets [ 68 ]. This style of train-
ing – similar to a ‘circuit’ style – can introduce an 
aerobic component while still facilitating gains in 
strength and muscle function. Performance of 
rhythmic/continuous movements may also help 
to avoid breath-holding/Valsalva manoeuvre- 
induced BP elevations, which are typical of high 
intensity or isometric loading [ 66 ,  67 ]. Readers 
are referred to the American Heart Association 
guidelines for additional details regarding safe 
prescription of resistance training in the clinical 
setting [ 67 ]. 

 Another important consideration is that resis-
tance training should only ever complement – 
and not replace – aerobic exercise [ 67 ]. Combined 
aerobic/resistance training has been shown to 
either improve [ 69 ,  70 ], or have no effect on arte-
rial properties [ 71 ,  72 ].  

    Conclusions 

 In line with trends in the broader research fi eld 
of therapy for large artery structure and func-
tion, studies of exercise training have bur-
geoned since an earlier iteration of this chapter 
published in 2006 [ 6 ]. However, a number of 
important limitations prevail in the literature 
and must be acknowledged. Firstly, many 
published intervention studies (typically 

small) have investigated changes in arterial 
stiffness or wave refl ection as secondary end-
points without specifi c  a priori  power calcula-
tions. In addition, the plethora of arterial 
stiffness/wave refl ection markers featured in 
the literature make it diffi cult to synthesise 
data and compare studies. 

 Notwithstanding these drawbacks, a num-
ber of conclusions can be drawn. With respect 
to aerobic exercise, observational data are 
convincing for a protective effect against age-
related arterial stiffening. In contrast, inter-
vention studies are less positive and offer 
confl icting evidence regarding effi cacy for 
shorter-term improvement (i.e. up to 12 
months) – particularly regarding the potential 
for reversibility of arterial stiffening that is 
well-advanced (i.e. by ageing or the presence 
of cardiovascular risk factors). Where 
improvements in arterial stiffness or wave 
refl ection are observed after a training period, 
this may often be attributable to concurrent 
functional or haemodynamic changes. 
Nevertheless, structural adaptations are evi-
dent in trained animals and more recent data 
indicate that they are also possible in humans 
when exercise is commenced before older 
adulthood and high cardiorespiratory fi tness is 
maintained. Resistance exercises performed 
dynamically and at a low-moderate intensity 
are unlikely to promote the arterial stiffening 
observed in individuals trained at a high inten-
sity and may even be benefi cial (though fur-
ther study is required, particularly in the 
context of heightened cardiovascular risk). 

 Of course, even if exercise training demon-
strates potential for  effi cacy  in relation to arte-
rial de-stiffening, translation to clinical 
 effectiveness  will always be limited to some 
extent by poor adherence. Moreover, even if 
exercise training interventions are imple-
mented successfully and positive changes in 
arterial properties realised, it is unclear 
whether this extends to improved outcomes 
over the life course. However, this may never 
be known given the diffi culties associated 
with undertaking such large-scale and long-
term lifestyle intervention trials. In the absence 
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of this information, the value of exercise inter-
ventions to favourably modify arterial stiff-
ness and wave refl ections should consider 
their well-established links to cardiovascular 
sequelae, the prevention of which is clearly an 
outcome worth targeting.     
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   CRT.    See  Cardiac resynchronization therapy (CRT) 
   CT-1.    See  Cardiotrophin-1 (CT-1) 
   CVD.    See  Cardiovascular disease (CVD) 
   CWS.    See  Circumferential wall stress (CWS) 
   Cyclic guanosine monophosphate (cGMP) , 426–427  
   Cyclosporine , 354, 356  

    D 
  DBP.    See  Diastolic blood pressure (DBP) 
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   Elastic arteries 

 metabolic diseases , 165  
 subclavian and brachial arteries , 55  
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   End-diastolic volume (EDV) , 38, 39, 194–195, 198  
   Endothelial dysfunction 

 and aldosterone , 425–426  
 arterial mechanics , 113–114  
 arterial wall stiffness , 112  
 chronic suppression , 112  
 description , 424–425  
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   HR.    See  Heart rate (HR) 
   Hydrogen peroxide , 176–177  
   Hydroxyl radical , 177  
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  Lamé equation , 52  
   Late systolic loading 

 diastolic dysfunction , 44–45  
 wave refl ections, LV hypertrophy , 44  

   LDL.    See  Low density lipoprotein (LDL) 
   Left ventricular hypertrophy (LVH) 

 arterial stiffness , 259  
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 amlodipine and eplerenone , 532  
 ankle–brachial PWV , 55  
 antihypertensive treatment , 478  
 aorta , 6  
 arterial distensibility , 168  
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 dialysis and hypertensive population , 346  
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 antihypertensive agents , 131  
 arterial pressure , 125–128, 219–220  
 chronic hypoxia , 128–129  
 experimental design and methods , 124  
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