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  Pref ace  

  Cardiovascular disorders account for the increased morbidity and mortality that 
accompanies a large number of diseases, including diabetes mellitus, obesity, hyper-
tension, nephropathies and rheumatoid arthritis. Recent progress in knowledge has 
led to an increased understanding of the pathophysiologic mechanisms that underlie 
vascular alterations in these diseases, the evidence being that a wide range of factors 
are likely to participate to a variable degree in each of them. Aim of this book is to 
describe the physiology of macro- and microcirculation together with their interac-
tions. It is also to discuss the structural and functional alterations that macro- and 
microcirculation develop with diseases, with attention to their hemodynamic, meta-
bolic, humoral, hormonal, infl ammatory, as well as genetic or environmental nature. 
Emphasis is placed on recent notions, such as the involvement of arterial stiffness in 
the initiation and progression of atherosclerosis, as well as in the age-related altera-
tions of systemic and renal vasculature; the importance of mineral-bone-vascular 
interactions; the diagnostic and prognostic signifi cance of new noninvasive mea-
sures of vascular structure and function in the retina and the kidney; the role of 
toxemia in pregnancy; and the modern perception of diabetes as a vascular disease. 
Some chapters are also devoted to the anatomy and the factors involved in athero-
sclerosis, arteriosclerosis and remodeling of precapillary resistance vessels, and to 
the vascular changes and interactions with respiratory processes in pulmonary 
hypertension. Evaluation procedures as well as the full range of available therapeu-
tic options, including lifestyle modifi cations and pharmacologic approaches, are 
described and appraised. We hope that clinicians with a specifi c interest in arterial 
diseases, but also those operating in other areas of medicine, will fi nd this compre-
hensive update useful and timely.  

     Beirut ,  Lebanon        Adel     E.     Berbari   
   Milan ,  Italy       Giuseppe     Mancia    
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      Definition and Epidemiology 
of Arterial Disease 

                Reza     Aghamohammadzadeh     ,     Danielle     Ormandy     , 
and     Anthony     M.     Heagerty    

1.1             Introduction 

 Cardiovascular diseases (CVDs) are the number one cause of death globally and 
account for around a third of all deaths worldwide [ 1 ,  2 ]. In 2008, an estimated 17.3 
million people died from these conditions which is 48 % of noncommunicable 
 diseases; of these, 6.2 million were a consequence of stroke and 7.3 million due to 
coronary artery disease [ 3 ]. In the UK alone, 160,000 people died of CVD in 2001 
[ 4 ]. The number of deaths from CVDs is predicted to rise to around 23 million by 
2030 [ 5 ], thus highlighting the need for better understanding of these disorders and 
exploration of new treatment and prevention strategies both at individual and popu-
lation level. Developing countries will suffer a similar fate if steps are not taken 
urgently. 

 As the name suggests, cardiovascular diseases are a consequence of pathobiologi-
cal processes affl icting the heart and blood vessels. A number of disorders pertaining 
to the heart are also vascular in origin; these include coronary artery disease and 
microvascular disease within the myocardium. Arterial disorders can be split into 
coronary, cerebrovascular and peripheral disorders based on the vascular bed, but 
from a pathological perspective, the underlying processes can be grouped into fi ve 
categories: atherosclerosis, arterial stiffness, endothelial dysfunction, neurohormonal 

        R.   Aghamohammadzadeh      (*) •    A.  M.   Heagerty      
  Institute of Cardiovascular Sciences, University of Manchester , 
  46 Grafton Street ,  Manchester   M13 9NT ,  UK   
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interactions and vascular remodelling. These processes often coexist in a range of 
disorders including diabetes mellitus, hypertension, obesity and chronic kidney 
disease.  

1.2     Pathophysiology 

 Cardiovascular disorders are a heterogeneous group of diseases which share com-
mon underlying pathological manifestations. Atherosclerosis is a complex phenom-
enon and itself a result of a combination of pathological processes including 
infl ammation and endothelial damage. Far from a simplistic view that atherosclero-
sis is lipid driven and predominantly a cholesterol-related disorder, more recently a 
number of infl ammatory cells have been implicated in the process including mono-
cytes [ 6 ], macrophages [ 7 ], neutrophils [ 8 ] and dendritic cells [ 9 ], and further 
exploration of novel chemokines including CCL2 [ 10 ], CCL17 and macrophage 
migration inhibitory factor [ 10 ] can yet advance our understanding of the disorder. 
A better understanding of the role of infl ammation in atherosclerosis can in theory 
lead to the introduction of immunomodulators alongside statins to treat those with 
diffi cult-to-control atherogenic dyslipidaemia. 

 Endothelial dysfunction is characterised by processes which result in attenuated 
endothelial vasodilatation, either by reducing the bioavailability of nitric oxide or 
by increasing levels of endothelium-derived vasoconstrictor and prothrombotic fac-
tors [ 11 ]. Endothelial dysfunction has been described in diabetes mellitus [ 12 – 14 ], 
hypertension [ 15 ,  16 ], aging [ 17 – 19 ], chronic kidney disease [ 20 ] and obesity [ 21 , 
 22 ] and contributes to formation of atherosclerotic plaques and vascular stiffness. 

 Vascular remodelling is an adaptive process in response to long-term changes in 
the haemodynamic environment that ultimately may contribute to vascular and cir-
culatory disorders. Four main processes have been implicated in remodelling: cell 
growth, cell death, cell migration and extracellular matrix production or degradation 
[ 23 ]. The specifi c type of remodelling depends on the disease process necessitating 
the change within the vasculature. Eutrophic remodelling (rearrangement of the 
same cellular material around a narrowed lumen resulting in increased media/lumen 
ratio) has been described in patients with essential hypertension [ 24 ] and hypertro-
phic remodelling (increase in wall thickness or media cross-sectional area and pres-
ervation of the lumen diameter) in individuals with diabetes [ 25 – 27 ]. Similarly, 
obese patients exhibit an increase in media-to-lumen ratio in keeping with hypertro-
phic remodelling [ 28 ], and persistent weight loss following weight-loss surgery 
regresses these vascular changes [ 29 ]. 

 Over the past 10 years, microRNAs have emerged as a rapidly advancing domain 
offering much promise to enhance our understanding of the pathobiology of CVDs 
at the molecular and cellular level. MicroRNAs are small noncoding RNAs involved 
in post-transcriptional gene regulation by binding to mRNA sequences resulting in 
a reduction of protein expression or leading to mRNA degradation [ 30 ]. The poten-
tial involvement of microRNAs has been reported in atherosclerosis [ 31 ,  32 ], endo-
thelial cell function [ 30 ] and arterial remodelling [ 33 ], as well as in disorders such 
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as peripheral arterial disease [ 34 ], stroke [ 35 ], obesity [ 36 ] and aortic disease [ 37 ]. 
A better understanding of the role of microRNAs in cardiovascular disorders will no 
doubt lead to development of future therapies [ 38 ].  

1.3     Investigating Arterial Disorders 

 Over the years, a variety of techniques have been utilised to study the micro- and 
macro-circulation at molecular, cellular and tissue level. These include functional 
assessments of vessel wall and luminal changes using wire and pressure myogra-
phy, arterial stiffness studies using pulse wave velocity measurements as well as 
high-resolution ultrasound assessment of endothelial function using fl ow-mediated 
dilatation, evaluation of reactive hyperaemia using gauge-strain plethysmography 
and more recently, pulse amplitude tonometry [ 39 ,  40 ]. One of the most recent 
developments in the fi eld of cardiovascular investigations is the emergence of reti-
nal artery imaging as a means of assessment and monitoring of arterial disease. The 
retinal microcirculation offers a noninvasive and easily accessible window to the 
human microvasculature. Advances in imaging technology using computer-based 
analysis of retinal photographs allow for reproducible means for quantifi cation of 
retinal vascular calibre. Changes in retinal vascular calibre are associated with age, 
ethnicity and genetic factors [ 41 ]. Changes such as narrowing of retinal arteriolar 
calibre, enhanced arteriolar wall refl ex and wider venular calibre are associated with 
the metabolic syndrome [ 42 ,  43 ], waist circumference [ 44 ,  45 ], higher triglyceride 
levels [ 45 ], diabetes and hypertension [ 44 ,  46 ] as well as stroke [ 47 ,  48 ], coronary 
microvascular disease [ 49 ] and coronary artery disease [ 50 ]. Retinal microvascular 
changes can predict subsequent vascular events following ischaemic stroke [ 51 ]. 
These changes are also observed in the paediatric and adolescent population [ 52 –
 54 ]. Retinal microvascular signs such as venular dilatation are associated with CKD 
both in the presence and absence of diabetes, thus reinforcing the link between renal 
and retinal microvasculature independently of diabetes [ 55 ].  

1.4     Risk Factors 

 Identifying major risk factors for arterial disorders with the aim of developing new 
therapies and public health strategies to reduce cardiovascular mortality and mor-
bidity has been at the forefront of efforts by major healthcare, academic, pharma-
ceutical and governmental bodies. However, despite our best efforts, cardiovascular 
diseases are on the rise, and controlling and treating their risk factors remain a major 
challenge. 

 Obesity has emerged as a major global healthcare burden and a symptom of our 
unhealthy lifestyles. In the most simplistic terms, obesity is a result of the imbalance 
between calories consumed versus calories expended. The worldwide prevalence of 
obesity has nearly doubled between 1998 and 2008. Over half a billion adults over 
20 were obese in 2008 (10 % of all men and 14 % of all women) [ 56 ]. The obesity 
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prevalence tripled from 7 % in lower-middle-income countries to 24 % in upper-
middle-income countries. In low- and medium-income countries, there is a positive 
correlation between socioeconomic status and obesity; however, in the European 
Union, there seems to be an inverse relationship between education and obesity/
BMI [ 57 – 60 ]. These trends most likely refl ect the growing awareness of the detri-
mental effects of obesity on health in the developed countries which should extend 
to the developing countries in the not-too-distant future and help reduce the mortal-
ity rate from 2.8 million deaths each year (2008) as a result of overweight and obe-
sity [ 1 ]. In the context of the metabolic syndrome, obesity often coexists with 
hypertension, diabetes and high cholesterol. There is an intricate interplay between 
the components of the metabolic syndrome which is evident from both cellular and 
epidemiological data. For example, those with a raised waist circumference are 
twice as likely to have high blood pressure [ 61 ]. The interplay between adipose tis-
sue and adjacent vasculature has been studied in the context of perivascular adipose 
tissue and adipokines with vasoactive properties. White adipocytes are the main 
constituents of perivascular adipose tissue (PVAT) which surrounds a large propor-
tion of blood vessels in the human body and secretes molecules known as adipo-
kines. Healthy PVAT exerts a vasorelaxant effect mediated via a number of potential 
candidates including adiponectin [ 62 ], nitric oxide [ 63 ], hydrogen sulphide [ 64 ] and 
methyl palmitate [ 65 ]. In obesity, the vasorelaxant effect is not observed thus, in 
theory, contributing to increased resting tone in peripheral small arteries. 
Interestingly, weight loss following bariatric (weight loss) surgery restores the 
PVAT vasorelaxant effect with its potential benefi cial effects on resting BP [ 66 ]. 
These recent data are encouraging as they indicate the potential for reversal of a 
degree of the obesity-induced cardiovascular damage. 

 Smoking is thought to cause around 10 % of cardiovascular diseases worldwide 
[ 1 ]. Globally, there are more than one billion smokers, and despite a decrease in the 
use of tobacco products in high-income countries, the total number of smokers is 
increasing given that 80 % of the world’s smokers live in low- and middle-income 
countries. Smoking kills 5.4 million people a year and has resulted in 100 million 
deaths in the twentieth century [ 67 ]. Smoking cessation is very effective at reducing 
mortality, and in those with coronary heart disease, it leads to a 36 % reduction in 
crude relative risk of mortality [ 68 ]. The recent emergence and popularity of 
E-cigarettes has proven controversial given that they may be a helpful aid to smok-
ing cessation, but the hype around the new products might lead to a renewed interest 
in nicotine-based products and in some cases serve as an introduction to cigarette 
smoking. The true effect of E-cigarettes on health and on smoking trends will 
become apparent in the next decade. 

 The aging population of the world is another risk factor for cardiovascular dis-
ease and one which has no prescribed treatment. The developed countries, and to a 
certain extent the developing countries, have fallen victim to their own economic 
success. Improved quality of life, falling birth rates and longer life expectancies 
have resulted in increasingly old populations in the developed countries. In 2010, at 
least 20 % of the populations of the more industrialised countries were over the age 
of 65, and by 2050, one billion people will be over the age of 65 worldwide [ 69 ]. 

R. Aghamohammadzadeh et al.
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Age-related vascular changes have been well documented. These include luminal 
enlargement with wall thickening, arterial stiffness and endothelial dysfunction. 
Arterial stiffness is the reduced capability of a blood vessel to dilate and constrict in 
response to changes in pressure. Both a linear relationship between age and stiffness 
[ 70 ] as well as an accelerated stiffening between ages 50 and 60 have been described 
[ 71 ]. The aetiology of endothelial dysfunction in aging is multifaceted and includes 
a reduction in endothelial nitric oxide synthase activity leading to a reduction in 
endothelial vasodilation, as well as a decline in the integrity of the endothelium as a 
barrier and loss of the ability of endothelial cells to proliferate and migrate after tis-
sue injury [ 72 ]. Aging is one CVD risk factor that cannot be curbed; however, new 
treatment strategies to fi ght the effects of aging might help alleviate the burden of an 
increasingly old population. 

 In 2008, around 40 % of adults had raised blood pressure [ 73 ], and it accounts 
for nearly 13 % of all deaths (7.5 million) worldwide [ 1 ]. Hypertension is a major 
risk factor for ischaemic heart disease (IHD) and haemorrhagic stroke with 54 % of 
stroke and 47 % of IHD attributable to hypertension. Eighty percent of this burden 
occurred in low-income and middle-income countries [ 74 ]. Moreover, blood pres-
sure levels have been shown to be positively and progressively related to coronary 
heart disease and stroke [ 75 ]. In those older than 50, every increment of 20/10 mmHg 
results in a doubling of cardiovascular risk, starting as low as 115/75 mmHg [ 76 ]. 
This highlights the importance of effective control of blood pressure which might 
be addressed using a combination of antihypertensive drugs as well stressing the 
importance of compliance. 

 Dyslipidaemia is another major cardiovascular risk factor. In 2008, 39 % of 
adults had raised total cholesterol and an estimated 2.6 million deaths were attrib-
uted to this risk factor alone. In high-income countries, 50 % of    the population had 
raised total cholesterol which is double that of low-income countries, with 2.6 mil-
lion deaths annually [ 1 ]. The Framingham study fi rst reported a link between high 
cholesterol and increased coronary heart disease in the 1960s [ 77 ], and more 
recently, lipoprotein (a) which is an LDL-like particle has been independently asso-
ciated with CHD and stroke [ 78 ]. Various treatment strategies have aimed to reduce 
CVD risk in those with dyslipidaemia, but statins have been the most signifi cant 
players in this fi eld. Recent controversy around statin use has threatened to derail 
the success of preventing cardiovascular mortality by treating high cholesterol. The 
authors of a paper published in 2013 by the British Medical Journal [ 79 ] had indi-
cated that statin therapy in low-risk individuals does not result in a reduction in 
all-cause mortality or serious illness whilst conveying an 18 % risk of side effects. 
The subsequent media reports have no doubt concerned physicians, as sensationalist 
headlines could potentially affect patient compliance with medication. 

 Cardiovascular disease is the leading cause of morbidity and mortality in people 
with diabetes, and diabetes is a signifi cant contributor to cardiovascular risk. In 
2001, just under a million deaths were directly caused by diabetes, and nearly 1.5 
million deaths from ischaemic heart disease and 700,000 deaths from stroke were 
attributed to high blood glucose [ 80 ]. However, with the emergence of better treat-
ment strategies and patient education, the tide might just be changing. In the past 

1 Defi nition and Epidemiology of Arterial Disease



8

two decades, the difference in CVD complications in people with and without dia-
betes has narrowed substantially. In 1990, the rates of acute myocardial infarction 
and stroke were three to four times higher in those with diabetes as compared with 
the general population; however, by 2010, this difference had been reduced to less 
than double that of the general population without diabetes [ 81 ]. Moreover, since 
the 1990s, there has been a 3–5 % decline in the rates of acute myocardial infarc-
tion, cardiovascular mortality and all-cause mortality in patients with diabetes [ 82 ]. 
This might be a result of earlier detection of diabetes, as well as more effective 
drugs with fewer side effects and a renewed emphasis on patient education. 

 Arguably, urbanisation has been the most signifi cant contributor to the growing 
cardiovascular mortality worldwide. As of 2010, more than half of the world’s pop-
ulation live in cities. The advent of globalisation and urbanisation coupled with the 
emergence of 21 megacities around the world (>10 million) has led to the realisa-
tion that inhabitants of cities are at a greater cardiovascular risk than their rural 
counterparts simply by the virtue of the fact that their lifestyles have changed 
beyond recognition. Reduced physical activity, the use of motorised transportation, 
air pollution, sedentary jobs, stress of commuting to work, increased rates of smok-
ing and readily available ‘junk food’ consisting of high calorie and high salt and 
sugar foods with low nutritional value, all contribute to increases in blood pressure, 
obesity and cardiovascular risk in general [ 69 ]. Air pollution in particular has been 
linked with increased incident stroke risk [ 83 ], and high residential traffi c exposure 
has been linked with increased blood pressure in a recent comprehensive meta- 
analysis of European population-based cohorts [ 84 ]. 

 Cardiovascular diseases are no different to other disorders in that prevention is 
better than cure. The World Health Organization ‘best buy’ interventions for treat-
ment and prevention of CVD would cost around 11–13 billion dollars annually 
which is a signifi cant saving considering that in the next 25 years, the cost of not 
investing in CVD prevention and treatment is predicted to be as much as $47 trillion 
worldwide [ 69 ]. These ‘best buys’ include protecting people from tobacco smoke 
and banning smoking in public places, warning about the dangers of tobacco use, 
enforcing bans on tobacco advertising and sponsorship, raising taxes on tobacco, 
restricting access to retailed alcohol, enforcing bans on alcohol advertising, raising 
taxes on alcohol, reducing salt intake and salt content of food, replacing trans fat in 
food with polyunsaturated fat and promoting public awareness about diet and physi-
cal activity, including through mass media. These might seem intuitive and straight-
forward; however, pressure from multinational companies with vested interest and 
diffi culty in changing lifestyle habits that have been formed over many years make 
it a formidable challenge and one which will not be easily achieved; however, in 
high-income countries, focus on prevention and improved treatment following car-
diovascular events has resulted in signifi cantly reduced rates of mortality [ 1 ].     
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  2      Overview of the Normal Structure 
and Function of the Macrocirculation 
and Microcirculation 

             Wilmer     W.     Nichols     ,     Kevin     S.     Heffernan     , 
and     Julio     A.     Chirinos    

      Abbreviations 

   (ED – Tr)    Systolic duration of refl ected wave   
  AIx    Augmentation index (AP/PP)   
  AP    Refl ected pressure wave amplitude   
  CFR    Coronary blood fl ow reserve   
  DPTI/SPTI    Supply/demand or subendocardial viability ratio   
  DPTI    Diastolic pressure time index   
  ED    Ejection duration   
  Ew    Wasted LV pressure energy (or effort)   
  GTF    Generalized transfer function   
  LV    Left ventricle   
  LVH    Left ventricular hypertrophy   
  MAP    Mean arterial pressure   
        Mean blood fl ow   
  P1    Forward pressure wave amplitude   
   P  i     Infl ection point   
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  PP    Pulse pressure   
  PWV    Pulse wave velocity   
  RM    Refl ected wave magnitude (AP/P1)   
  SMC    Smooth muscle cells   
  SPTI    Systolic pressure time index   
  Tr    Round trip travel time of the pressure wave to and from the lower 

body refl ection site   
   Z  1     First (or fundamental) aortic input impedance modulus   
   Z  c     Characteristic impedance   

         “However eloquent may be the words of a writer, he cannot in a page convey as clear an idea 
of the rhythm of the heart as a simple pulse-tracing; and if writers had given us more pulse- 
tracings, their works would have been greatly enhanced in value”. James Mackenzie, 1902 

2.1       Introduction 

 It is impossible to discuss the “normal” structure and function of the arterial system 
without considering the changes that occur with advancing age. Normal arterial 
structure and function is very different for a young person compared to an older 
person. Furthermore, it is of paramount importance to understand normal arterial 
function at all ages in order to recognize abnormal function in cardiovascular dis-
ease. In this chapter, we consider normality as meaning “without disease” and focus 
our discussion on the structure and function of the arterial system over a wide age 
range beginning in adult youth and continuing to old age. 

 There are numerous misconceptions in the conventional approach to quantify-
ing arterial function and ventricular/vascular coupling. Believing these miscon-
ceptions as true may lead to ineffective treatment. The main misconception arises 
from the reliance on the sphygmomanometer for measurement of systolic and 
diastolic blood pressures in the brachial artery. This approach implies that the 
arterial system behaves as a model that does not take into consideration nonuni-
form elastic arteries or arterial wave refl ections. Also, it does not allow for pres-
sure wave transmission and amplifi cation along the arterial tree, but considers that 
the pressure measured in the arm is the same in all arteries, including the aorta, 
and under all conditions. Of course, we now know that this is not true; the pres-
sure is not the same in all arteries. As the pressure wave travels from the heart 
along the arteries of the macrocirculation, both systolic and pulse pressures 
increase markedly due to wave refl ections. Thus, both systolic and pulse pressures 
are greater in the arm and leg than in the ascending aorta; in young adults this dif-
ference in pressure (pressure gradient) can be 20–30 mmHg. These facts must be 
considered before completely understanding the working relationship between 
the heart and the arterial system. Our approach in this chapter is to consider the 
heart as a pump and the viscoelastic arterial system, including wave refl ections, as 
its load with both static and dynamic components. 

W.W. Nichols et al.



15

 The function of the left ventricle (LV) is to pump blood (the cardiac output) 
through the macrocirculation of the systemic arterial tree to the microcirculation. If 
the ventricle is ideally matched to its afterload, ventricular/vascular coupling and 
cardiac effi ciency are optimal and myocardial oxygen consumption is minimal 
 [ 1 – 4 ]. The amount of energy and thus the oxygen used by the LV to produce the 
cardiac output is dependent not only on the contractile properties of the myocar-
dium but also on the physical properties and wave refl ections of the arterial system. 
Thus, the arterial system constitutes the external vascular “afterload” placed on the 
ventricle during fi ber shortening and ejection. Since the ventricle ejects a pulsatile 
blood fl ow into a distensible arterial buffering system, the load has both static (non-
pulsatile) and dynamic (pulsatile) components. The static (or resistive) component 
is dependent primarily upon blood viscosity and arteriolar caliber (microcircula-
tion), while the dynamic (or compliant) component is dependent on the elastic prop-
erties of the large arteries (macrocirculation) and pulse wave refl ections. In this 
chapter, LV arterial load is characterized in the frequency domain by the aortic input 
impedance, since it is a function of systemic vascular resistance, central aortic stiff-
ness, and wave refl ections and since it selectively describes the arterial system [ 2 ,  3 , 
 5 ]. However, since input impedance requires measurement of both pulsatile pres-
sure and pulsatile fl ow in the ascending aorta and use of Fourier analysis, a simpler 
time- domain approach is also presented [ 3 ]. Each load component is defi ned in 
terms of the impedance spectra and pressure wave morphology and is related to the 
geometric and structural variables that are likely to change with advancing age. 
Also, the effects of increasing individual load components on LV function, coronary 
blood fl ow reserve, and pulse pressure amplifi cation are discussed.  

2.2     Macrocirculation and Microcirculation (Structure) 

 The macro- and microcirculations of the systemic arterial tree are composed of dif-
ferent types of blood vessels, each with a distinct link between structure and func-
tion. The macrocirculation (large elastic and muscular arteries) transports oxygen, 
metabolites, and nutrient-rich blood from the LV to the microcirculation (pre- 
arterioles, arterioles, and capillaries) where it is distributed to the organs and tissues 
of the body to meet their metabolic requirements at rest and during periods of stress. 
The deoxygenated blood and waste products return to the right ventricle via the 
venous system. The arterial and venous systems are linked through a complex net-
work of capillaries [ 5 ]. 

 The walls of arteries (large, medium, and small) are composed of living cells and 
their products including stiff collagen and compliant elastic fi bers which directly 
imparts elasticity and strength to the vessel wall [ 6 ]; collagen fi bers are 500–1,000 
times stiffer than elastic fi bers. Larger arteries have small blood vessels within their 
walls known as the vasa vasorum to provide them with oxygen-rich blood and nutri-
ents [ 7 ]. Since the pressure within systemic arteries is relatively high, the vasa vaso-
rum must function in the outer layers of the vessel wall. The structure of the vasa 
vasorum varies with the size, function, and location of the arteries. Cells need to be 
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within a few cell-widths of a capillary to stay alive. In the largest arteries, the vasa 
vasorum penetrates the outer layer and middle layer almost to the inner layer. In 
smaller arteries it penetrates only the outer layer. Endogenous and exogenous vasoac-
tive agents are delivered to the smooth muscle cells (SMC) in the arterial wall through 
the vasa vasorum. In the microcirculation, the vessels’ own circulation nourishes the 
walls directly and they have no vasa vasorum at all [ 7 ]. The confi nement of the vasa 
vasorum to the outer layers of arteries, along with the higher intraluminal pressure, 
may be the reason that arterial diseases are more common than venous diseases, since 
its location makes it more diffi cult to nourish the cells of the arteries and remove waste 
products. There are also minute nerves within the walls of arteries that alter contrac-
tion and relaxation of the SMC. These minute nerves are known as the nervi vasorum. 
All arteries have the same basic structure despite variations in the proportions of their 
structural components [ 8 ,  9 ]. They are composed of three layers, or tunicae, which are 
from the inside out: the intima, the media, and the adventitia (or tunica externa). The 
tunica intima is composed of epithelial and connective tissue layers. Lining the tunica 
intima is the specialized simple squamous cells called the endothelium, which is con-
tinuous throughout the entire vascular system, including the lining of the chambers of 
the heart. Damage to this endothelial lining and exposure of blood to the collagenous 
fi bers beneath is one of the primary triggers of clot formation. Up until the late 1970s, 
the vascular endothelium was considered as a passive lining of fl at cells that separated 
the load-bearing elements of the vascular media from the fl owing blood. Over the 
subsequent 40 plus years, it has become apparent that the endothelium produces a host 
of chemical substances, notably nitric oxide, endothelin-1, prostacyclin, and angioten-
sinogen, which are designed to maintain homeostasis through effects on elements of 
blood in the lumen, on the intimal surface which is exposed to blood, within the tunica 
intima itself, and on vascular SMC in the tunica media [ 3 ,  10 ,  11 ]. Also, a multitude 
of studies have now shown that the endothelium is physiologically critical to such 
activities as helping to regulate capillary exchange and altering arterial blood fl ow and 
pressure [ 12 – 15 ]. Endothelial cells synthesize, store, and release vasoactive sub-
stances in response to increased shear stress produced by increases in blood fl ow 
velocity [ 16 ,  17 ]. Also, these substances are delivered through the vasa vasorum and 
can constrict and relax the SMC within the walls of the arteries and arterioles to 
increase or decrease both pulsatile and mean blood pressure [ 3 ]. Next to the endothe-
lium is the basement membrane, or basal lamina, that effectively binds the endothe-
lium to the connective tissue. The basement membrane provides strength while 
maintaining fl exibility, and it is permeable, allowing materials to pass through it. The 
thin outer layer of the tunica intima contains a small amount of areola connective tis-
sue that consists primarily of elastic fi bers to provide the vessel with additional fl exi-
bility; it also contains some collagenous fi bers to provide additional strength [ 9 ]. 

 In larger arteries, there is also a thick, distinct layer of elastic fi bers known as the 
internal elastic lamina at the boundary with the tunica media. Like the other compo-
nents of the tunica intima, the internal elastic membrane provides structure while 
allowing the vessel to stretch. It is permeated with small openings that allow exchange 
of materials between the various layers. Microscopically, the lumen and the entire 
tunica intima of an artery will normally appear wavy because of the partial constriction 
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of the SMC in the tunica media, the next layer of the arterial wall. The tunica media is 
the substantial middle layer of the arterial wall. It is generally the thickest layer in arter-
ies. The tunica media consists of layers of SMC supported by connective tissue that is 
primarily made up of elastic fi bers, most of which are arranged in circular sheets. 
Toward the outer portion of the tunica media, there are also layers of longitudinal SMC 
[ 18 ,  19 ]. Contraction and relaxation of the circular SMC increase and decrease the 
stiffness of the artery, respectively. Specifi cally in large conduit arteries, vasoconstric-
tion increases stiffness and pulse wave propagation as the SMC in the walls of the 
tunica media contract, making the lumen smaller and increasing pulse blood pressure 
[ 3 ]. Vasoconstriction in arterioles reduces their caliber and causes an increase in vascu-
lar resistance and mean arterial blood pressure. Similarly, vasodilation decreases stiff-
ness and reduces pulse wave propagation as the SMC relax, allowing the lumen to 
widen and pulse blood pressure to decrease. Vasodilation in arterioles increases their 
caliber and causes a decrease in vascular resistance and mean arterial blood pressure. 
Both vasoconstriction and vasodilation are regulated in part by the nervi vasorum that 
runs within the adventitia of the arterial wall. Most arteries and arterioles in the body 
are innervated by sympathetic adrenergic nerves, which release norepinephrine as a 
neurotransmitter. Some blood vessels are innervated by parasympathetic cholinergic or 
sympathetic cholinergic nerves both of which release acetylcholine as their primary 
neurotransmitter. Neurotransmitter binding to the adrenergic and cholinergic receptors 
activates signal transduction pathways that cause the observed changes in vascular 
function. Nervous control over arteries tends to be more generalized than the specifi c 
targeting of individual arteries. Hormones and local chemicals such as those released 
from the endothelium also affect SMC in the arterial wall; some are vasodilators [ 20 ], 
while others are vasoconstrictors [ 21 ]. Together, these neural and chemical mecha-
nisms increase or decrease blood fl ow and arterial pressure in response to changing 
body conditions, from exercise to hydration and other forms of stress. The layers of 
SMC in the tunica media are supported by a framework of collagenous fi bers that also 
binds the tunica media to the tunica intima and externa. Along with the collagenous 
fi bers are large numbers of elastic fi bers that appear as wavy lines. Separating the 
tunica media from the outer tunica externa in larger arteries is the external elastic mem-
brane. This structure is not usually seen in smaller arteries. The tunica externa is a 
substantial sheath of connective tissue composed primarily of collagenous fi bers. Some 
bands of elastic fi bers are found here as well. The outer layers of the tunica externa are 
not distinct but rather blend with the surrounding connective tissue outside the artery, 
helping to hold the vessel in relative position [ 9 ].  

2.3     Macrocirculation 

2.3.1     Elastic Arteries 

 Arteries of the macrocirculation have relatively thick walls that can withstand the 
high pressure of blood ejected from the LV. However, those closer to the heart 
have the thickest walls, containing a high percentage of elastic fi bers and a lower 
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percentage of collagen fi bers and SMC in all three of their layers, especially the 
tunica media. This type of artery is known as an elastic artery. Arteries larger than 
approximately 5.0 mm in diameter are typically elastic. These include the aorta 
(thoracic and abdominal), brachiocephalic, carotids, proximal subclavians, and 
proximal iliacs. Their abundant elastic fi bers allow them to expand, as blood 
pumped from the LV passes through them, and then to recoil after the surge has 
passed. The collagen fi bers in the adventitia prevent elastic arteries from stretch-
ing beyond their physiological limits during systole. The SMC are arranged in a 
spiral around the long axis of the vessels. These lamellae, and the large size of the 
media, are the most striking histological feature of elastic arteries. In addition to 
elastin, the SMC of the media secrete reticular and fi ne collagen fi bers and proteo-
glycans (all not identifi able). The distribution of elastin and collagen differs strik-
ingly between the central and peripheral arteries. In the proximal aorta, elastin is 
the dominant component, while in the abdominal aorta the content reverses, and 
in peripheral arteries collagen dominates [ 22 – 25 ]. The transition occurs rapidly 
over a few centimeters of the lower thoracic aorta just above the diaphragm and 
over a similar distance in the branches leaving the aortic arch. With advancing age 
elastic arteries become stiffer and, therefore, expansion and recoil are limited. 
When this occurs, the impedance to blood fl ow increases and pulsatile blood pres-
sure rises, which in turn requires the LV to work harder in an attempt to overcome 
the boost in pressure to maintain the volume of blood expelled by each heartbeat 
[ 3 ,  26 ]. Artery walls become thicker in response to this chronic increase in pres-
sure and the larger elastic arteries dilate and elongate [ 27 ]. The elastic recoil of 
the vascular wall helps to maintain the pressure gradient that drives the blood 
through the arterial system. At low levels of arterial blood pressure, wall stress is 
supported by compliant elastin fi bers, while at higher levels of pressure, wall 
stress is supported by stiff collagen fi bers. This transition from elastic to collagen 
fi bers occurs at a mean blood pressure of about 120 mmHg [ 3 ]. An elastic artery 
is also known as a conducting artery, because the large diameter of the lumen 
enables it to accept a large volume of blood from the LV and distribute it to 
smaller muscular artery branches and fi nally to the microcirculation.  

2.3.2     Muscular Arteries 

 Further from the LV, the percentage of elastic fi bers in an artery’s tunica intima 
decreases and the amount of collagen fi bers and SMC in its tunica media increases 
[ 22 ,  23 ,  28 ]. The artery at this point is described as a muscular artery. The diameter 
of muscular arteries typically ranges from 0.1 to 5.0 mm. These include distal sub-
clavians, axillaries, brachials, ulnars, and radials of the arms and femorals, poplite-
als, posterior tibials, and dorsalis pedises of the thighs and legs. The length of 
muscular arteries in the lower body of humans is about twice that of the elastic 
aorta. Their thick tunica media with numerous SMC allows muscular arteries to 
play a major role in vasoconstriction and vasodilation [ 29 ]. Also, their decreased 
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quantity of elastic fi bers and increased quantity of collagen fi bers limit their ability 
to expand and alter wave propagation [ 22 ,  30 ]. Notice that although the distinctions 
between elastic and muscular arteries are important, there is no “line of demarca-
tion” where an elastic artery suddenly becomes muscular. Rather, there is a gradual 
transition as the arterial tree repeatedly branches. In turn, muscular arteries branch 
to distribute blood to the vast network of the microcirculation. For this reason, a 
muscular artery is also known as a distributing artery.   

2.4     Microcirculation 

2.4.1     Arterioles 

 An arteriole is a very small artery that leads to a capillary. Arterioles have the same 
three layers as the larger arteries, but the thickness of each is greatly diminished. 
The critical endothelial lining of the tunica intima is intact. The tunica media is 
restricted to one or two SMC layers in thickness. The tunica externa remains but is 
very thin. With a lumen 10–150 μm in diameter, arterioles are critical in slowing 
down—or resisting—blood fl ow and, thus, causing a substantial increase in resis-
tance and a marked fall in mean blood pressure. Because of this, the arterioles are 
referred to as resistance vessels; also, vascular pulsations are highly damped in the 
pre-arterioles and arterioles. The muscle fi bers in arterioles are normally slightly 
contracted, causing arterioles to maintain a consistent SMC tone. In reality, all 
arteries exhibit some degree of vascular tone due to the partial contraction of 
SMC. The importance of the arterioles is that they will be the primary site of both 
resistance and regulation of mean arterial blood pressure and blood fl ow. The pre-
cise diameter of the lumen of an arteriole at any given moment is determined by 
neural and chemical controls, and vasoconstriction and vasodilation in the arteri-
oles are the primary mechanisms for blood pressure control and distribution of 
blood fl ow to the capillary bed [ 9 ,  31 ]. 

2.4.1.1     Capillaries 
 A capillary is a microscopic channel that supplies blood to the tissues themselves, a 
process called perfusion. Exchange of gases (oxygen and carbon dioxide) and other 
substances occurs in the capillaries between the blood and the surrounding cells and 
their interstitial fl uid. The diameter of a capillary lumen ranges from 5.0 to 10 μm; 
the smallest are just barely wide enough for an erythrocyte to squeeze through. Flow 
through capillaries and arterioles are described as the microcirculation. The wall of 
a capillary consists of the endothelial layer surrounded by a basement membrane 
with occasional smooth muscle fi bers. There is some variation in wall structure: In 
a large capillary, several endothelial cells bordering each other may line the lumen; 
in a small capillary, there may be only a single cell layer that wraps around to con-
tact itself. For capillaries to function, their walls must be leaky, allowing substances 
to pass through [ 9 ,  31 ].    
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2.5     Macrocirculation (Function) 

 When the LV contracts, it generates both internal and external “energy”; the external 
energy (or power) wave is the product of both forward-traveling pressure and fl ow 
waves in the ascending aorta which causes a pulsatile change in vessel diameter as 
they travel [ 5 ]. These pressure and fl ow waves are propagated along the arterial tree at 
a fi nite velocity of about 400 cm/s in youth to about 1,500 cm/s in old age [ 3 ]. Their 
morphology (or shape) depends upon the physical properties of both the macrocircu-
lation and microcirculation and also upon their location within the arterial tree [ 3 ]. As 
noted above, the arterial tree can be separated into three anatomical regions, and since 
the LV is a pulsatile pump, each region has a distinct and separate function: ( 1 ) The 
large elastic arteries of the macrocirculation, especially the aorta, serve as a buffering 
reservoir or Windkessel that stores blood during systole and expels it to the peripheral 
circulation during diastole so that the capillaries of the microcirculation receive a 
steady or continuous fl ow of blood during the entire cardiac cycle [ 32 ]. ( 2 ) The large 
elastic arteries plus the muscular arteries in the lower body, by altering SMC tone, 
modify the speed of travel of pressure and fl ow waves along their length and deter-
mine, to a great extent, when the refl ected wave arrives back at the heart; the arrival 
time also depends upon refl ection site distance. ( 3 ) The pre-arterioles and arterioles of 
the microcirculation, by changing their caliber, alter peripheral resistance and, there-
fore, aid in the maintenance of mean arterial blood pressure. Increased stiffness of the 
central elastic arteries occurs over time and acute alterations in wall properties are 
passive, while changes in the muscular arteries and arterioles (contraction and relax-
ation) most often occur acutely and alterations in wall properties are active [ 33 ]. 
Increased arterial stiffness causes an increase in pulse wave velocity (PWV) which 
causes early return of refl ected pressure and fl ow waves from peripheral refl ecting 
sites to the heart [ 2 – 5 ,  34 ,  35 ]; PWV is segment related and increases with distance 
from the heart. This mechanism augments central aortic systolic (and pulse) pressure, 
which increases arterial wall stress, elevates pulsatile afterload, and increases LV 
mass and may potentiate the development of atherosclerosis [ 36 – 41 ]. Such studies 
have suggested that logical treatment for lowering blood pressure should focus not 
only on arteriolar caliber and peripheral resistance of the microcirculation but also on 
arterial stiffness, pulse wave propagation, and wave refl ections of the macrocircula-
tion [ 42 – 44 ]. Indeed, previous meta- analyses reports have shown that aortic stiffness 
and wave refl ections are independent predictors of adverse cardiovascular events and 
outcomes [ 45 – 47 ]. A logical approach to understanding and treatment of the changes 
in cardiovascular, cerebrovascular, and renovascular function is to consider the inter-
action between the heart as a pump and the arterial system as its load. 

2.5.1     Ventricular/Vascular Coupling and Ventricular Afterload 

 The mechanical “afterload” imposed by the systemic circulation (macro- and micro-
circulations) to the pumping LV is composed of a static (or steady) and a dynamic 
(or pulsatile) component (Fig.  2.1 ) and is an important determinant of normal 
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cardiovascular function and a key pathophysiological factor in various cardiac and 
vascular disease states. Pulsatile LV afterload is largely determined by the elastic 
properties of the macrocirculation (characteristic impedance and forward pressure 
wave amplitude) and wave refl ection characteristics (refl ected wave amplitude and 
fi rst harmonic of input impedance modulus) of the arterial tree; the steady compo-
nent of afterload is determined by the microcirculation (peripheral resistance and 
mean arterial pressure) [ 3 ,  48 – 50 ]. Although brachial arterial pressure (systolic, 
diastolic, and pulse) is taken as a useful surrogate of arterial function and LV after-
load in clinical practice, it should be recognized that LV afterload cannot be fully 
described in terms of brachial cuff (systolic and diastolic) pressure alone, but should 
be assessed from central aortic pulsatile pressure or aortic input impedance derived 
from central aortic pressure and fl ow waves [ 2 – 5 ].  

 The forward-traveling pressure and fl ow waves generated by the LV are transmit-
ted by the macrocirculation and are partially refl ected at sites of impedance change 
or mismatch, such as points of branching and/or tortuosity, change in lumen diam-
eter (taper), and physical properties along the macrocirculation system [ 2 ,  3 ,  35 ,  51 ,  52 ]. 

CHARACTERISTIC

IMPEDANCE (Zc)  

AUGMENTATION
INDEX (AIx) 

FUNDAMENTAL
INPUT IMPEDANCE

MODULUS (Z1)

REFLECTED WAVE
AMPLITUDE (AP)
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(vessel geometry) 

MAP

STIFFNESS

RESISTANCE

AORTIC PWV
REFLECTION

  Fig. 2.1    Illustration showing the three components of LV “afterload” and their measurements. 
The non-pulsatile or static component is total peripheral resistance or mean arterial pressure and 
the dynamic or pulsatile components are wall stiffness and wave refl ections. Measurements of arte-
rial stiffness include characteristic impedance ( Z  c ), pulse wave velocity ( PWV ), and distensibility; 
measurements of wave refl ection include refl ected wave amplitude ( AP ), augmentation index (AIx 
= AP/PP), refl ection magnitude (RM = AP/P1), and amplitude of the fi rst (or fundamental) har-
monic input impedance moduli ( Z  1 ). Changes in any (or all) of these load components can alter 
ventricular performance       
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Multiple small refl ections are transmitted back toward the LV and merge into a 
larger “net” refl ected wave, composed of the contributions of all the smaller back-
ward scattered refl ected waves. This refl ected wave is most often a single discrete 
wave, originating from an “effective” refl ection site, but is actually the resultant of 
multiple scattered refl ections, originating from distributed refl ection sites in the 
lower body [ 3 ,  53 ]. In addition to hemodynamic phenomena related to wave travel 
and refl ections, the large elastic arteries exert a buffering function, which depends 
on its stiffness and allows them to accommodate additional blood volume during 
systole without excessive increases in pressure and in turn to release that excess 
volume throughout diastole without excessive drops in blood pressure [ 2 ,  54 ].  

2.5.2     Quantification of LV Afterload 

 Fourier analyses of ascending aortic pulsatile pressure–fl ow relations (i.e., aortic 
input impedance spectra) allow the quantifi cation of various components of LV pul-
satile load and “steady” or “resistive” load in the frequency domain (Figs.  2.2  and 
 2.3 ) [ 2 ,  3 ,  55 – 57 ]. The steady component of afterload depends largely on mean arte-
rial pressure and the peripheral resistance, which in turn depends on arteriolar caliber 
(microcirculation), the total number of arterioles that are present “in parallel,” and 
blood viscosity [ 3 ,  57 ,  58 ]. Therefore, the steady afterload component can be affected 
by arteriolar tone, arteriolar remodeling, microvascular rarefaction, endothelial func-
tion, and changes in blood viscosity. Pulsatile LV afterload is, in contrast, predomi-
nantly infl uenced by the properties of larger macrocirculation arteries (both elastic 
and muscular) and wave refl ections. Although pulsatile LV afterload is fairly com-
plex and cannot be expressed as a single numeric measure, key indices of pulsatile 
LV afterload can be quantifi ed and summarized using relatively simple principles 
and mechanical models of the systemic circulation, using time-resolved ascending 
aortic pressure and fl ow waves [ 57 ,  58 ]. The large majority of the early studies on LV 
pulsatile load were performed in dogs and rats with cuff- type fl ow probes implanted 
on the ascending aorta and pressure measured with fl uid-fi lled catheter–manometer 
systems [ 59 ] or high-fi delity pressure catheter transducers [ 60 ]. Later invasive  studies 
in humans were performed using high- fi delity pressure–velocity catheters [ 61 – 65 ]. 
Noninvasive assessment of central aortic pressure can now be achieved using high-
fi delity applanation arterial tonometry at the carotid artery or by using a generalized 
transfer (GTF) function to synthesize an aortic pressure waveform from the radial (or 
brachial) pressure waveform [ 3 ,  66 ,  67 ]. Pulsatile aortic blood fl ow can also be mea-
sured noninvasively in humans, using pulsed wave Doppler ultrasound [ 68 – 70 ] or 
phase-contrast magnetic resonance imaging [ 71 ]. The most convenient method to 
assess aortic infl ow is pulsed wave Doppler interrogation of the LV outfl ow tract, 
given that systolic LV volume outfl ow equals proximal aortic volume infl ow [ 70 ]. 
As stated above, LV afterload can be assessed in the frequency domain from the 
aortic input impedance spectra (calculated from the harmonic components of central 
aortic pressure and fl ow waves) or estimated in the time domain from the central aor-
tic pressure wave (Figs.  2.2  and  2.3 ) [ 3 ,  4 ,  48 – 50 ,  72 – 74 ]. Input impedance is the 
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“summed” mechanical load imposed by all vessels downstream of a particular point 
(and which can be fully assessed by measuring pulsatile fl ow and pressure at that 
particular point) [ 3 ,  49 ,  55 ,  59 ,  73 ,  75 – 77 ]. Therefore, “aortic input impedance” rep-
resents the summed mechanical load impeding LV ejection and represents the “gold 
standard” for representation of LV afterload [ 3 ]. It should be noted that aortic input 
impedance is not exclusively determined by aortic properties alone, but depends on 
the physical characteristics of both the macro- and microcirculations and wave 
refl ections [ 2 ,  3 ]. Key parameters of pulsatile LV afterload include the characteristic 
impedance ( Z  c ) of the ascending aorta and the amplitude and timing of wave refl ec-
tions (Figs.  2.2  and  2.3 ) [ 3 ,  34 ,  53 ,  78 ,  79 ]. The characteristic impedance of an artery 
is a “local” property and can be intuitively calculated as the average of higher har-
monics of the aortic input impedance moduli spectrum [ 61 ]. Aortic  Z  c  can also be 
computed in the time domain as the slope of the early systolic pressure–fl ow relation 
or as the ratio (P1/Δ Q ) [ 3 ] where P1 is the amplitude of the forward-traveling 
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  Fig. 2.2    Illustration showing the arterial tree of an older individual with a stiff aorta. Invasive mea-
surements of blood pressure and fl ow velocity obtained in the ascending aorta ( bottom left ) and 
input impedance spectra ( bottom right ) obtained from these measurements are shown.  AP  is the 
refl ected wave amplitude,  P1  is the forward wave amplitude,  PP  is the pulse pressure,  P   i   is the 
infl ection point,  Ew  is the wasted LV energy,  ΔQ  is the peak fl ow,  Tr  is the travel time of the pressure 
wave,  ED  is the ejection duration,  MAP  is the mean arterial pressure,    is the mean fl ow,  MAP/   is 
the peripheral resistance and the impedance at zero frequency (not shown),  Z  1  is the amplitude of the 
fundamental harmonic of impedance moduli, and  Z  c  is the characteristic impedance       
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pressure wave and Δ Q  is the peak aortic blood fl ow velocity. An estimate of wave 
refl ection amplitude can be obtained from the aortic input impedance spectrum as the 
fi rst (or fundamental) harmonic of the impedance moduli ( Z  1 ) [ 3 ,  61 ]. It is important 
to note that the large majority of LV energy (>80 %) is contained within the fi rst and 
second harmonics; therefore, logical therapy to reduce LV energy (internal and exter-
nal) should focus on these lower harmonics [ 5 ] which are infl uenced by refl ected 
wave amplitude (AP) in the time domain. Wave refl ections are usually assessed via 
wave separation analysis, based on the superposition principle that refl ected waves, 
by virtue of adding to forward pressure and subtracting from forward fl ow, distort the 
linear relationship between the increase in pressure and the increase in fl ow that is 
seen in early systole (as a result of the forward wave generated by ventricular con-
traction) when the pulsatile pressure–fl ow relation is assumed to be governed purely 
by ascending aortic  Z  c  (see below).    
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  Fig. 2.3    Illustration showing the arterial tree of a young adult with a compliant aorta. Invasive 
measurements of blood pressure and fl ow velocity obtained in the ascending aorta ( bottom left ) and 
input impedance spectra ( bottom right ) obtained from these measurements are shown.  AP  is the 
refl ected wave amplitude,  P1  is the forward wave amplitude,  PP  is the pulse pressure,  P   i   is the 
infl ection point,  Ew  is the wasted LV energy,  ΔQ  is the peak fl ow,  Tr  is the travel time of pressure 
wave,  ED  is the ejection duration,  MAP  is the mean arterial pressure,   is the mean fl ow,  MAP/   
is the peripheral resistance and the impedance at zero frequency (not shown),  Z  1  is the amplitude 
of the fundamental harmonic of impedance moduli, and  Z  c  is the characteristic impedance       
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2.5.3     Effect of Arterial Stiffness and Wave Reflections 
on LV Afterload 

 The stiffness of various arterial segments of the macrocirculation have complex effects 
on LV afterload, through their effects on the early aortic systolic pressure rise, the total 
compliance of the arterial tree, and the velocity at which the pulse waves travel for-
ward in the arteries and refl ected waves travel backward toward the heart [ 2 ,  3 ,  50 , 
 72 ]. In early systole, the forward-traveling energy (fl ow) pulse from LV contraction 
produces a forward-traveling pressure wave in the aortic root just distal to the valve. 
If proximal aortic  Z  c  is high due to a stiff wall, a small aortic diameter, or both, the 
early part of the pressure wave (P1) (Figs.  2.2  and  2.3 ) increase is relatively large for 
any given early systolic fl ow wave [ 3 ,  49 ,  52 ,  54 ]. The time of arrival of the refl ected 
wave at the proximal aorta from the lower body depends on the location of major 
refl ection sites and on PWV along the macrocirculation. Both the forward- and 
backward-traveling waves are propagated along the macrocirculation at a similar 
velocity [ 2 ,  3 ,  80 ,  81 ]; some investigators have suggested that these velocities may be 
different and the location of the refl ection site may be elusive [ 82 ]. 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 [ 3 ,  52 ,  83 ,  84 ]. Stiffer arter-
ies of the macrocirculation conduct forward- and backward- traveling waves at a 
greater velocity than compliant arteries and therefore promote an earlier arrival of the 
refl ected wave for any given distance to refl ection sites [ 53 ,  79 ,  85 – 88 ]. Distance to 
the major refl ection site is strongly dependent on body height (or length) and both 
elastic and muscular artery stiffness of the macrocirculation. When the elastic arteries 
become very stiff, for example, with old age, PWV can increase to levels that cause an 
apparent distal shift of the major refl ection site [ 89 ]. This usually occurs when elastic 
artery stiffness matches or exceeds muscular artery stiffness. However, this distal shift 
of the refl ection site does not cause a reduction in wave refl ection amplitude or aug-
mentation index [ 3 ]. In the presence of normal LV systolic function, typical ill effects 
of increased amplitude and propagation of the refl ected wave on the aortic (and LV) 
pressure waveform include a mid-to- late systolic shoulder which causes an increase in 
systolic and pulse aortic pressure and the area under the pressure curve during systole; 
this area represents the systolic pressure time index (SPTI) [ 3 ,  79 ]. The total arterial 
compliance of the systemic macrocirculation depends on the summed compliance of 
the various arterial segments. The compliance of individual segments is linearly pro-
portional to vessel volume (or radius 3 ) and, for any given “relative” vessel geometry 
(wall volume/lumen volume ratio), linearly and inversely proportional to wall stiff-
ness (Young’s elastic modulus). The interaction between the stiffness and geometry 
(including taper) of the macrocirculation also impacts location of the major refl ection 
site and amplitude and duration of the refl ected wave. Refl ected waves that arrive dur-
ing LV ejection increase the mid-to-late LV systolic workload, SPTI, wasted LV 
energy (or effort, Ew), and myocardial oxygen demand [ 1 ,  3 ,  4 ,  40 ,  41 ,  60 ,  90 ]. It has 
been proposed that the chronic increase in elastic artery stiffness with age increases 
wave refl ection amplitude and pulse pressure and promotes an excessive penetration 
of pulsatility further into the microcirculation of target organs with high fl ow rates 
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such as the heart, the brain, and the kidneys [ 56 ,  91 – 94 ]. This process reduces the 
number of SMC [ 95 ] and causes endothelial dysfunction [ 94 ] which leads to attenua-
tion of the reserve capacity of the vascular bed. Indeed, aortic stiffness and wave 
refl ection amplitude are both inversely related to coronary blood fl ow reserve (CFR) 
[ 96 ] (see below). An increase in arterial pulsatility resulting from arterial stiffness and 
wave refl ection amplitude has little effect on the systemic arterial circulation to most 
bodily tissues because their fl ow is determined by the mean pressure gradient and 
because cells are protected by the vasoconstricted small arteries and arterioles 
upstream [ 56 ]. Brain and kidney cells receive no such protection because arterial ves-
sels remain somewhat dilated. The large increase in arterial pulsatility is applied to all 
the distributing arteries in these organs while mean fl ow is maintained [ 97 ]. Brain and 
kidney arteries of all sizes, including pre-arterioles, are thus subjected to higher pul-
satile circumferential stress and higher longitudinal shear stress. Their ability to with-
stand increased stresses depends on their resilience, and this is markedly decreased in 
a number of diseases, particularly diabetes mellitus [ 3 ,  98 ]. Increased stiffness of large 
elastic arteries thus promotes a “setup” for small arterial disease and the types of 
changes elucidated by Byrom [ 97 ,  99 ] over 50 years ago. Byrom’s work was initially 
conducted in rats but was applied to the small-vessel disease seen in human hyperten-
sion. He showed that damage to small arteries could be induced by increased pulsatile 
stress and could lead to tearing of their endothelium and SMC with disruption of the 
vessel wall. He thus explained development of small arterial dilations and aneurysms 
and the features of lipohyalinosis and of fi brinoid necrosis as seen in the brains and 
kidneys of hypertensive disease. Byrom further showed that these changes were 
largely reversible when disrupting forces were reduced [ 99 ]. 

 It should be noted that although the timing of arrival of refl ected waves from the 
lower body to the heart is infl uenced by arterial (both elastic and muscular) stiff-
ness, the relationship between arterial stiffness and refl ected wave transit time is 
relatively poor, presumably given the wide variability in the distance to wave 
refl ection sites. Furthermore, there is not a direct correlation between aortic stiff-
ness and wave refl ection amplitude or augmentation index (AIx) over the entire life 
span [ 3 ]. Changes in elastic artery and muscular artery PWV do not always parallel 
each other. For example, during the aging process elastic artery PWV (and AIx) 
increases markedly, while muscular artery PWV changes very little. Also, during 
vasoconstrictor administration (without a large increase in mean arterial pressure) 
elastic artery PWV changes very little, while muscular artery PWV increases 
markedly and causes a large increase in AIx [ 3 ]. PWV is a measure of arterial stiff-
ness while AIx is an index of the net effect of wave refl ection on late systolic and 
pulse pressure. 

 Various indices of pulsatile LV afterload are useful because they are meant to be 
purely refl ective of arterial properties and wave refl ection. However, arterial load 
should always be interpreted by considering interactions between arteries as a load 
and the LV as a pump [ 3 ,  100 ] and also between myocardial elements and instanta-
neous LV geometry and the time-varying load imposed by both macro- and micro-
circulations. Wall stress represents the time-varying mechanical load experienced 
by the contractile elements in the myocardium (myocardial afterload). 
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 Throughout systole, myocardial fi ber activation results in the development of tension 
(stress) and shortening of myocardial segments, which results in progressive ejection of 
blood from the LV cavity and wall thickening. During early ejection, active develop-
ment of fi ber cross-bridges occurs in the electrically activated myocardium and peak 
myocardial wall stress occurs [ 101 ]. Myocardial fi ber 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 [ 3 ]. This shift in the pressure–
stress relation is related to the ejection process itself and appears to be favorable for the 
myocardium to handle the additional load imposed by wave refl ections and increased 
LV wasted energy, but may be insuffi cient and/or compromised in the setting of wave 
refl ections of early onset of large amplitude [ 102 ] and in the presence of lower LV ejec-
tion fractions or abnormal LV ejection patterns [ 101 ,  103 ]. This may be important, 
because the myocardium appears to be particularly vulnerable to late systolic loading. 

 As expected from physiologic principles, various arterial properties affect time- 
varying myocardial wall stress differently. Whereas systemic vascular resistance is 
an important determinant of wall stress throughout systole,  Z  c  selectively affects 
early systole and peak systolic wall stress, wave refl ections, and total arterial com-
pliance correlate with myocardial stress in mid and late systole and signifi cantly 
infl uence the area under the stress curve generated for any given fl ow output [ 104 ]. 

 An increase in the pulsatile component of afterload causes an undesirable mis-
match between the ventricle and arterial system, which increases myocardial oxy-
gen demand and decreases cardiac effi ciency [ 1 ,  105 ,  106 ]. These changes in 
ventricular/vascular coupling promote the development of LV hypertrophy (LVH) 
and often lead to both systolic and diastolic myocardial dysfunction [ 103 ,  107 – 111 ]. 
Indeed, Jankowski et al. [ 108 ] reported that the pulsatile but not the steady compo-
nent of LV load predicted cardiovascular events in coronary patients. Several lines 
of evidence support the importance of the LV loading sequence (and not just “abso-
lute” load) in LV remodeling and failure [ 40 ,  60 ,  90 ]. Late systolic loading (and 
increase in wasted LV energy) has been shown to induce much more pronounced 
LVH and fi brosis in an animal model compared to early systolic loading, at identical 
peak LV pressure levels [ 60 ]. Increased late systolic load has also been shown to 
exert more profound adverse effects on ventricular relaxation than early systolic 
load, for any given level of peak LV pressure [ 60 ]. Consistent with available animal 
data, changes in wave refl ection magnitude (RM = AP/P1) have been reported to 
correlate with regression of LVH in response to antihypertensive therapy [ 40 ], and 
refl ection magnitude has been shown to be strongly associated with incident heart 
failure and mortality in the general population [ 45 ,  82 ].  

2.5.4     Pressure Differences Within the Arterial Tree 
and Pulse Pressure Amplification 

 As the pressure wave travels from the heart along the arteries of the macrocircula-
tion, both systolic and pulse pressures (PP) increase markedly, while mean pressure 
decreases only slightly (−2 mmHg) due to wave refl ection and viscous damping [ 3 ,  112 ] 
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(Fig.  2.4 ). Thus, both systolic and pulse pressures are greater in the arm and leg than 
in the ascending aorta [ 3 ,  87 ]. This mechanism (PP amplifi cation) ensures that pul-
satile load is lower in the elastic ascending aorta versus peripheral muscular arteries 
and, therefore, minimizes excessive LV pressure energy and subsequent pulsatile 
afterload [ 41 ]. PP amplifi cation (i.e., peripheral PP/central PP) is determined by a 
combination of factors including LV contractility and ejection duration, heart rate, 
arterial stiffness (elastic moduli), arterial caliber (and taper), arterial path length, 
timing and magnitude of wave refl ections, and tone of the microcirculation (vascu-
lar resistance) [ 3 ,  86 ,  112 – 115 ]. From about 30 years of age onward, central aortic 
PP is the sum of a forward-traveling wave (P1) and a refl ected wave (AP) (Fig.  2.2 ); 
therefore, PP amplifi cation is infl uenced by both central aortic stiffness and wave 
refl ection. These factors are interassociated, making it diffi cult to determine specifi c 
primary modulators. Overall, it would appear that wave refl ection amplitude 
explains the largest proportion of the variance in PP amplifi cation with PWV (arte-
rial stiffness) and heart rate making additional notable contributions [ 112 ,  115 , 
 116 ]. Indeed, the degree of amplifi cation is age- and elastic artery stiffness- 
dependent and decreases as aortic stiffness and wave refl ection amplitude increase 
(Fig.  2.4 ) [ 116 ,  117 ]. This difference between central and peripheral pressure pro-
gression may explain why central aortic pressure tends to be a better predictor of 
cardiovascular events and outcome than peripheral brachial pressure [ 118 – 121 ]. 
Since peripheral muscular arteries stiffen little with age [ 122 – 125 ], elastic proper-
ties of these vessels alter amplifi cation along the vessels minimally. Thus, 

Central Aortic Pressure Wave

Systolic Blood Pressure

Radial Artery Pressure Wave

130 130

70

100 100

70

m
m

 H
g

m
m

 H
g

MAP MAP

P(t)

R R

P(t)

0.80

0.95

1.10

1.25

1.40

1.55

400 600 800 1000 1200 1400

r = −0.51     P<0.001

P
P

 A
m

p
lif

ic
at

io
n

 

PWV (cm/sec)
m

m
 H

g
 

Pi

0.80

0.95

1.10

1.25

1.40

1.55

0 5 10 15 20 25 30

P
P

 A
m

p
lif

ic
at

io
n

 

Reflected Wave Amplitude (mm Hg)

r = −0.74     P<0.001

Pi

  Fig. 2.4    Illustration showing noninvasive measurements of radial artery pressure ( upper right ) 
and synthesized central aortic pressure ( upper left ).  P   i   is the infl ection point,  R  is the peak of the 
refl ected wave, and  MAP  is the mean arterial pressure.  Lower panels  show that PP amplifi cation 
(radial PP/aortic PP) is signifi cantly inversely related to both aortic PWV ( lower left ) and refl ected 
wave amplitude (AP) ( lower right )       

 

W.W. Nichols et al.



29

transmission (propagation) characteristics in the upper limbs remain relatively con-
stant [ 126 ]. However, PP amplifi cation in the proximal elastic aorta is markedly 
infl uenced by acute changes in SMC tone of muscular arteries. Increased SMC tone 
(contraction) increases wave refl ection amplitude and reduces PP amplifi cation, 
while decreased tone (relaxation) has the opposite effect. Reduced PP amplifi cation 
occurs with aging [ 3 ,  86 ,  117 ,  127 ], obesity, and arterial disease (hypertension, dia-
betes, hypercholesterolemia, coronary artery disease, renal disease) and is associ-
ated with traditional cardiovascular risk factors [ 128 ,  129 ] and overall vascular 
burden [ 130 ]. Moreover, PP amplifi cation is associated with overt target organ dam-
age and regression of target organ damage with therapy (i.e., LVH regression with 
antihypertensive therapy and exercise conditioning) [ 131 ], and it independently pre-
dicts future cardiovascular mortality [ 132 ,  133 ]. Thus, PP amplifi cation has been 
proposed as a potential mechanical biomarker of cardiovascular risk and global 
arterial function. Racial differences in PP amplifi cation have been reported with 
African American men having lower amplifi cation than their white peers [ 134 ] 
related to increased arterial stiffness and wave refl ections [ 81 ]. Sex differences in 
PP amplifi cation also exist, with women (particularly postmenopausal women) hav-
ing lower values than men [ 135 ]. Reasons for this difference have been ascribed to 
a host of factors including shorter stature in women (reduced height resulting in 
attenuated arterial path length and movement of refl ection sites more proximal), 
increased PWV affecting timing of the return of the refl ected pressure wave, 
increased aortic taper, and arterial impedance mismatch affecting wave refl ection 
amplitude [ 3 ,  136 ]. Sex differences in PP amplifi cation have been linked to LV dia-
stolic dysfunction in women [ 111 ]. In men and women over age 55 years, the mor-
tality impact of PP amplifi cation is threefold higher in women compared to men 
[ 137 ]. Since wave refl ections do not alter PP in younger adults, amplifi cation 
declines as diastolic blood pressure rises, offering insight into well-noted observa-
tions that peripheral PP is unrelated to cardiovascular risk in this age cohort [ 126 ]. 
Conversely, loss of PP amplifi cation with aging results in peripheral pressures more 
closely approximating central pressures, hence increasing the ability of peripheral 
PP to accurately predict CV risk in older adults [ 126 ]. In older adults, PP amplifi ca-
tion is predictive of heart failure, ischemic heart disease, atrial fi brillation, and mor-
tality [ 132 ,  137 ]. In young healthy adults, it is also possible for PP amplifi cation to 
result in spurious systolic hypertension [ 138 ]. Seen in taller men with compliant 
elastic arteries, wave refl ections are markedly attenuated and PP amplifi cation pro-
found [ 139 ,  140 ]. The clinical implications of this elevated PP amplifi cation in this 
population remain to be determined [ 138 ]. As noted above, heart rate also makes a 
notable contribution to PP amplifi cation and this is most likely via effects on wave 
refl ection [ 141 ,  142 ]. With slower heart rate and prolonged systolic ejection dura-
tion, there is greater temporal overlap between forward and refl ected pressure waves 
causing an increase in refl ected wave amplitude and AIx [ 3 ]. It is estimated that for 
every 10 bpm reduction in HR, there is an increase in AIx of 4 % [ 142 ]. This in turn 
results in a reduction in PP amplifi cation. Medications that reduce heart rate such as 
β-blockers are associated with reduced PP amplifi cation because these drugs cause 
an increase in wave refl ection amplitude [ 143 ,  144 ]. Interestingly, lifestyle 
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modifi cation that results in bradycardia such as habitual aerobic exercise could pos-
sibly result in reduced PP amplifi cation owing to HR-mediated increase in PP from 
increased wave refl ection coupled with reduced arterial stiffness [ 134 ,  145 ]. As 
stated above, PP amplifi cation is usually calculated as the ratio of the amplitude of 
the PP between a proximal and distal site. Alternative methods include calculation 
of absolute PP differences from peripheral to central sites (peripheral PP – central 
PP) and expressed as the absolute difference from peripheral to central sites relative 
to the central site [(peripheral PP – central PP)/central PP]. An issue that remains to 
be resolved pertains to methodology for obtaining central and peripheral PP 
appraisal. Although the gold standard for PP measurement remains invasive record-
ings, this is not practical for routine clinical use. Current studies noting clinical 
utility of PP amplifi cation have calculated central PP noninvasively either via (1) 
synthesized aortic pressure waves derived from radial pressure waves and a GTF; 
(2) carotid pressure waves as a surrogate for aortic pressure calibrated against bra-
chial mean and diastolic pressure [ 112 ]. While both methods are valid and have 
merit, neither is without fl aw. When using the GTF approach, radial pressure waves 
are usually calibrated against brachial systolic and diastolic blood pressure, an 
approach that assumes that pulse pressure in the brachial and radial arteries are 
identical to each other (i.e., no brachial-to-radial amplifi cation). When using syn-
thesized aortic pressure waves from the GTF approach and brachial pressures 
obtained from an oscillometric cuff as done in the Anglo-Cardiff Collaborative Trial 
(ACCT), amplifi cation varies from 1.7 in the young (<20 years of age) to 1.2 in the 
elderly (>80 years of age) [ 123 ]. These results are similar to those reported by Bia 
et al. [ 127 ] over the same age range in the CUiiDARTE Project and those collected 
by Nichols et al. [ 3 ]. When carotid and/or radial pressure waves obtained from 
applanation tonometry are calibrated against brachial diastolic and tonometric mean 
pressures (the latter being obtained from a brachial artery tonometric waveform), as 
was done in the Asklepios Study, PP amplifi cation values tend to be lower [ 116 ]. 
Although not without limitation, measurement of PP amplifi cation from noninva-
sive central and peripheral pulse recordings has proven superior to brachial cuff 
measures alone when assessing cardiovascular disease (CVD) burden, identifying 
individuals at risk for CVD events, and monitoring response to therapy [ 130 ,  132 ].  

2.5.4.1     Components of the Central Aortic Pressure Wave 
 Figures  2.2  and  2.3  show invasively measured high-fi delity ascending aortic pres-
sure and fl ow velocity waves in a normal young adult and a middle-aged human. 
The measured aortic pressure ( P ) and fl ow ( Q ) waves are determined by the interac-
tion (or algebraic sum) of an LV-ejected forward-traveling “incident” wave and a 
later arriving backward-traveling refl ected wave from the lower body [ 2 ,  3 ,  80 ,  146 ]. 
The characteristics of the forward-traveling wave depend, primarily, upon the elas-
tic properties ( Z  c ) of the ascending aorta and are not infl uenced by wave refl ections 
[ 3 ,  67 ,  147 ]. Two visible demarcations usually occur on the initial upstroke of the 
central aortic pressure wave in middle-aged (Fig.  2.2 ) and older individuals with 
stiff aortas and elevated  Z  c : the fi rst shoulder (P1) and the infl ection point ( P  i ). These 
demarcation points occur at an earlier age in patients with hypertension. The fi rst 
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(or early) shoulder is generated by LV ejection and occurs at peak blood fl ow veloc-
ity, while the infl ection point occurs later and denotes the initial upstroke of the 
refl ected pressure wave; this wave represents the second (or mid-to-late) systolic 
shoulder [ 3 ,  148 ,  149 ]. The fi rst shoulder is an estimate of incident (or forward- 
traveling) wave with amplitude P1, while the second shoulder is generated by the 
refl ected pressure wave from the lower body with amplitude AP and duration (ED – 
Tr); ED is ejection duration and Tr is the round trip travel time of the pressure wave 
to and from the lower body refl ection site [ 3 ]; AP increases in parallel with the fi rst 
aortic input impedance moduli ( Z  1 ). When the fi rst shoulder and  P  i  occur simultane-
ously (or merge), as often occurs in older individuals and patients with severe 
hypertension, no demarcation is visible. Therefore, if pressure and fl ow velocity are 
measured simultaneously, the initial upstroke of the refl ected wave, P1, and  P  i  can 
be determined and AP, AIx, and RM calculated. If fl ow velocity is not measured and 
 P  i  is not visible, a method that uses the second derivative of the pulse to identify  P  i  
is used. In this method,  P  i  occurs at the second peak of the second derivative; the 
fourth derivative has also been used [ 3 ]. In younger individuals with compliant aor-
tas and reduced  Z  c , the second systolic shoulder occurs much later (after peak sys-
tolic pressure) than the fi rst and is usually of lower amplitude (Fig.  2.3 ) [ 3 ,  62 ];  Z  1  
is also reduced in this cohort. In a system with no refl ections, the fl ow and pressure 
waves are similar in shape (see Fig.  2.3 ). The characteristics of the refl ected wave 
depend upon a more complex set of determinants than the forward wave, namely, 
the physical properties (stiffness, taper and branching) of all the arteries in the mac-
rocirculation, especially those in the aorta and lower body, PWV, Tr, and distance to 
the major “effective” refl ection site [ 2 ,  3 ,  62 ,  74 ,  148 – 152 ]. Augmentation index 
(AIx = AP/PP), an estimate of wave refl ection strength and its contribution to cen-
tral PP, is related to arterial properties via changes in PWV from the heart to the 
termination of the microcirculation in the lower body. The magnitude of wave 
refl ection can also be expressed by the refl ection magnitude (RM = AP/P1) [ 52 ]. 
Increased arterial stiffness increases PWV (and  Z  c ) and causes early return (Tr 
decreases) of the refl ected wave from the lower body refl ecting sites to the heart 
during systole when the ventricle is still ejecting blood [ 2 ,  3 ,  53 ,  72 ,  101 ,  153 ]. As 
Tr decreases, both AP and systolic duration (ED – Tr) increase. This mechanism 
augments ascending aortic systolic pressure and PP [ 108 ,  154 – 157 ], an effect that 
increases arterial wall stress, potentiates the development of coronary artery athero-
sclerosis, elevates LV afterload, and increases LV mass and oxygen demand while 
decreasing stroke volume [ 1 ,  87 ,  131 ,  148 ]. Since the refl ected wave and associated 
boost in pressure (LV and aortic) does not contribute positively to ejection of blood, 
the effect of the extra workload is wasted (pressure) energy (or effort) (Ew) (Fig.  2.2 ) 
[ 103 ,  148 ,  158 – 160 ] the ventricle must generate to overcome AP. Thus, the ventri-
cle shifts from a fl ow source to a pressure source which uses extra oxygen to gener-
ate less fl ow, and therefore, effi ciency decreases [ 3 ]. Accordingly, optimal treatment 
for high central systolic pressure and PP (pulsatile component of LV load) should 
focus not only on increasing arteriolar caliber and reducing peripheral resistance of 
the microcirculation but also on reducing arterial stiffness,  Z  c , PWV, systolic wave 
refl ection (and  Z  1 ), and Ew [ 161 ,  162 ]. Correct calculation of variables from the 
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pressure wave (i.e., AIx, forward and refl ected wave amplitude and travel time, 
distance to refl ection sites, RM, and Ew) depends on the accurate determination of 
the infl ection point,  P  i , on the aortic pressure wave (see above) [ 3 ,  70 ]. Also, care 
must be taken not to use AIx as a measure of arterial stiffness because of its depen-
dence on wave refl ections, heart rate, ejection duration, and body height [ 3 ]. Since 
invasive recordings of ascending aortic pressure waves and pulse wave analysis can 
only be made in a selected number of patients in the cardiac catheterization labora-
tory, techniques have been developed recently that enable the noninvasive determi-
nation of the above variables [ 66 ,  115 ] in large cohorts with similar results [ 144 , 
 156 ,  163 – 166 ]. For example, large population studies such as the Baltimore 
Longitudinal Study of Aging [ 167 ,  168 ], Framingham [ 169 ], Anglo-Cardiff (ACCT) 
[ 123 ,  129 ], and many other aging studies [ 117 ,  125 ] and reviews [ 85 ,  162 ] observed 
that age is an important determinant of arterial properties and wave refl ection char-
acteristics that infl uence dramatic changes in the macrocirculation. In youth, the 
refl ected wave from the lower body travels at a reduced PWV and arrives at the 
heart in diastole (Fig.  2.3 ) which aids coronary artery and myocardial perfusion, but 
with increasing age (Fig.  2.2 ), the elastic arteries stiffen, increase  Z  c  (and PWV), 
and cause the refl ected wave to arrive at the heart during systole (second shoulder) 
with greater amplitude, systolic duration, and  Z  1 . This modifi cation in wave refl ec-
tion characteristics contributes to a decrease in stroke output (negative refl ected 
fl ow wave contributing to fl ow deceleration) and a corresponding decline in cardiac 
output [ 168 ]. Aortic systolic pressure and PP increase, whereas diastolic pressure 
increases to middle age and then decreases in later life [ 3 ,  125 ]. Because of increased 
central elastic artery stiffness and PWV measured as carotid–femoral PWV, the 
refl ected wave from the lower body migrates into systole and increases aortic AP, 
AIx, and RM; in the radial and brachial artery, since stiffness changes very little 
with age [ 123 ,  125 ], the forward to refl ected wave (from the hand region) ratio 
remains essentially unchanged. Tr decreases with age, whereas (ED – Tr) increases 
causing Ew and myocardial oxygen demand to increase markedly. Arterial stiffness 
and wave refl ection characteristics are amplifi ed in older individuals and in patients 
with systemic hypertension [ 125 ,  170 ], thereby causing a reduction in PP amplifi ca-
tion (Fig.  2.4 ). In a system with no refl ections or one in which the refl ected wave 
arrives after peak systolic pressure and with low amplitude, an increase in aortic 
stiffness alone only causes an increase in aortic PP (for a given stroke volume), with 
little change in wave contour (see Fig.  2.3 ). Major changes in aortic pressure wave 
contour are due to alterations in amplitude and timing of wave refl ections from the 
macrocirculation, including both elastic and muscular arteries (including arteri-
oles). LV afterload, central aortic and brachial artery systolic, and PP, SPTI, RM, 
and AIx are increased by elastic artery stiffening and increased wave refl ection 
amplitude, all of which are alterations associated with aging and resulting in LVH 
[ 60 ,  131 ] and arterial wall damage [ 127 ]—major cardiovascular, cerebrovascular, 
and renovascular risk factors [ 56 ,  154 ,  155 ]. Major cardiovascular risk factors 
resulting from increased aortic stiffness and wave refl ection (LV afterload) include 
coronary artery atherosclerosis, decreased coronary blood fl ow and coronary fl ow 
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reserve (CFR) (Fig.  2.5 ), LVH, heart failure, and mortality. An explanation for the 
progression from normal LV systolic function to severe failure is available on the 
basis of the argument proposed by Westerhof and O’Rourke [ 107 ] and Nichols et al. 
[ 3 ]. This explanation has been effectively used to characterize mechanical pumps, 
with the LV seen to act as a fl ow source (powerful ejection) in youth when the ven-
tricle is optimally matched to a compliant arterial system and power generation is 
minimal and wasted energy is zero. Under these circumstances the refl ected wave 
arrives in diastole and aids in coronary artery perfusion and CFR. The age-related 
increase in elastic artery stiffness (and PWV) causes the refl ected wave to arrive 
earlier to the heart and boost pressure in mid-to-late systole and places an extra 
pulsatile workload on the LV causing it to generate more force, which is wasted 
energy [ 103 ]. These changes in arterial properties and wave refl ection characteris-
tics cause the LV to change from a fl ow source to a combined fl ow and pressure 
source (ejection limited by pressure achieved) as hypertension develops. As the 
elastic arteries become stiffer, LV pressure increases and causes an increase in sys-
tolic pressure time index (SPTI) and myocardial oxygen demand. Sustained eleva-
tion and prolongation of mid-to-late systolic augmentation results in LVH [ 3 ], 
which is associated with progressive degenerative changes in the myocytes such 
that these weaken and develop less force with each contraction. The weakened, 
hypertrophied fi bers lengthen and the LV dilates, with augmented systolic pressure 
and stroke output initially being somewhat maintained at greater muscle length and 
LV volume through the Frank–Starling mechanism [ 3 ].   
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  Fig. 2.5    Graphs showing the effects of aortic PWV ( upper ), refl ected wave amplitude (AP) ( lower 
left ), and augmentation index (AIx) ( lower right ) on coronary fl ow reserve ( CFR ). All three of 
these variables are signifi cantly inversely related to CFR       
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2.5.4.2     Ill Effects of Increased Aortic Stiffness and Wave Reflections 
on the Coronary Microcirculation 

 The concept of coronary blood fl ow reserve (CFR) was introduced to refl ect the 
maximal oxygen delivery capacity during increasing myocardial oxygen demand. 
Since myocytes extract large amounts (70–80 %) of oxygen from the blood at rest, 
the best way of meeting increasing oxygen demand is by increasing coronary blood 
fl ow [ 171 ,  172 ]. An increase in coronary blood fl ow can be accomplished by 
decreasing coronary microvascular resistance, as occurs with elevated myocardial 
oxygen demand, or increasing oxygen supply by increasing coronary artery perfu-
sion pressure. At rest, there is signifi cant autoregulation in the coronary microvas-
cular bed which ensures suffi cient blood supply to the myocytes under a wide range 
of oxygen demand and perfusion pressure. Thus, resting coronary blood fl ow is 
mainly under control of tissue metabolic demand [ 173 ]. To test the maximum fl ow 
reserve capacity, the autoregulation must be uncoupled, which will create a linear 
relationship between perfusion pressure and coronary fl ow [ 174 – 177 ]. Thus, CFR 
in humans is usually measured during either exercise challenge or pharmacological 
stimuli such as dobutamine or adenosine [ 178 ]; in animals CFR is measured as reac-
tive hyperemia following 10 or 20 s of total coronary artery occlusion and release 
[ 179 ]. Hemodynamically signifi cant lesions in the epicardial coronary arteries 
(macrocirculation) are known to cause reduced CFR [ 178 – 180 ]. Furthermore, 
numerous recent studies have shown that some individuals (especially women) with 
normal epicardial coronary arteries have reduced CFR [ 181 – 187 ]. CFR is defi ned as 
the ratio of blood fl ow at maximal (or near maximal) vasodilation and basal (or rest-
ing) blood fl ow [ 175 ]. Vasodilation results from relaxation of SMC of the microcir-
culation and is associated with endothelial function. Therefore, in the absence of 
obstructive epicardial coronary artery disease, a reduction in CFR is frequently used 
as an index of “microvascular dysfunction” [ 185 – 188 ]; however, this association 
has been questioned by some. CFR is strongly dependent upon changes in the pla-
teau level of basal perfusion and coronary fl ow. For example, in LVH resulting from 
chronically elevated afterload, total basal coronary blood fl ow is increased, but 
maximal fl ow does not change; therefore, CFR is reduced [ 175 ,  177 ,  189 ,  190 ]. 
Conditions that increase myocardial oxygen demand increase basal coronary blood 
fl ow and deplete a portion of the total reserve capacity of the microcirculation and, 
therefore, reduce CFR [ 172 ]. 

 To fully appreciate the importance of coronary microvascular physiology (and 
pathophysiology), it must be realized that coronary blood fl ow changes dramatically 
during the cardiac cycle. Since the rhythmic contraction of the LV compresses and 
squeezes the coronary vessels and throttles blood fl ow during systole, the majority 
of fl ow (about 80 %) occurs during relaxation (or diastole) [ 191 ]. As central aortic 
stiffness and wave refl ection amplitude increase, central systolic blood pressure 
rises, PP widens, and LV wall stress and myocardial oxygen demand increase, while 
aortic diastolic pressure decreases [ 123 ,  192 ,  193 ]. These alterations in pulsatile 
load cause LVH independent of change in the steady load component [ 60 ,  194 ]. 
Such abnormalities in ventricular/vascular coupling unbalance the favorable myo-
cardial oxygen supply/demand ratio and promote myocardial ischemia and 
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contractile dysfunction [ 3 ]. Information regarding the ill effects of aortic stiffening 
and wave refl ections on the coronary circulation has come primarily from experi-
mental animal models where the aorta was artifi cially stiffened or replaced with a 
rigid tube [ 26 ,  195 – 197 ]. In these studies when the heart ejected into a stiff or non-
compliant aorta, systolic pressure and PP, wasted LV energy, and myocardial oxy-
gen demand increased and diastolic pressure decreased, but coronary blood fl ow 
also increased in response to the marked increase in oxygen demand [ 26 ]. However, 
increased aortic stiffness and wave refl ection caused a decrease in CFR [ 189 ,  196 ], 
and during increased myocardial contractility, subendocardial blood fl ow was 
impaired and the subendocardial electrocardiogram showed signs of ischemia [ 195 ]. 
These undesirable alterations in ventricle/vascular coupling were enhanced in the 
presence of a high-grade coronary artery stenosis [ 195 ] and during reductions in 
aortic diastolic blood pressure. During total coronary artery occlusion and myocar-
dial ischemia, increased aortic stiffness caused marked enhancement in cardiac dys-
function [ 196 ]. In more recent experimental rat studies, Hachamovitch et al. [ 198 ] 
and Gosse and Clementy [ 190 ] found that age and hypertension, conditions associ-
ated with increased aortic stiffness and wave refl ection, produced LVH and adversely 
affected the coronary circulation and CFR. These changes in coronary hemodynam-
ics in response to increased aortic stiffness increase the potential for ischemic epi-
sodes, especially in the subendocardial region [ 198 ]. From these experimental 
animal studies, it appears that both acute and chronic preparations with artifi cially 
stiffened aortas or other interventions that increase myocardial oxygen demand 
have increased resting coronary blood fl ow and reduced CFR. 

 Several studies in humans have confi rmed and expanded the fi ndings in experi-
mental animal models. The age-related increase in aortic stiffness and wave refl ec-
tion, in healthy volunteers with presumably normal coronary arteries, causes an 
increase in LV afterload and resting coronary blood fl ow, but a decrease in CFR 
[ 199 ]. The majority of older patients have increased aortic stiffness and wave refl ec-
tion which causes increased systolic blood pressure and decreased diastolic pressure 
resulting in isolated systolic hypertension so that aggressive treatment to lower blood 
pressure, especially those with macro- and/or microvascular anomalies, is more dif-
fi cult [ 200 ]. Under these conditions the myocardium is primarily and linearly depen-
dent upon coronary perfusion pressure for myocardial blood supply because 
autoregulation is exhausted; however, the jeopardized region may receive some 
blood fl ow through collaterals [ 201 ]. In other studies, signifi cant correlations between 
CFR and increased aortic stiffness and wave refl ection amplitude were demonstrated 
in different patient populations, some with [ 202 ] and others without [ 181 – 184 ] 
CAD. The decrease in coronary blood fl ow and CFR in CAD results predominantly 
from narrowing of epicardial coronary arteries, while reduction in CFR in patients 
with normal or nonobstructive CAD is more diffi cult to explain. Therefore, one must 
consider other factors than coronary artery narrowing such as myocardial oxygen 
demand [ 191 ,  202 ], diastole pressure time index (DPTI) [ 203 ], coronary pressure 
gradient, and coronary artery endothelial function [ 204 ]. Arterial stiffness and wave 
refl ection affect all four of these variables and can readily explain angina pectoris 
even in the absence of macrovascular epicardial coronary artery atherosclerosis [ 205 , 
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 206 ]. Increased stiffness of central elastic arteries with aging and/or vasoconstriction 
of peripheral muscular arteries increases central aortic pressure (systolic and pulse) 
to a much greater extent than brachial cuff pressure because of wave refl ection [ 3 , 
 74 ]; central and brachial diastolic pressures decrease in parallel. These hemody-
namic changes cause an increase in myocardial oxygen demand during systole while 
decreasing coronary artery perfusion in diastole. Such chronic changes in LV after-
load are associated with an undesirable imbalance in the myocardial oxygen supply/
demand ratio which is exacerbated in LVH and can lead to ischemia and angina even 
in the absence of coronary atherosclerosis [ 207 ]. Similarly, a marked increase in 
heart rate in the face of increased aortic stiffness can reduce coronary perfusion and 
precipitate myocardial stunning [ 208 ]. Aortic stiffness and wave refl ection can have 
a profound infl uence on coronary blood fl ow and CFR through an elevation in sys-
tolic pressure, a slowing in LV relaxation, and a reduction in diastolic pressure [ 209 ]. 
These effects can be estimated as the “subendocardial viability ratio” (DPTI/SPTI) 
which has been shown to be directly related to CFR [ 191 ,  210 ]. Clinical information 
on the effects of arterial stiffness and wave refl ection on epicardial coronary artery 
blood fl ow waveforms and CFR has come from both invasive (Doppler catheter or 
guidewire) and noninvasive (transesophageal and transthoracic Doppler echocar-
diography) measurements [ 96 ,  182 – 184 ]. Regardless of the method used to measure 
coronary blood fl ow velocity and aortic stiffness, the results are similar—aortic stiff-
ness and wave refl ection amplitude are both inversely related to CFR in the presence 
or absence of CAD (Fig.  2.5 ). Results from the Dallas Heart Study [ 207 ] showed that 
angina among women in the general population is common and is not necessarily 
associated with subclinical atherosclerosis. However, angina in the absence of sub-
clinical atherosclerosis is not related to traditional atherosclerotic risk factors but is 
associated with clinical, infl ammatory, and vascular factors that refl ect endothelial 
dysfunction and increased aortic stiffness and wave refl ection, suggesting a distinct 
vascular etiology and alternative potential therapeutic targets. Furthermore, coronary 
microvascular dysfunction, if it exists, in some cases, however, may be independent 
of the endothelium [ 211 ]. Thus, Reis et al. [ 212 ] of the Women’s Ischemic Syndrome 
Evaluation (WISE) study group reported that of 159 women without signifi cant 
obstructive CAD undergoing invasive studies, 74 (47 %) had what they defi ned as 
subnormal coronary fl ow responses to intracoronary adenosine (CFR < 2.5). Age and 
the number of years postmenopausal correlated inversely with reduced CFR, but not 
lipid and hormone levels, blood pressure, or left ventricular ejection fraction. A more 
recent report from the WISE study group found that, compared with a reference 
group, WISE participants with normal epicardial coronaries had higher aortic sys-
tolic and pulse BP and ejection duration. These differences were associated with an 
increase in refl ected wave amplitude and systolic duration. These modifi cations in 
wave refl ection characteristics were associated with an increase in SPTI and wasted 
LV energy and a decrease in PP amplifi cation, subendocardial viability ratio, and 
diastolic pressure time fraction [ 213 ]. Subsequent data from this WISE study group 
showed that aortic PWV was elevated and CFR was reduced. Furthermore, there was 
a signifi cant inverse relationship between CFR and indices of aortic stiffness and 
wave refl ections (Fig.  2.5 ), variables that increase myocardial oxygen demand and 
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basal coronary blood fl ow. Therefore, it is diffi cult to say with certainty that micro-
vascular dysfunction was present. Support for this conclusion was published recently 
by Pauly et al. [ 181 ]. These authors showed, in a substudy of WISE, that treatment 
with an ACE inhibitor, an agent that reduces arterial stiffness and wave refl ections, 
improved CFR. In light of these fi ndings, we tend to agree with O’Rourke’s sugges-
tion that “decreased coronary fl ow reserve” should be used instead of “microvascular 
dysfunction” [ 191 ], since none of the above studies actually measured microvascular 
function.       
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  3      Atherosclerosis 

             Michael     Hristov      and     Christian     Weber    

         Atherosclerosis as an enduring infl ammatory disease of the arterial wall is 
 characterised by an imbalanced lipid metabolism and a maladaptive immune 
response resulting in sub-endothelial lipoprotein retention and endothelial activa-
tion with migration of immune and smooth muscle cells to the infl amed intima. This 
leads to formation of atheromas with chronic vascular stenosis and tissue ischemia 
which is often complicated by acute atherothrombotic events such as myocardial 
infarction or stroke. Even today, atherosclerosis and its consequences remain the 
leading causes of mortality and morbidity in the industrialised nations. 

3.1     Traditional Risk Factors and Pathogenesis of Plaque 
Formation 

 Atherosclerotic lesions develop preferentially in vascular segments with slowed or 
disturbed blood fl ow, e.g. arterial bifurcations and branching sites. This arterial 
environment in combination with traditional risk factors such as hypertension, 
smoking and diabetes or other pathogens (immune complexes, toxins, viruses, etc.) 
may favour non-denuding endothelial dysfunction or even denuding injury with 
exposure of matrix proteoglycans and platelet activation. Accordingly, this so-called 
“response-to-injury” hypothesis has provided a fundamental framework in the 
pathogenesis of atherosclerosis to address numerous questions about cellular inter-
actions and the nature of infl ammatory mediators they produce [ 1 ]. 
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 Early atherosclerotic lesions (known as  fatty streaks ) do not affect the vascular 
lumen and consist predominantly of focal lipid deposition, T lymphocytes and 
monocytes that transform to macrophages and lipid-loaded foam cells [ 1 – 4 ]. Indeed, 
almost each leukocyte sub-population ranging from lymphocytes, monocytes and 
neutrophils to dendritic or mast cells can be found at varying numbers inside the 
lesion during different stages [ 4 ]. Epidemiological data have further acknowledged 
leukocytosis as independent risk factor and predictor of cardiovascular events [ 5 ]. 

 The continuous cell infi ltration, proliferation and necrosis with accumulation of 
cell debris and cholesterol crystals result in lesion growth, and the  fatty streaks  
transform gradually into stenotic plaques. These fi brous plaques contain an acellu-
lar necrotic core that is covered by a fi brous cap of dense connective tissue consist-
ing of collagen, intimal smooth muscle cells (SMCs) and macrophages [ 1 – 3 ]. The 
“shoulder” regions of the plaques are often infi ltrated by T lymphocytes and mast 
cells, which release proteolytic enzymes and proinfl ammatory mediators that may 
facilitate plaque destabilisation [ 3 ,  6 ]. Moreover, because of increasing plaque vol-
ume, the overlaying endothelial monolayer may be stretched quite thin and becomes 
more permeable or can even rupture. 

 Advanced stable fi broatheromas are covered by a dense, tension-resistant fi brous 
cap and contain few infl ammatory cells [ 6 ,  7 ]. These plaques typically associate 
with chronic tissue ischemia that can be partially compensated by the growth of 
collateral vessels. In contrast, vulnerable plaques have a thin fi brous cap with more 
infl ammatory cells than SMCs next to relative large and “soft” necrotic core. These 
plaques are more prone to erosion or rupture with subsequent occlusive athero-
thrombotic complications. 

 Dyslipidaemia with elevated circulating low-density lipoprotein (LDL) levels 
is another cardinal risk factor for the development and progression of atheroscle-
rotic plaques. Due to increased endothelial permeability at predilection sites, 
LDL is easily embedded in the sub-endothelial space [ 2 ]. A variety of biochemi-
cal modifi cations occur there and enhance its pro-atherogenic action [ 2 ,  8 ]. Most 
important is the oxidation of LDL by reactive oxygen species or enzymes such as 
myeloperoxidase or lipoxygenases released from surrounding infl ammatory cells 
[ 3 ]. Products of oxidised LDL (oxLDL) are chemotactic for monocytes but cyto-
toxic to endothelial cells. OxLDL is taken up at enhanced rates by macrophages, 
thus contributing to foam cell formation. Moreover, oxLDL can inhibit macro-
phage egress from the lesion but induce expression of adhesion molecules or 
deposition of chemokines on activated endothelial cells which further accelerates 
the recruitment of leukocytes. This accelerated leukocyte recruitment in conjunc-
tion with insuffi cient egress drives a continuous, oxLDL-mediated cell overload 
and lesion growth. 

 To complement the above traditional risk factors, a search for genetic variants 
linked with coronary artery disease (CAD) has fl ourished. Several genome-wide 
association studies (GWASs) have created an enormous wealth of data on suscepti-
bility loci. The characterisation of these CAD-associated loci (9p21.3, 10q11.21, 
etc.) should provide new insight in the molecular mechanisms driving atherosclero-
sis and its outcomes and should open new fi elds for cardiovascular research [ 9 ].  
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3.2     Inflammatory Mediators in Atherogenic Cell 
Recruitment 

 Atherogenic recruitment of leukocytes involves rolling, fi rm adhesion, migration 
and trans-endothelial diapedesis [ 10 ]. This sequential cascade is controlled by 
chemokines, which are chemotactic cytokines divided into four groups accord-
ing to their conserved cysteines and corresponding G protein-coupled receptors: 
C, CC, CXC and CX 3 C [ 11 ,  12 ]. Considering the diversity of various leukocytes 
recruited during the atherogenic process, the abundance in the chemokine system 
has been perceived to confer robustness and specifi city [ 13 ]. At a site of infl am-
mation, particular leukocyte subsets may be recruited by a signature combination 
of chemokines engaging in heterophilic interactions, facilitated by a local reper-
toire of proteoglycans with differential binding affi nities for these chemokines [ 4 , 
 12 ,  13 ]. Soluble chemokines mediate direct leukocyte recruitment while surface- 
immobilised chemokines on activated endothelial cells trigger leukocyte arrest and 
activation of integrins. Numerous studies using antagonists or gene-defi cient mice 
for important chemokines and/or their respective receptors have generated valu-
able insights into receptor-ligand axes with specifi c and combined contributions 
to atherogenesis [ 12 ]. Some of these crucial axes are CCR2-CCL2 (also known 
as monocyte chemotactic protein-1) and CCR5-CCL5 (also known as RANTES). 
Other chemokines and receptors appear rather involved in cell homeostasis and 
associate with reduced atheroprogression and plaque stabilisation, e.g. CXCL12 
(also known as stromal cell-derived factor-1) and CXCR4/CXCR7, CX 3 CL1 (also 
known as fractalkine) and CX 3 CR1 or the dendritic cell chemokine CCL17 [ 12 –
 14 ]. Finally, the combined action of chemokines such as the CCL5-CXCL4 (also 
known as platelet factor-4) heteromer can result in synergistic effects during ath-
erogenic leukocyte recruitment [ 15 ]. 

 Advanced human atherosclerotic lesions show an up-regulation of macrophage 
migration inhibitory factor (MIF) in macrophages and endothelial cells, which 
express MIF also in response to oxLDL [ 16 ]. Multiple mouse studies have con-
fi rmed the atheroprogressive function of MIF, which is probably linked to its versa-
tile proinfl ammatory properties at crucial checkpoints in atherogenesis [ 3 ]. 
Macrophages can secret further proinfl ammatory mediators with implication in ath-
erogenesis such as interleukin-1-beta (IL-1β) and tumour necrosis factor-alpha 
(TNF-α) [ 2 ,  6 ]. They are another robust source of platelet-derived growth factor 
(PDGF), which is one of the more important candidates coordinating the prolifera-
tive response of intimal SMCs [ 17 ]. 

 Type I interferons (IFNs) have been implicated in atherogenesis as other impor-
tant myeloid effector cytokines. Hence, treatment of atherosclerosis-prone mice 
with IFN-β increases lesion size, macrophage content and CCL5 plasma levels, 
whereas myeloid defi ciency of the receptor for type I IFNs (IFNAR1) was associ-
ated with stable plaques [ 18 ]. Signalling through IFN-β-IFNAR1 interaction trig-
gers CCL5 production by macrophages, thus increasing the CCR5-mediated 
monocyte recruitment [ 18 ]. This explains a correlation between up-regulated type I 
IFN signalling and CCL5 expression in advanced human lesions [ 3 ,  18 ]. 
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 Co-stimulatory and co-inhibitory signalling molecules fi ne-tune immune reac-
tions by regulating infl ammatory phenotypes and responses of T lymphocytes and 
antigen-presenting cells. For the prominent co-stimulatory pair CD40-CD40L, both 
receptor and ligand are expressed by lesional cell types and highly up-regulated in 
advanced human plaques [ 3 ,  19 ]. Mouse studies have revealed a plaque- destabilising 
function for CD40-CD40L signalling, attributable to the induction of multiple 
infl ammatory factors [ 19 ]. Notably, repeated injection of CD40L-defi cient platelets 
specifi cally implicated platelet CD40L in atherogenesis by mediating proinfl amma-
tory leukocyte-platelet interactions and regulatory T-cell homeostasis without com-
promising systemic immune responses or inducing haemorrhage [ 20 ].  

3.3     The Role of Scavenger and Toll-Like Receptors (TLRs) 

 Although the major uptake of modifi ed LDL in macrophages is mediated by scav-
enger receptor A (SR-A) and CD36, the genetic deletion of these receptors has 
yielded varying effects on experimental atherosclerosis [ 3 ,  21 ]. Combined defi -
ciency of SR-A and CD36 in  Apoe   −/−   mice has implicated both receptors in athero-
progression by inducing proinfl ammatory gene expression and macrophage 
apoptosis rather than foam cell formation [ 22 ]. TLR4 and TLR6 cooperate with 
CD36 in this infl ammatory response to atherogenic lipids: oxLDL sequestered by 
CD36 induces intracellular CD36-TLR4-TLR6 heteromerisation, thus activating 
the transcription factor NF-κB and the secretion of chemokines [ 23 ]. Accordingly, a 
sustained oxidative burst and apoptosis elicited by oxLDL with continuous stress of 
the endoplasmic reticulum through combined signalling of CD36 with TLR2-TLR6 
may similarly occur in lesional macrophages with intracellular accumulation of free 
cholesterol [ 24 ,  25 ].  

3.4     Activated Platelets 

 Chronic infl ammation associates with elevated platelet counts and platelet activa-
tion. Similar to leukocytosis, the thrombocytosis has been considered as risk factor 
for atherosclerosis. Platelets are activated by shear fl ow, oxLDL or hyperglycaemia. 
Upon activation they release membrane microparticles next to a broad arsenal of 
soluble components with relevance not only to coagulation and wound healing but 
also to immune response [ 26 ,  27 ]. The intravenous injection of activated platelets 
leads to a rapid progression of atherosclerotic lesions in mouse models that can be 
explained by a transfer of infl ammatory chemokines such as CXCL4 and CCL5 
[ 28 ]. As mentioned above, both chemokines may form a heteromer with synergistic 
effect on monocyte recruitment [ 15 ]. Disrupting this interaction by a designed syn-
thetic peptide in vivo resulted in decreased atherosclerotic lesion formation, and the 
genetic defi ciency of CCL5 and CXCL4 has been found to reduce plaque formation 
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in mice [ 15 ]. Furthermore, the P-selectin-mediated adhesion of platelets to mono-
cytes under coronary fl ow conditions results in circulating complexes with increased 
adhesion to endothelial cells and immigration into the arterial wall [ 29 ]. These 
monocyte-platelet aggregates are increased in patients with CAD end especially 
after myocardial infarction [ 30 ].  

3.5     Concluding Remarks and Perspectives for Prevention 
and Therapy 

 The currently available non-invasive therapy against atherosclerosis and especially 
CAD is usually restricted to controlling body weight, blood pressure, glycaemia, 
LDL cholesterol and triglyceride levels as well as platelet aggregation to prevent 
advanced thrombotic complications. Patients but also healthy individuals are fur-
ther encouraged to follow general lifestyle recommendations including physical 
activity, smoking cessation and balanced diet. So far, the positive dietary effects of 
cold- water oily fi sh, red wine and olive oil consumption on CAD have been well 
documented [ 31 ,  32 ]. 

 However, these established strategies do not fully address the infl ammatory and 
immune mechanisms driving atheroprogression. Thus, emerging and future con-
cepts in the treatment of atherosclerosis are urgently required. In this regard, several 
lessons from experimental animal models could help to develop novel, more power-
ful therapeutics such as inhibitors of chemokine heteromerisation, receptor antago-
nists, artifi cial lipoprotein complexes or even vaccination [ 13 ,  33 – 35 ]. Such a 
pioneering drug development requires stringent evaluation of effectiveness which 
has to rely on surrogate markers. Although a variety of cellular, soluble, imaging or 
functional biomarkers are available, their predictability remains partially limited. 
Hence, new biomarkers should be developed to complement existing ones and mul-
tiple biomarker panels should be combined in an integrated approach with higher 
predictive potential. Associated GWASs and transcriptional, proteomic or meta-
bolic profi ling may facilitate this search. 

 Moreover, there is an urgent need for improved imaging techniques, as current 
modalities (intravascular ultrasound, carotid intima-media thickness, quantitative 
coronary angiography and computed tomography) are often invasive and provide 
only quantitative but incomplete morphological data of atherosclerotic lesions. As 
cellular and molecular composition better refl ects plaque pathology compared to 
size, highly advanced imaging techniques, such as high-resolution magnetic reso-
nance and positron-emission tomography, will be required. The development of 
new molecular imaging with specifi c biological functions could add another dimen-
sion to plaque imaging, including monitoring the activation of endothelial cells and 
macrophages. If successful, this will be of tremendous value for drug development 
and testing effi cacy, allowing detailed mechanistic insights into therapeutic effects 
at early stages, as well as imaging-based clinical outcome studies.     
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  4      Arteriosclerosis/Large Artery Disease 

             Michael     F.     O’Rourke    

         To a student of medical history, it is fascinating to refl ect on how careful our 
 predecessors were in classifi cation of diseases and how lazy and careless we have 
become. In recent times, all forms of arterial disease are generally considered to cause 
ill effects through narrowing and restriction of blood fl ow. All such disease is consid-
ered to be a form of atherosclerosis. The effects of arterial stiffening are usually set 
aside and overlooked or forgotten. Coronary artery disease is synonymous with coro-
nary atherosclerosis. The AHA Journal Arteriosclerosis was renamed Arteriosclerosis, 
Thrombosis, and Vascular Biology (ATVB). The journal Atherosclerosis has retained 
its name but both it and ATVB now carry the same type of content. 

 The late nineteenth-century physicians were more careful in their terminology. 
William Osler’s textbook  Principles and Practice of Medicine  [ 1 ] (fi rst published 
in 1892) had great infl uence. After Councilman, Osler described three types of 
arteriosclerosis, on the basis of pathology. The fi rst – nodular arteriosclerosis – 
corresponds to what we call atherosclerosis today. The second – diffuse arterio-
sclerosis – was predominantly a medial disease in young to middle-aged adults and 
probably corresponds to the arterial consequences of chronic severe hypertension, 
a condition which was untreatable in 1900 but rarely encountered today, whereas 
senile arteriosclerosis was the condition seen in elderly persons where the aorta and 
large arteries were dilated with thickened stiff walls and with disorganisation of the 
orderly arrangement of elastin in the arterial media. “Elderly” in Osler’s day prob-
ably meant over 60 (an age that became particularly signifi cant in the controversy 
following publication of his essay on “the Fixed Period” [ 2 ]). In modern times, a far 
greater proportion of the population lives to well over 60 years, so that one would 
expect senile arteriosclerosis to be far more common than in 1890–1920. Yet “senile 
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arteriosclerosis” or “arteriosclerosis” is not listed in textbook indices or in subject 
titles for American Heart Association, American College of Cardiology or European 
Society of Cardiology meetings. The lonely lot of researchers offering abstracts for 
such meetings has to make do with “hypertension”, which was referred to as high 
blood pressure in Osler’s day and diagnosed from the radial artery pulse, as felt at 
the wrist or recorded by a sphygmogram. 

 Similar problems with terminology hinder communication between researchers 
and clinicians who are interested in Alzheimer’s disease and how this condition is 
defi ned [ 3 ]. To many physicians and psychiatrists today, Alzheimer’s disease is 
dementia which is not caused by vascular disease, i.e. “if it has a vascular cause, it 
is not Alzheimer’s disease” [ 3 ]. It is instructive to read Alzheimer’s fi rst description 
of a case [ 4 ] in which severe dementia in an older man was not associated with any 
cerebral pathology at autopsy but was associated with arteriosclerosis. The views of 
Osler and Councilman were followed at the time (1907), and it is probable that 
Alzheimer’s reference was to senile arteriosclerosis with stiffening and dilation of 
the thoracic aorta and with no particular abnormality of the intracranial or carotid 
arteries. Alzheimer’s emphasis in describing this condition was absence of obvious 
abnormalities at autopsy to explain it [ 4 ]. 

 I fi nd myself to be part of the problem. Despite railing against imprecise wording 
in medicine [ 5 ], I fi nd in the Index of our 6th edition of  McDonald’s Blood Flow in 
Arteries  [ 6 ] the word “arteriosclerosis” to state succinctly “see atherosclerosis”. In 
Osler’s time, senile or physiological arteriosclerosis and high blood pressure were 
diagnosed on the basis of pulse wave contour – from high and prolonged pressure in 
late systole, “the tidal wave is prolonged and too much sustained” [ 7 ], and “the 
pulse (of high tension) is slow in its ascent, enduring, subsides slowly, and in the 
interval between the beats, the vessel remains full and fi rm” [ 8 ]. Osler emphasised 
that the (radial) “pulse of high tension” is similar to the pulse in arteriosclerosis but 
that a test could be used to distinguish between the two (which are often combined) 
“(if) when the radial (artery) is compressed with the index fi nger, the artery can be 
felt beyond the point of compressions, its walls are sclerosed” [ 8 ]. 

 The difference between senile arteriosclerosis and atherosclerosis could not be 
more stark (Table  4.1 ). Atherosclerosis is initially and predominantly an intimal 
disease which may or may not secondarily involve the media. It occurs predomi-
nantly in small- to medium-sized arteries and preferentially at sites where there are 
high and changing patterns of pulsatile shear throughout the cardiac cycle – at fl ow 
dividers below a branch in coronary arteries and at or about the carotid sinus in the 
neck [ 6 ]. It occurs predominantly in Western rather than Eastern societies, more 
commonly in males than females, and has well-known and accepted “risk factors” 
[ 9 ]. In all but one site (the infrarenal aorta, where abdominal aortic aneurysms 
arise), it causes clinical effects through narrowing of arteries, limiting or preventing 
arterial fl ow to the organ or tissue beyond. Finally, arteriosclerosis is diffuse, affect-
ing the thoracic aorta almost exclusively and uniformly, whereas atherosclerosis 
creates individual discrete lesions, with normal segments between “nodules”. 
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Arteriosclerosis as it affects the aorta is illustrated in a schematic form prepared 
with Seymour Glagov (Fig.  4.1 ).

    In an editorial questioning the “comfort zone” of physicians [ 10 ], the Emeritus 
invasive cardiologist Spencer King referred to the future developments he expects 
to see from the use of engineering principles in this fi eld. While concentrating on 
hydraulic factors and shear stresses which are involved in development of and dam-
age to atheroscierotic plaques and which precipitate coronary acute events, he 
alluded to the predictability of other diseases, on the basis of engineering principles. 
One of them is arteriosclerosis, which Osler described as follows:

  As an  involution process  arterio-sclerosis is an accompaniment of old age, and is the expres-
sion of the natural wear and tear to which the tubes are subjected. Longevity is a vascular 
question, which has been well expressed in the axiom that “a man is only as old as his arter-
ies.” To a majority of men, death comes primarily or secondarily through this portal. The 
onset of what may be called physiological arterio-sclerosis depends, in the fi rst place, upon 
the quality of arterial tissue (vital rubber) which the individual has inherited, and secondly 
upon the amount of wear and tear to which he has subjected it. [ 1 ] 

   The engineering principles that apply to development of arteriosclerosis from 
“wear and tear” (now quantifi able in terms of S/N (strain/cycle number) curves) are 
easier to understand than those that apply to rupture of an atherosclerotic plaque. 

  Table 4.1    Key differences 
between arteriosclerosis 
and atherosclerosis  

 Arteriosclerosis  Atherosclerosis 

 Stiffens aorta  Little effect 

 Dilates aorta  Occludes 

 Media  Intima 

 Diffuse  Focal 

 Age and blood pressure  Cholesterol and smoking 

  Cushion function    Conduit function  

  The key functions of the arterial system are fi rst as a conduit, to 
distribute blood to tissues and organs of the body according to need 
and at an appropriately high pressure, and, second, to cushion the 
pulsations generated by the heart, so that blood can fl ow through the 
organs and tissues of the body in a near-steady, non-pulsatile stream 
 Arteriosclerosis predominantly affects cushioning function; athero-
sclerosis predominantly affects conduit function. Arteriosclerosis is 
caused by the pulsations of the artery, with elastin fi bre fatigue, 
then fracture, with greatest damage in the vessel (the proximal 
aorta) which pulsates most. Ill effects are on the heart upstream, 
whose load is increased but whose coronary fl ow in diastole is lim-
ited. Distal effects are on small arteries in vasodilated organs – 
notably brain and kidney – from tearing of smooth muscle cells and 
haemorrhage and from dislodgement of endothelial cells and 
thromboses (pulse wave encephalopathy, pulse wave nephropathy). 
Atherosclerosis predominantly affects conduit function by limiting 
or obstructing fl ow to critical organs and tissues  
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4.1     Cause of Arteriosclerosis 

 In seeking a cause for arteriosclerosis and an explanation for its development, one 
has to explain:

•    Why it predominantly affects the proximal thoracic aorta and not the peripheral 
muscular arteries  

•   Why it affects the media of the aorta and not the intima or adventitia  
•   Why it decreases distensibility of the aorta or (as put another way) why it 

increases aortic stiffness  
•   Why it is associated with dilation of the aorta as well as increased stiffness  
•   Why its major cause is aging    

 These issues are explicable and predictable on the basis of engineering principles 
of material fatigue, alluded to by Osler [ 1 ,  8 ] and King [ 10 ], as applied to inanimate 
objects, such as ships, bridges, aeroplane wing spars and even dance fl oors [ 6 ]. Each 
material object which is subjected to stretch or bending has a characteristic strain 

  Fig. 4.1    Conceptual view 
of a young normal proximal 
aorta ( left ) and an elderly 
arteriosclerotic aorta ( right ) 
showing ( above ) dilation and 
wall thickening.  Below  is 
shown the orderly pattern of 
thick elastin fi bres in the 
normal aorta with some 
muscular cells and collag-
enous fi bres as wavy 
elements that do not bear any 
load at normal arterial 
pressure. In the thickened 
stretched arteriosclerotic wall 
at right, elastin fi bres are 
fractured and fragmented. 
Collagenous fi bres are 
stretched, and there is 
accumulation of amorphous 
material in the wall. The 
intima is thickened by 
hyperplasia of endothelial 
cells (Cartoon prepared by 
M O’Rourke and S Glagov. 
From Ref. [ 9 ])       
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  Fig. 4.2    Strain/cycle number (S/N) curve for natural rubber showing the relationship between 
distention and cycle number at which fracture of the rubber element is expected. The ascending 
aorta medial elastin fi bres (if similar to natural rubber) which pulsate around 15 % with each beat 
would be expected to show evidence of fracture between 500 and 800 million cycles, correspond-
ing to 20–30 years of life, whereas the distal muscular arteries which pulsate by <5 % with each 
beat would not be expected to show fracture in a lifetime of 100 years (From Ref. [ 6 ])       

(S)/cycle number (N) or S/N curve. Natural rubber has properties similar to those of 
arterial elastin (indeed Osler referred to “vital rubber” as well as the effects of “wear 
and tear”) [ 1 ]. An S/N curve is shown in Fig.  4.2 . The graph plots the properties of 
natural rubber in terms of the number of cycles of expansion to which it needs to be 
subjected in relation to the extent of strain, before fracture would be expected. The 
heart’s cycle is repeated some 30 million times per year and so some 1 billion times 
in 30 years. With the proximal thoracic aorta in youth stretching by some 15 % with 
each beat of the heart, one would expect that fracture of elastin fi bres would begin 
to occur at age 30 years and progress steadily thereafter. One would also expect that 
peripheral muscular arteries (which dilate by <3 % at each cycle), or larger arteries 
such as the femoral, carotid or brachial which dilate by 3–5 % per cycle [ 11 ], would 
show little change in physical properties in a lifetime of 90 years.  

 Such an explanation fi ts with the disorganisation of the elastin network in the 
aortic media with age (Fig.  4.1 ), and as seen in histology and pathology texts. This 
is regarded as a normal aging process “physiological arteriosclerosis”, unless 
extreme and unless associated with areas of medionecrosis, which is the substrate 
for aortic weakening and aortic dissection in the elderly [ 1 ,  6 ]. 

 The explanation accounts for confi ning this process to the media since the intima 
and adventitia contain no elastin fi bres (and do not oppose applied stress). It accounts 
for distension of the aorta since fracture of structural elements causes stretch. It 
accounts for increased stiffness of the aorta, since cycles of stretch are transferred to 
and borne by the collagenous fi bres in the wall which have much higher modulus of 
elasticity (stiffness) than elastin. Physical damage to the proximal aorta is stressed 
here, whereas others such as Lakatta and colleagues tend to concentrate on cellular 
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and molecular changes with aging [ 12 ]. I favour the physical (engineering) hypoth-
esis since it explains the issues listed above. I see the physical damage to be primary 
and the chemical/cellular changes to be secondary and part of the attempt to repair 
the damaged aorta.  

4.2     Effects of Aortic Change in Arteriosclerosis 

 Fracture of elastin elements in the aortic wall cause increase in elastic modulus. 
This appears to increase four- to tenfold over an average lifetime and so be greater 
than any other measurable effect of aging [ 6 ]. Stiffening of the aorta from change in 
elastic modulus increases aortic pulse wave velocity by an amount that depends 
on the square root of aortic modulus according to the classic Moens-Korteweg 
 equation [ 6 ]:

  

Pulse wave velocity PWV
2

( ) = Eh

rρ    

where  E  is Young’s modulus of the wall,  h  is the wall thickness,  r  is the vessel radius 
and  ρ  is the blood density. 

 Hence, a ninefold increase in aortic modulus would increase aortic PWV three-
fold, and this explains the increase in aortic PWV with age from ~5 M/s to around 
15 M/s at 90 years of age (Fig.  4.3 ).  

 Increase in aortic PWV explains another characteristic change in the pulse wave-
form in older persons, with wave refl ection returning early and augmenting the pres-
sure wave in late systole. This is seen in Fig.  4.4  and is the cause of the change in 
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  Fig. 4.3    Change in “aortic” carotid-femoral PWV with age in urban Beijing (individual data 
points and  upper regression line ), where hypertension is prevalent and salt intake high [ 13 ], and in 
rural Guangdong province where hypertension is less prevalent and salt intake is low ( regression 
line at bottom ). In Beijing, PWV increased approximately threefold between zero and 80 years. In 
rural Guangdong, PWV increased around twofold over the same period [ 13 ,  14 ] (From Ref. [ 9 ])       
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Aortic pressure

Aortic flow

OldYoung

  Fig. 4.4    Schematic drawing of ascending aortic pressure waves ( top ) in a young ( left ) and old 
( right ) subject for the same ejection (fl ow) wave from the heart ( bottom, red ). Increase in pressure 
from foot to initial peak or shoulder at ~100 msec later is higher in the old subject and attributable 
to high aortic characteristic impedance (Zc), while augmentation in late systole is due to early 
return of the refl ected wave from peripheral sites, caused by increase in aortic PWV. In the younger 
subject, the initial pressure peak at ~100 msec forms the systolic peak, and the refl ected wave 
returns at the end of systole and boosts coronary blood fl ow. In both young and old subjects, there 
is just one single spurt of blood from the LV into the aorta, but two distinct pressure pulses are 
created. The second pressure pulse must be due to wave refl ection       

radial artery pulse wave described by Mahomed, Broadbent, Osler and other physi-
cians 100 years ago [ 6 ]: “The tidal wave is prolonged and too much sustained” [ 7 ]; 
“The pulse is slow in its ascent, enduring, subsides slowly” [ 8 ].   

4.3     Clinical Effects of Arteriosclerosis 

 Ill effects of arteriosclerosis are apparent in the shape of the arterial pulse wave-
form in the time domain (Fig.  4.4 ), as shown by Mahomed, Mackenzie and others 
over 100 years ago and by ourselves [ 15 ] and by Murgo [ 16 ], Gourgon [ 17 ] and 
others in the frequency domain 30–40 years ago. With respect to the heart, Taylor 
(40–50 years ago) pointed out that in the mammalian kingdom, impedance of the 
systemic circulation is “tuned” to heart rate and energy of pressure and fl ow waves 
in the ascending aorta [ 18 ,  19 ]. This is evident in the matching of heart rate and 
major harmonic components of the aortic fl ow wave to very low values of imped-
ance modulus at normal heart rate in rabbits but not in humans beyond youth 
(Fig.  4.5 ) [ 6 ,  21 ,  22 ]. In middle-aged humans, this relationship is distorted as a 
consequence of increased aortic stiffening over the (average) 44 years of life in 
Murgo’s patients [ 16 ,  21 ,  22 ], such that impedance modulus is markedly increased 
over the frequency band that normally contains the greatest energy of the ascend-
ing aortic fl ow wave.  
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 Despite the far greater size and length of the human body, impedance modulus in 
the ascending aorta is almost identical to that of the rabbit (Fig.  4.5 ). Such changes 
in ascending aortic impedance with aging and hypertension were confi rmed in 
humans by Nichols [ 23 ], Gourgon [ 17 ], Merillon [ 24 ] and others and modelled by 
O’Rourke and Avolio [ 22 ]. 

 The aortic change with aging, i.e. arteriosclerosis, leads to marked increase in 
aortic and left ventricular (LV) systolic pressure with that corresponding to peak 
systolic fl ow ejection increasing two- to threefold (from increase in Zc) and with 
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  Fig. 4.5    Modulus ( upper ) and phase ( lower ) of ascending aortic impedance in a rabbit ( left ) (Data 
from Ref. [ 20 ]) and in a middle-aged human ( right ) with human data from Murgo et al. [ 16 ]. The 
 dotted area  shows the amplitude of fl ow harmonics between fi rst and second for the rabbit (at 
4–11 Hz) and between fi rst and eighth harmonic for the human (1–10 Hz). “Tuning” of LV to arterial 
tree is ideal for the rabbit but is not apparent by middle age in humans. Effi cient vascular/ventricular 
interaction in the rabbit is apparent as correspondence between minimal value of impedance with 
highest energy of the aortic fl ow wave. Ineffi cient vascular/ventricular interaction in the middle-aged 
human is apparent as impedance minimum disassociated from highest energy of the aortic fl ow wave. 
Ineffi cient timing of the arterial system to the LV in the human is attributable to high aortic stiffness, 
resulting in high Zc and aortic PWV. Despite the rabbit’s body length being about one quarter that of 
a human, aortic stiffening in the human causes return of wave refl ection to be similar in rabbit and 
man, with minimal value of impedance and phase crossover at 4–5 Hz in both       
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this increase further augmented by the refl ected pressure wave from the peripheral 
sites by up to another 40 %. Pulse pressures of near 100 mmHg are only occasion-
ally seen for the ascending aorta of old subjects since dilation of the ascending 
aorta with age reduces fl ow velocity for the same stroke volume. The fall in peak 
fl ow velocity in the aorta, seen in normal older subjects, is due partly to aortic dila-
tion and partly from reduced capacity for the LV to expel blood against such high 
pressure [ 25 – 27 ]. 

 Arteriosclerosis thus increases work of the heart and the pressure required by the 
LV to expel spurts of fl ow into the ascending aorta. From this results LV hypertro-
phy [ 6 ], the “cardiomyopathy of overload” [ 28 ], with resultant LV failure (most 
often with near-normal LV ejection fraction). Also resulting is predisposition to 
angina pectoris even in the absence of epicardial coronary narrowing, caused by a 
combination of increased LV requirement for blood and decreased capacity for cor-
onary supply caused by prolonged ejection period of the hypertrophied ventricle 
and with correspondingly reduced time for perfusion, together with delayed relax-
ation and the lowered pressure gradient across the coronary vascular bed. There is 
no need to postulate “microvascular dysfunction” to explain angina pectoris in 
elderly arteriosclerotic patients with normal coronary angiograms [ 6 ].  

4.4     The Cerebral and Renal Circulation in Arteriosclerosis 

 Alzheimer was the fi rst to describe the presence of arteriosclerosis in patients with 
dementia and to whom his name was given, as previously pointed out. A mechanis-
tic explanation for this condition and for its development and associated cerebral 
microscopic pathology is that arteriosclerosis prevents effective cushioning of the 
arterial pulse, so that pressure pulsations of very high amplitude (up to 100 mmHg) 
enter into and pass through the large dilated arteries of the brain and into the small 
delicate arteries, arterioles, capillaries and venules of the brain, causing excessive 
stretching and rupture of the media with resulting microbleeds widely throughout 
the brain [ 3 ,  29 ] – a condition referred as “pulse wave encephalopathy” by neurora-
diologists [ 30 ,  31 ]. Absorption of blood from the brain leaves pigment that is 
changed into the amyloid plaques and tangles that are characteristic of dementia of 
the Alzheimer type [ 3 ]. 

 Similar damage is seen in the kidney with age, and this can be attributed to the 
same mechanism [ 32 ]. 

 The “arteriosclerotic continuum” or “aging continuum” [ 33 ] (Fig.  4.6 ) has been 
proposed by O’Rourke, Safar and Dzau as a complement to the “atherosclerotic 
continuum” [ 34 ] to explain progression from atherosclerotic risk factors to end- 
stage heart disease together with dementia and renal failure in older humans. Later 
stages of the “aging continuum” dovetail into the last part of the “atherosclerotic 
continuum”, leading on to the same termination.      
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  5      Vascular Changes 
in the Microcirculation: Arterial 
Remodeling and Capillary Rarefaction 

             Carmine     Savoia       and     Ernesto     L.     Schiffrin     

5.1             Introduction 

 Blood pressure load and numerous hormonal and locally acting agents mediate 
vascular damage associated with elevated blood pressure, leading to the 
 complications of hypertension that include stroke, myocardial infarction as a 
consequence of accelerated atherosclerosis [ 1 ], heart failure, and chronic kidney 
disease, the latter resulting from nephroangiosclerosis. Increased peripheral 
resistance as a result of changes in small arteries and arterioles has been classi-
cally presented as the mechanism for blood pressure elevation in essential hyper-
tension. However, this occurs primarily in younger individuals. In older people, 
especially after age 50–60, aging and cardiovascular risk factors contribute to 
stiffen the wall of large arteries such as the aorta and other elastic vessels, which 
leads to elevated systolic blood pressure.  
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5.2     Mechanisms of Remodeling of the Vasculature 

 Chronically elevated blood pressure initiates a number of complex signal transduc-
tion cascades that lead to remodeling of the vasculature [ 2 ]. A critical regulator of 
vascular tone is the endothelium [ 3 ], which becomes dysfunctional in people with 
high blood pressure. As a result, vasodilation is diminished, and in addition, there 
develops a pro-infl ammatory and prothrombotic state. Endothelial dysfunction is a 
key early determinant of progression of atherosclerosis and is independently associ-
ated with increased cardiovascular risk [ 4 ]. Low-grade infl ammation localized in 
the vascular wall and perivascular fat also contributes to the mechanisms of hyper-
tension [ 5 ] and participates in the initiation and progression of atherosclerosis [ 6 ,  7 ] 
(see Chap.   3    ). 

 Activation of the renin-angiotensin-aldosterone system (RAAS) plays a signifi -
cant role in the pathophysiology of hypertension [ 2 ,  8 ]. Angiotensin (Ang) II, one of 
the fi nal products and major mediators of the RAAS, induces vascular remodeling 
and injury by several mechanisms including vasoconstriction, cell growth, oxidative 
stress, and infl ammation. Ang II induces hyperplasia and hypertrophy of vascular 
smooth muscle cells (VSMCs) of resistance arteries of patients with essential hyper-
tension and small arteries from hypertensive rats. Ang II and aldosterone, as well as 
endothelin-1 (ET-1) produced by the endothelium, enhance reactive oxygen species 
(ROS) generation by stimulating reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase and expression of its subunits by pathways that involve 
c-Src, protein kinase C, phospholipase A 2 , and phospholipase D. NADPH oxidase is 
indeed the major source of ROS in the vascular wall and is expressed in endothelial 
cells, VSMCs, fi broblasts, and monocytes/macrophages [ 9 – 11 ], although uncou-
pled nitric oxide (NO) synthase, xanthine oxidase, myeloperoxidase, cytochrome 
P450 enzymes, and mitochondria are also involved in generating vascular oxidative 
stress. Increased ROS generation induced by Ang II, aldosterone, and ET-1 con-
tributes to vascular remodeling through VSMC proliferation and hypertrophy and 
collagen deposition and by modulating cytokine release and pro-infl ammatory tran-
scription factors such as NF-κB, as well as by reducing the bioavailability of NO. 

 Aldosterone increases as well as tissue angiotensin-converting enzyme activity is 
enhanced [ 12 ] and upregulates angiotensin receptors [ 13 ], thus potentiating effects 
of other components of the RAAS. Indeed, aldosterone and other mineralocorti-
coids affect blood vessels in the heart and kidneys by inducing oxidative stress and 
impairing endothelial function [ 13 ], which can be blunted by mineralocorticoid 
antagonism. Some of aldosterone’s actions may be mediated by stimulation of 
endothelial production of ET-1 [ 14 ]. 

 Ang II, aldosterone, and ET-1 trigger endothelial dysfunction and vascular 
infl ammation by inducing oxidative stress, which upregulates infl ammatory media-
tors in the endothelium and stimulates immune cells such as T effector lymphocytes 
[ 15 ]. Ang II and aldosterone as well as ET-1 stimulate fi brosis via TGF beta. 
Vasoconstriction induced by Ang II thus becomes embedded in the enhanced col-
lagen deposited in the vascular wall [ 1 ,  2 ,  16 ]. Collagen I and III mRNA and colla-
gen protein synthesis by fi broblasts are increased in vessels from essential 
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hypertensive patients [ 17 ], contributing to thickening of the media in hypertrophic 
remodeling and reorganization of components of the vascular wall in eutrophic 
remodeling [ 18 – 21 ]. Reduction in the activity of matrix metalloproteinases (MMPs) 
may also participate in the stiffening of the vascular wall as collagen and other 
extracellular matrix components are not degraded and consequently collagen type 
IV and V and fi bronectin accumulate in resistance arteries [ 22 ]. MMP-1 and MMP-3 
activity is reduced in SHR before hypertension is established [ 23 ]. In hypertensive 
patients with increased vascular type I collagen, serum concentrations of MMP-1 
are reduced [ 24 ]. Ang II stimulates hyperplasia and hypertrophy of VSMCs [ 25 ,  26 ]. 
Other processes participating in remodeling of blood vessels include apoptosis, cell 
elongation, reorganization, and infl ammation [ 25 – 29 ]. Also, infl ammation in peri-
vascular fat with enhanced generation of tumor necrosis factor (TNF)-alpha and 
reduced adiponectin, which has anticontractile and thus antihypertensive properties 
[ 30 ,  31 ], is critically involved in small artery remodeling [ 32 ]. 

 Myogenic tone, the intrinsic ability of vessels to constrict in response to increases 
in intraluminal pressure, participates early on in the alterations occurring in the arte-
rial wall [ 33 ]. Among the mechanisms involved in the control of myogenic tone are 
changes in intracellular calcium, protein kinases, diacylglycerol, modulation of 
transient receptor potential-like channels, and ion transport [ 34 ]. Structural narrow-
ing of the lumen may amplify vasoconstriction. Constriction may be a consequence 
of increased concentration of specifi c agents at the level of receptors, greater recep-
tor density, or postreceptor signaling alterations associated with enhanced Ang II 
signaling leading to increased ROS generation and enhanced constriction and vessel 
growth [ 25 ,  28 ,  34 ,  35 ]. 

 Endothelial dysfunction is involved in the initiation of vascular infl ammation and 
development of atherosclerosis [ 36 ]. The number of circulating endothelial pro-
genitor cells (EPCs), a bone marrow–derived population of cells capable of devel-
oping into competent mature endothelial cells, is an important determinant of 
endothelial function [ 37 ]. Decreased EPC numbers are associated with arterial stiff-
ness and decreased endothelial function [ 38 ]. Endothelial dysfunction is not only 
accompanied by reduced vasodilation and increased endothelium-dependent con-
traction but also by cell proliferation, platelet activation, vascular permeability, and 
a pro-infl ammatory and prothrombotic vascular phenotype. Detachment of endothe-
lial cells (anoikis), increases in circulating microparticles derived from the endothe-
lium, and reduced endothelial progenitor cells contribute also to dysfunction and 
remodeling of the microcirculation in hypertension [ 39 ]. 

 Endothelial dysfunction promotes vascular infl ammation through generation of 
ROS and by the production of vasoconstrictor agents, adhesion molecules, and 
growth factors [ 40 ,  41 ]. Infl ammation is central in cardiovascular disease and could 
be involved in triggering myocardial and cerebrovascular ischemia [ 36 ,  42 ]. Blood 
pressure itself [ 43 ] or activation of the RAAS [ 26 ,  32 ] may induce an infl ammatory 
process characterized by increased expression of adhesion molecules VCAM-1 
(vascular cell adhesion molecule 1) and ICAM-1 (intercellular adhesion molecule 
1) on endothelial cells, leukocyte extravasation, increased oxidative stress, cytokine 
production, and activation of immune cells and pro-infl ammatory signaling 
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pathways. Greater expression of adhesion molecules on the endothelial cell mem-
brane and accumulation of monocyte/macrophages, dendritic cells, natural killer 
(NK) cells, and B and T lymphocytes are some of the mechanisms that participate 
in the infl ammatory response in the vascular wall [ 44 ]. Patients with cardiovascular 
disease present indeed increased expression and plasma concentration of infl amma-
tory markers and mediators [ 41 ,  45 ,  46 ]. High levels of infl ammatory mediators, 
particularly IL-6, ICAM-1, and C-reactive protein (CRP), may be independent risk 
factors for the development of hypertension [ 47 ,  48 ] and have been associated with 
increased risk of diabetes [ 49 ] and cardiovascular disease. CRP levels correlate with 
insulin resistance, systolic blood pressure, pulse pressure, and hypertension [ 49 ,  50 ] 
and with markers of endothelial dysfunction (plasma levels of von Willebrand fac-
tor, tissue plasminogen activator, and cellular fi bronectin) [ 51 ]. 

 A role of innate immunity in mechanisms that contribute to the low-grade infl am-
matory response in hypertension has also been described. In an osteopetrotic mouse 
model that is defi cient in vascular macrophages because of a mutation in the mCSF 
gene ( csf1 ), neither Ang II nor DOCA-salt induced hypertension or vascular remod-
eling [ 5 ]. Dendritic cells, which are antigen presenting cells originating in the bone 
marrow but present in other tissues, including the vasculature, are critically involved 
in activation of adaptive immune responses. As such, their presence in the vascula-
ture in hypertension and atherosclerosis suggests that they are associated with dis-
ease onset and progression through priming of T cells in cardiovascular disease in 
response to danger-associated molecular patterns (DAMPs) [ 52 ]. Recent evidence 
also suggests that different subsets of T lymphocytes may be involved in the mecha-
nisms leading to the infl ammatory response described in cardiac and metabolic dis-
eases when an imbalance exists between the pro-infl ammatory T helper lymphocytes 
(Th) 1, Th2, and Th17 and the anti-infl ammatory T regulatory (Treg) subsets [ 44 ]. 
Mice defi cient in T and B lymphocytes presented blunted hypertensive response to 
Ang II and DOCA-salt as well as reduced vascular remodeling in response to Ang II 
[ 53 ]. Effector T cell but not B lymphocyte adoptive transfer corrected the lack of 
response to Ang II. The central and pressor effects of Ang II are also critical for 
T-cell activation and development of vascular infl ammation [ 54 ]. One of the mecha-
nisms whereby T lymphocytes participate in hypertension and peripheral infl amma-
tion is in response to increased oxidative stress [ 55 ]. We recently showed that 
adaptive immunity could be enhanced as a result of a genetic predisposition with loci 
on chromosome 2 (which carries many pro-infl ammatory genes) in a consomic strain 
of rats (SSBN2), which contains the genetic background of hypertensive Dahl-salt- 
sensitive rats and chromosome 2 from Brown-Norway normotensive rats [ 56 ]. The 
presence of the normotensive chromosome 2 was associated with upregulation of 
Treg markers, which were depressed in the Dahl-salt-sensitive rats. Enhanced Treg 
(CD8+ and CD4+ lymphocytes which were CD25+) and increased expression of 
Foxp3 (transcription factor that is a marker of Treg) as well as IL-10 and TGF-beta 
production (typically produced by Treg) were found in consomic rats, and the oppo-
site in Dahl rats. Thus Treg decrease and T effector upregulation are associated to 
increased blood pressure and vascular infl ammation. The potential protective role of 
Treg in cardiovascular disease is supported by the more recent evidence that adoptive 
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transfer of Treg cells ameliorated cardiac damage and improved electric remodeling 
in Ang II-infused mice, independently of blood pressure-lowering effects [ 57 ], sug-
gesting a role of T regulatory lymphocytes in the pathogenesis of blood pressure-
induced cardiovascular remodeling. We have also recently shown that Treg adoptive 
transfer lowered blood pressure and protected from vascular remodeling in mice 
infused with either angiotensin II [ 58 ] or aldosterone [ 59 ]. 

 Interestingly, infl ammation may activate the RAAS, which in turn may further 
contribute to vascular remodeling and hypertension. Activators of nuclear receptors, 
such as the peroxisome proliferator-activated receptors (PPARs), downregulate the 
vascular infl ammatory response in experimental animals [ 60 ] and decrease serum 
markers of infl ammation in humans [ 61 ]. Thus, PPARs may be endogenous modu-
lators of the infl ammatory process involved in vascular structural changes occurring 
in hypertension. On the other hand, Ang II downregulates PPARs through activation 
of nuclear factor (NF)-κB [ 62 ]. Also, gene inactivation of PPAR gamma was shown 
to be associated with enhanced responses to Ang II including greater hypertrophic 
and infl ammatory response as well as enhanced endothelial dysfunction [ 63 ]. 

 Arterial aging is a predominant risk factor for the onset of cardiovascular dis-
eases such as hypertension; on the other hand, hypertension is an important factor 
in accelerated aging of the vasculature, resulting in premature cardiovascular dis-
ease. The hypertensive vascular phenotype and the age-associated changes in blood 
vessels are similar. They include structural changes consisting in increased arterial 
wall thickness, reduced compliance, increased stiffness, and decreased lumen diam-
eter and an associated pro-infl ammatory phenotype [ 64 ,  65 ]. These structural 
changes are associated with impaired endothelial function, caused by oxidative 
stress and decreased production of vasodilators (NO and prostacyclins). The activa-
tion of the RAS and increased oxidative stress, decreased telomerase activity and 
telomere shortening, DNA damage, and genomic instability are all important pro-
moters of cellular senescence [ 64 ].  

5.3     Remodeling of Small Resistance Arteries and Arterioles 
in Hypertension 

 As mentioned above, increased peripheral vascular resistance appears to be a mech-
anism for diastolic or systo-diastolic hypertension found mostly in younger indi-
viduals with essential hypertension [ 65 ] which results mostly from resistance to 
fl ow in small arteries (with a lumen diameter of 100–300 μm) and arterioles (smaller 
than 100 μm) [ 1 ,  18 ]. Since according to Poiseuille’s law resistance is inversely 
related to the fourth power of the radius of the blood vessel, small decreases in the 
lumen diameter will increase resistance to a signifi cant degree. Remodeling of resis-
tance arteries (reduced vascular lumen with increased media thickness not corre-
lated with stiffness changes) may be functional, mechanical, and structural [ 1 ]. 
Increases in the media-to-lumen ratio (M/L) are typical and the most reproducible 
parameter to compare changes in small arteries in subjects followed in repeat stud-
ies and when comparing different subjects [ 1 ,  18 ]. Our work has suggested that 
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increased M/L of small arteries may be the most prevalent and possibly the earliest 
alteration that occurs in the cardiovascular system of hypertensive patients aged less 
than 60 years of age [ 16 ] and may be much more frequent than and in fact precede 
endothelial dysfunction in humans. Enhanced M/L of small arteries has been dem-
onstrated to be associated with increased cardiovascular events, especially in high-
risk patients [ 66 ]. 

 In stage 1 hypertension in individuals younger than 60 years, eutrophic remodel-
ing of small arteries and arterioles is usually found (Fig.  5.1 ). In this type of remod-
eling, the outer diameter and the lumen are reduced, but the media cross section 
does not increase; thus there is no vascular hypertrophy [ 1 ,  18 ]. Smooth muscle 
cells are rearranged around a smaller lumen leading to increased media width and 
M/L. Whether vascular smooth muscle cells are increased in volume, length, or 
number remains a subject of controversy. Media growth toward the lumen com-
bined with enhanced apoptosis in the periphery of the vessel may also contribute to 
these changes [ 32 ]. The smaller lumen decreases circumferential tension, according 
to Laplace’s law, and the increased media width reduces media stress, which pro-
tects the vessel’s wall from the effects of elevated blood pressure. When blood pres-
sure elevation is severe or of long duration, increased wall stress results in 
hypertrophic remodeling of small arteries and arterioles as smooth muscle cell 
growth becomes greater than apoptosis and media cross-sectional area is enhanced 
[ 1 ,  67 ,  68 ]. Eutrophic and hypertrophic remodeling may be found in the same exper-
imental animals in different arteries. Interestingly, hypertrophic remodeling of 
resistance arteries is found, particularly in humans, in renovascular hypertension 
[ 68 ], diabetes [ 69 ,  70 ], and acromegaly [ 71 ]. In experimental animals, hypertrophic 

Media width

Normotensive

ro ri

Outward
hypertrophic

Inward
hypertrophic

Inward
eutrophic

  Fig. 5.1    Remodeling of 
small arteries and arterioles 
in hypertension is inward 
(smaller lumen) and could be 
eutrophic, with no increase in 
the media cross-sectional area 
despite a thickened media (in 
essential hypertension), or it 
could be hypertrophic, in 
which case the media 
cross-sectional area is 
increased (generally 
associated with severe or 
secondary forms of 
hypertension). In both, 
media-to-lumen ratio (M/L) 
is greater than in 
normotension. Media 
cross-sectional area is 
calculated as  πr  o  2 − πr  i  2        

 

C. Savoia and E.L. Schiffrin



75

remodeling can be demonstrated in those hypertensive models that are associated 
with excess endothelin, such as one-kidney one-clip renovascular hypertension, 
DOCA-salt hypertension, aldosterone-salt hypertension, and Dahl-salt-sensitive 
hypertension. Folkow’s model (Fig.  5.2 ) demonstrates that at all levels of vascular 
constriction, arteries with eutrophic remodeling generate more resistance to blood 
fl ow than arteries with hypertrophic remodeling, which in turn, generate more resis-
tance than those from normotensive animals.    

5.4     Rarefaction of Arterioles and Capillaries 

 Rarefaction is another type of remodeling that is found in hypertension. It occurs at 
the level of small arterioles with a lumen diameter smaller than 40 μm and  capillaries 
[ 1 ]. With rarefaction, the density of arterioles and capillaries in tissues is diminished 
and consequently vascular resistance is increased [ 72 ,  73 ] and tissue perfusion is 
impaired [ 74 ]. Arteriolar rarefaction is functional initially as a result of vasocon-
striction, and later anatomical and permanent, followed by rarefaction of capillaries 
with decreased tissue perfusion. Decreases in tissue perfusion have been associated 
with vascular complications and cardiovascular events [ 75 ].  

    Conclusion 
 Vascular remodeling and endothelial dysfunction in small resistance arteries are 
features regularly reported in hypertension. Functional, structural, and mechani-
cal alterations of resistance arteries are probably the earliest alterations in the 
vasculature found in hypertensive subjects younger than 60 years of age. They 
take the form of eutrophic inward remodeling accompanied by endothelial dys-
function associated eventually to enhanced stiffness. These changes have been 
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shown to have prognostic signifi cance with respect to outcomes. They could con-
tribute through wave refl ection to increases in stiffness of large arteries and thus 
to systolic hypertension and the increased pulse pressure found in older subjects 
with hypertension. Alternatively, increased large artery stiffness could increase 
pulsatility, which when conducted into the microcirculation, may cause injury 
and remodeling of small arteries and arterioles. Activation of the RAAS plays a 
key role in vascular remodeling and endothelial dysfunction through redox-sen-
sitive pathways that promote growth and infl ammation in the blood vessel wall.     
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  6      Perinatal Programming 
of Cardiovascular Disease 

             Maria     Franco     

6.1            Fetal Programming: Early Origins of Adult Disease 

 Impairment of intrauterine environment during critical periods may result in pertur-
bations in growth and development of the fetus. Barker et al. have originally pro-
posed the hypothesis that several chronic adult diseases can be programmed in early 
life [ 1 ]. These authors examined the mortality records of 5,654 men who were born 
during 1911–1930 in Hertfordshire (UK) [ 1 ]. In this report was found that the men 
with the lowest weights at birth subsequently had the highest death rates from isch-
emic heart disease [ 1 ]. In addition, a retrospective study of babies born during the 
Dutch famine of 1945 has demonstrated a signifi cant association between cardio-
vascular disease (CVD) and early nutritional impairment during gestation [ 2 ]. In 
this programming concept, stimulus or injury during the critical period of develop-
ment can result in the permanent changes in physiology and the metabolism and 
produces persistent effects throughout life. Afterward, Hales and Barker suggested 
the “Thrifty Phenotype Hypothesis” or “Economic Phenotype” to explain the bio-
logical basis of the fetal origin hypothesis. In this context, impairment of fetal envi-
ronment can result in a physiological adaptive response that promotes early survival 
at the detrimental of later health [ 3 ,  4 ]. In fact, poor nutritional conditions during 
pregnancy can alter the development of a fetus to prepare him or her to survive in an 
environment with low nutritional resources. The main basis of this hypothesis is that 
the deleterious effects are more pronounced when there is a signifi cant difference 
between the early nutritional defi ciency and later nutritional intake. Reduced 
growth, represented mainly by low birth weight, is the major result of a suboptimal 
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intrauterine environment and is associated with chronic conditions in adulthood, 
such as type 2 diabetes, hypertension, and CVD [ 5 ]. 

 The fetal growth is complex and delicate. There are three stages associated with 
the development of the fetus. During the fi rst stage (cellular hyperplasia), cells mul-
tiply in the fetus’s organs, and this occurs from the beginning of development 
through the early part of the fourth month. In the second stage (hyperplasia and 
hypertrophy), cells continue to multiply and the organs grow. During the third stage 
(hypertrophy) (after 32 weeks), growth occurs quickly and the baby gains weight. If 
this delicate process of development is disturbed or interrupted, the baby can suffer 
from restricted growth. 

 Low-birth-weight babies are defi ned as infant whose weight at birth is ≤2,500 g, 
which could be due to the intrauterine growth restriction (IUGR) or prematurity. 
Infants who are delivered before 37 weeks (gestational age: inadequate) are termed 
preterm. On the other hand, infants with history of low birth weight and adequate 
gestational age (37–42 weeks) are termed with IUGR or small for gestational age 
(SGA). IUGR resulting in SGA infants can be due to many known and unknown 
factors either acting alone or in combination. The fetal growth is determined not 
only by the substrate availability but also by the integrity of physiologic processes 
necessary to ensure the transfer of nutrients and oxygen to the developing fetus.  

6.2     Fetal Programming of Hypertension 

6.2.1     Renal Mechanisms 

 There is evidence that people whose birth weight was low have a congenital defi cit 
in the nephron number and are more susceptible to the development of renal disease 
[ 6 ,  7 ]. Several ultrasound studies that examined the fetal kidney have supported 
these fi ndings [ 8 ,  9 ]. In Australian aborigines, a population in which renal failure is 
several times higher than in the Australian Caucasian population, an ultrasound 
study showed that in 174 children aged between 5 and 18 years, birth weight was 
related to the kidney volume; individuals of lower weight at birth appeared to have 
thinner kidneys of normal length, suggesting decreased nephron number [ 9 ]. In the 
human, nephrogenesis is complete around 32–34 week of gestation, and therefore, 
a nephron defi cit presented at birth would persist through life. A kidney with a 
reduced nephron number becomes more susceptible to renal injury and functional 
decline. Interestingly, other studies have shown a direct relation between birth 
weight and the number of nephrons with 250,000 more glomeruli per kidney per 
kilogram increased in birth weight [ 10 ,  11 ]. In addition, early catch-up kidney 
growth was observed in small for gestational age infants, suggesting either an accel-
erated renal maturation process or early compensatory kidney hypertrophy in this 
group of infants [ 12 ]. In fact, nephrogenesis requires a perfect balance of many fac-
tors that can be disturbed by intrauterine growth restriction, leading to an impair-
ment of the nephron number. The compensatory hyperfi ltration in the remaining 
nephrons results in glomerular and systemic hypertension, which hastens injury to 
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functioning glomeruli and perpetuates the vicious cycle of ongoing nephron loss 
[ 7 ]. These observations indicated that during its period of development, the kidney 
can be infl uenced quite dramatically by alterations in the intrauterine environment 
that lead to impairment of nephrogenesis. 

 Increasing evidence is available also concerning the effect of fetal growth restric-
tion on impairment of renal function in children and adults [ 13 – 16 ]. The assessment 
of renal function is important to detect the extension, as well as the progression, of 
nephropathy. Moderate renal metabolic disturbance was found in SGA children 
between 4 and 12 years of age [ 15 ]. Giapros et al. [ 16 ] found early catch-up kidney 
growth in SGA children, suggesting an accelerated renal maturation process or 
early compensatory kidney hypertrophy in these infants. Recent evidence highlight-
ing the importance of low birth weight on renal function was described in SGA 
children with high levels of cystatin C [ 17 ]. In this context, the lower birth weight 
appears to be associated with early impairment of renal function in 8–13-year-old 
children, and this is consistent with the high incidence of lower number of nephrons 
in cases of fetal growth restriction and with high prevalence of metabolic and car-
diovascular disease in later life [ 17 ]. Plasma cystatin C was proposed as a novel 
surrogate marker of GFR. Cystatin C is a low-molecular-weight protein that func-
tions as an extracellular inhibitor of cysteine protease. It has been suggested that 
elevated cystatin C levels may be a more sensitive indicator of renal dysfunction 
than conventional creatinine-based measures [ 18 ,  19 ]. In fact, the serum cystatin C 
concentration already increases with mildly reduced GFR of 70–90 ml/min, i.e., in 
the “creatinine-blind” range [ 20 ]. Moreover, several studies concluded that cystatin 
C performed better than serum creatinine and even better than equations estimating 
GFR based on creatinine [ 17 – 20 ]. 

 Several evidences derived from animal studies indicate that changes in fetal envi-
ronment may affect renal development [ 21 – 24 ]. In fact, Merlet-Benichou et al. 
described a reduction in nephron number in offspring of rats submitted to substan-
tial protein restriction in utero [ 21 ]. Other study showed that 50 % of protein restric-
tion intake during pregnancy produces offspring with a reduced number of glomeruli, 
glomerular hypertrophy, and hypertension in adulthood [ 22 ]. In addition, Langley- 
Evans et al. demonstrated in rats that the prenatal exposure to a maternal low- protein 
diet in mid–late gestation induces an impairment of nephrogenesis and hypertension 
in adult life [ 23 ]. Nwagwu et al. [ 24 ] have shown that low-protein diet in utero 
induced increased blood urea, urinary output, and urinary albumin excretion in 
resulting offspring. It has been also shown that the induction of IUGR by uteropla-
cental insuffi ciency produces a signifi cant reduction in glomeruli number in the 
full-term fetal kidneys [ 25 ]. It has been suggested that some aspects of nephrogen-
esis, which begins around day 12 of gestation and is not complete until 8 days after 
birth, are basically a maladaptive process leading to the subsequent development of 
hypertension. 

 Additional evidence comes from some studies developed by Lucas et al. [ 26 – 28 ]. 
These authors demonstrated that when pregnant rats were subjected to 50 % of food 
restriction during the fi rst or second half or throughout pregnancy, the renal function 
of the offspring was impaired 3 months after birth. Morphometric evaluation showed 
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that the number of glomeruli was signifi cantly decreased both in newborn and adult 
offspring, irrespective of the period in which restriction was imposed. Glomerular 
diameter showed a signifi cant increase in every studied group, which characterized 
a compensatory hypertrophy in the remaining nephrons. These fi ndings led us to 
raise the hypothesis that fetal undernutrition could be the determinant of the early 
appearance of glomerulosclerosis in adult life. In fact, in a subsequent study when 
renal function studies were performed in 18-month-old intrauterine undernourished 
rats, a signifi cant decrease in GFR and renal plasma fl ow levels was observed when 
compared to normal controls at the same age. The GFR values were very similar in 
3-month-old intrauterine undernourished rats and in control animals, which means 
that the age-related decline in GFR was manifested earlier in young adults because 
of a signifi cant decrease in the number of glomeruli. Increased blood pressure levels 
were observed from 8 weeks on while proteinuria began to increase later, in 
9-month-old animals. Histological evaluation of kidney sections showed a mark-
edly increase in glomerulosclerosis and tubulointerstitial lesions in 18-month-old 
intrauterine undernourished rats. Immunohistochemical studies revealed that an 
accelerated process of glomerulosclerosis took place in those rats, with high expres-
sion levels of fi bronectin, desmin, and L-actin in both glomeruli and Bowman’s 
capsule as well as in interstitial areas. These fi ndings led us to conclude that the 
age-induced renal changes could be accelerated in this model of fetal undernutri-
tion, with renal structural changes occurring early in life. 

 It is well established that the intrarenal renin–angiotensin system (RAS) plays an 
important role in the normal morphological development of the kidney [ 29 ]. In fact, 
all components of the RAS are expressed from early in gestation in the rat and 
human in meso- and metanephrons [ 25 ]. Thus, changes in this system programmed 
in utero may be responsible for the renal alterations observed in animals submitted 
to intrauterine undernutrition. Some studies have demonstrated that renal renin and 
tissue angiotensin II mRNA levels were signifi cantly reduced in newborn submitted 
to low-protein diet in utero, suggesting that maternal malnutrition promoted sup-
pression of the newborn intrarenal RAS and this could affect nephrogenesis, result-
ing in a lower total number of nephrons [ 25 ,  30 ]. In addition, other study also found 
that blockade of the AT 1  receptor during the fi rst 12 days of postnatal life (i.e., 
period of nephrogenesis) promotes in a decreased number of glomeruli and reduced 
renal function [ 31 ]. In addition, angiotensin II can stimulate the expression of Pax-2 
(homeobox 2 gene), which might be important in kidney development and repair. 
This process occurs through AT2 receptor and modifying nephrogenesis and kidney 
development [ 32 ]. Other studies suggest a negative interaction between fetal expo-
sure to glucocorticoids and intrarenal RAS [ 32 ]. 

 In kidneys from the offspring of rats given a low-protein diet during pregnancy, 
an increased expression of several genes has been detected, including those encod-
ing sodium transporters. Manning and Vehaskari [ 33 ] suggested that inappropriate 
sodium retention and expansion of extracellular volume could be involved in hyper-
tension observed in rats submitted to intrauterine undernutrition. In a subsequent 
study, Manning et al. [ 34 ] demonstrated that some tubular sodium-related transport-
ers as bumetanide-sensitive Na–K–2Cl cotransporter (BSC1) and thiazide-sensitive 
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Na–Cl cotransporter (TSC) were increased at different ages, suggesting that tran-
scriptional upregulation of Na+ transport could originate hypertension in this model. 
It thus appears that, when nephrogenesis is compromised, the nephrons have an 
increased capacity to retain salt and water. This is likely to contribute to the devel-
opment of hypertension.  

6.2.2     Extrarenal Mechanisms 

 The vascular dysfunction may result from fetal programming of the vascular wall 
by adverse intrauterine environment. The underlying mechanism linking fetal life 
factors to vascular function remains unclear. It has been postulated that fetal pro-
gramming alters NO formation leading to endothelium dysfunction by impair-
ment of vasodilatory capacity and consequently to the development of hypertension 
and other CVDs. Clinical studies have demonstrated considerably association 
between low birth weight and endothelial dysfunction. Leeson et al. [ 35 ] and 
Franco et al. [ 36 ], using a noninvasive method to evaluate endothelium-dependent 
dilatation in the brachial artery, reported a positive association of low birth weight 
with impaired endothelial function in young children. These studies were per-
formed in the absence of clinical complications and cardiovascular risk factors. 
On the other hand, Goodfellow et al. [ 37 ] and Leeson et al. [ 38 ] reported the same 
correlation between impaired endothelium-dependent relaxation and low birth 
weight in young adult, suggesting that the impact of prenatal growth on vascular 
disease does not operate through modifi cation of acquired risk factors. 
Experimental data confi rm the clinical fi ndings. In fact, impaired responses to dif-
ferent endothelium-dependent agonists have been consistently demonstrated in 
different vascular beds isolated from rats submitted to fetal undernutrition. 
Holemans et al. [ 39 ] and Ozaki et al. [ 40 ] demonstrated that maternal undernutri-
tion during pregnancy caused abnormal endothelium-dependent response in both 
mesenteric arteries and skeletal circulation from resulting male offspring. In 
another study, Franco et al. have shown that fetal undernutrition induced impaired 
endothelium-dependent vasodilation in vivo in the mesenteric circulation [ 41 ] and 
in aortic rings [ 42 ] of the adult male offspring. The same authors also demon-
strated that severe restriction of all dietary constituents during pregnancy aggra-
vates the already existing endothelial dysfunction in aortic rings isolated from 
spontaneously hypertensive rat offspring [ 43 ]. Lamireau et al. [ 44 ] found that 
maternal protein deprivation is associated with diminished NO-dependent relax-
ation of cerebral microvasculature. In addition, the impairment of the endothelial 
function is also described in female offspring submitted to both low-protein diet 
and global nutrient restriction in utero [ 39 ,  42 ,  45 ]. 

 Reduced activity and gene expression of endothelial nitric oxide synthase 
(eNOS) have been described in aortic rings isolated from rats submitted to intra-
uterine undernutrition [ 42 ]. Alves et al. [ 46 ] demonstrated that the urinary excre-
tion of NOx (NO 2 +NO 3 ) was lower in these rats. Furthermore, reduction in NO 
synthesis by alterations in NOS activity via tetrahydrobiopterin cofactor was also 
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observed in mesenteric vascular bed isolated from intrauterine undernourished 
rats [ 47 ]. Taken together, these data suggest that fetal programming can promote 
impairment of the endothelial function, in part, by decrease in NO synthesis. 
Confi rming these experimental fi ndings, clinical investigations also reported 
reduction in both NO concentration and NOS activity. In pregnancies complicated 
by fetal growth restriction, a reduction in the NOS activity and fetoplacental NO 
synthesis was observed [ 48 – 50 ]. In addition, children with low birth weight have 
a lower urinary NO concentration, suggesting that alterations to NO pathways 
could contribute to adult disease [ 51 ]. The same authors also described that NO 
levels are signifi cantly correlated with both systolic blood pressure levels and 
vascular function in these children [ 51 ]. 

 The NO bioavailability may be modifi ed by reactive oxygen species (ROS), 
such as superoxide anion. An increase in superoxide concentration putatively 
leads to the scavenging of NO and to the cellular damage associated with endo-
thelial dysfunction [ 52 ]. Vascular reactivity studies performed in mesenteric 
arteriolar bed found that topic application of SOD and MnTMPyP (a cell-perme-
able metalloporphyrin SOD mimetic) corrected the decreased endothelium-
dependent relaxation induced by intrauterine undernutrition [ 53 ]. These authors 
also demonstrated that intrauterine undernutrition markedly attenuated the 
superoxide dismutase (SOD) activity and increased superoxide anion concentra-
tions [ 53 ]. Confi rming these fi ndings, the treatment of intrauterine undernour-
ished rats with both vitamins C and E promoted reduction in the blood pressure 
levels, and the antihypertensive effects of these antioxidant vitamins were 
accompanied by improved endothelium-dependent vasodilation and decreased 
superoxide anion concentration [ 54 ]. In addition, we have found that NADPH 
oxidase inhibition attenuated superoxide anion generation and ameliorated vas-
cular function in rats submitted to intrauterine undernutrition. Although it is not 
clear which mechanisms are responsible for the increase in NADPH oxidase 
activity, a decrease in superoxide anion generation after losartan treatment asso-
ciated with an increased production of angiotensin II was observed, suggesting a 
role of angiotensin II-mediated superoxide production via activation of NADPH 
oxidase [ 41 ]. Clinical studies also described oxidative imbalances associated 
with fetal programming. In fact, Gupta et al. [ 55 ] demonstrated that the activity 
of the SOD, catalase, and glutathione was lower, indicating defi cient antioxidant 
defense mechanism in cord blood of the newborn with low birth weight. 
Furthermore, there is evidence of oxidative stress in low-birth-weight children as 
evidenced by increased lipid peroxidation [ 56 ]. The same authors also found 
increased erythrocyte SOD activity in these children, suggesting an important 
compensatory mechanism that protects these children against the excessive pro-
duction of superoxide radicals [ 56 ]. Although a mechanism was not identifi ed for 
the increased oxidative status found a decade after the insult caused by adverse 
fetal life, these observations contribute to a better understanding of the link 
between birth weight and later development of hypertension, and they have 
implications for health risks in children.      
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  7      Hemodynamic and Mechanical Factors 
Acting on Arteries 

             Pierre     Boutouyrie     ,     Hélène     Beaussier    , 
and     Stéphane     Laurent   

7.1             Mechanical Forces Acting on Arteries 

 Arteries are permanently exposed to mechanical stress [ 1 ]. Mechanical stress can be 
divided according to its nature, either tensile stress or shear stress. Tensile stress 
corresponds to changes in dimension according to changes in forces applied on the 
vessel. Shear stress is of a different nature; it corresponds to the friction of viscous 
fl uid (here the blood) on the inner surface of the vessel (here the endothelium). It is 
to be noted that direct measurement of stress is diffi cult in vivo and that stress is 
most of the time deduced from stretch (elongation) and force (derived from pres-
sure). Stress can also be derived from mechanical modelling. 

7.1.1     Tensile Stress 

 Tensile stress is represented by a tensor comprising stress along the three axes in a 
cylindrical symmetry [ 2 ]: elongation stress ( z  axis), circumferential stress (circum-
ference) and compressive stress (radius). Because arteries are markedly anisotropic 
(i.e. different mechanical properties along the axes of the vessel wall), the behaviour 
of the artery is complex and best described by energy function [ 3 – 6 ].  
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7.1.2     Longitudinal Stress 

 Arteries are stretched longitudinally. When arteries are dissected and removed from 
the body, their length decreases by an average of 20 % [ 2 ]. Arteries are maintained 
in place by tethering from side branches, adherence of the adventitia to surrounding 
tissues, so it is questionable whether the arterial wall bears all the stress involved by 
the elongation [ 6 ]. Although measurement of longitudinal stretch is possible experi-
mentally [ 2 ], or noninvasively by speckle tracking [ 7 ], its role in physiology is still 
debated. There is at least one arterial segment which is very infl uenced by longitu-
dinal stretch, the ascending aorta, because of the heart pulling on the aorta during 
systole. The infl uence of longitudinal stretch on the global behaviour of the aorta is 
still a matter of active research.  

7.1.3     Circumferential Wall Stress 

 Here again, arteries exhibit residual stress at zero pressure. The artery remains 
cylindrical at zero pressure, and when cut longitudinally, the arterial segment ring 
opens with an opening angle. This angle depends from residual stress and condi-
tions of the behaviour of the artery [ 8 ]. Then stress is proportional to the blood pres-
sure, proportional to diameter and inversely proportional to the thickness of the 
vessel. This is the classical Laplace law (Fig.  7.1 ), generalized by the Lamé equa-
tions. The elastic modulus in the circumferential direction is in the range of 10 6  Pa. 
The typical strain is in the range of 10 % during cardiac cycle for elastic arteries. It 
decreases when getting farther from the heart [ 9 ,  10 ].   
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  Fig. 7.1    Forces exerting on arteries       
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7.1.4     Radial Stress 

 Although arteries are mainly composed of water and thus hardly compressible, the 
arterial wall is submitted to compressive stress during life. The compressive modu-
lus is very high, similar to that of water, in the range of 10 9  Pa, thus radial strain is 
negligible [ 11 ].  

7.1.5     Shear Stress 

 Shear stress is linked to the friction of blood on the endothelium. Blood velocity is 
relatively low (lower than 2 m/s), and blood has a complex viscosity behaviour, 
being non-Newtonian, i.e., viscosity decreases with increasing shear rates. 
Altogether, shear stress has a low amplitude, in the range of 10 1  Pa, albeit of great 
physiological importance because determining the secretion of active substances by 
the endothelium. An extensive recent review has been published on the topic [ 12 ].   

7.2     Integrated Wall Mechanics 

 The main function of large arteries is to conduct blood from the heart to the organs 
that necessitate a certain amount of blood for performing their task. This function 
makes it necessary to have a potential energy allowing directing the blood fl ow toward 
the organ which needs it at a certain time. This potential energy is represented by 
blood pressure (equivalent to the elevated water tank). Moreover, the circulation is 
alternative, the heart pumping the blood during one third of the time (systole) and rest-
ing two thirds of the time (diastole). Nevertheless, blood is fl owing constantly through-
out the body, with a pulsatile pattern on the arterial site and more continuous on the 
venous side. The second most important function of the arteries is to store energy 
during the heart contraction through elastic deformation and to restore this energy 
during diastole. The thermodynamic advantage of such system is huge, because elas-
ticity buffers the oscillations of pressure generated by the heart, and pressure has a 
high energetic cost. Second, energy storage and restitution are almost at zero energetic 
cost because arteries have pseudo pure elastic behaviour (energy dissipation through 
wall viscosity is small in vivo on healthy arteries [ 13 ]). Last, the volume of blood 
stored under elastic deformation during systole acts as an instant reservoir, allowing 
very fast adaptation of fl ow to increased demand in some territories. For instance, if 
the whole blood fl ow was generated by the heart, any acute increase in blood demand 
by exercise, for instance, would have to be compensated immediately by the pump 
(the heart), at the cost of increased ventricular work. The electric equivalent is a well-
designed sound amplifi er, with lamps or transistor giving limited current, loading 
capacitors with very fast current restitution, buffering transient needs of current gener-
ated by the music or the bad impedance curves of loudspeakers. 

 The high integration of regulation of blood fl ow is also observed at the level of 
the arterial wall. The arterial wall is rich in vascular smooth muscle cells. These 
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cells are sensitive to stress. They are able to contract in response to increase in stress 
(myogenic response) [ 14 ]. This is of very high importance on medium to small 
arteries, because any increase in pressure tending to dilate the artery will be coun-
teracted by a vasoconstriction, limiting the effect of pressure. As said before, this 
phenomenon is particularly marked at the level of medium to small arteries and 
plays a major role in the autoregulation of local blood fl ows in organs such as the 
kidney, the brain and the digestive tract. 

 Arteries are also sensitive to shear stress. Through the seminal work of Furchgott 
[ 15 ] and followers, the endothelium has been shown to be indispensable to the mod-
ulation of the effect of several substances (acetylcholine, bradykinin, etc.) since 
their vasoconstrictive effect is reversed to vasodilatation in the presence of intact 
endothelium [ 12 ]. This seminal observation has been shown to be related to the 
secretion of NO by the endothelium. Since then, many endothelium-derived sub-
stances, either vasodilatory (NO, prostacyclin, EDHF) or vasoconstrictive (endothe-
lin), have been put in evidence. One of the major physiological stimuli for endothelial 
activation is blood fl ow. Increase in blood fl ow through peripheral vasodilatation 
increases shear stress at the level of the upstream arterial bed, leading to the para-
crine secretion of vasoactive substances, mainly NO [ 12 ]. The resultant is a potent 
vasodilatation, appearing with a delay of several seconds and lasting several min-
utes after cessation of the peripheral vasodilatation. When combined with myogenic 
tone, peripheral blood fl ows are highly autoregulated, and the role of large arteries 
is to provide a steady load while at the same time buffering pressure oscillations and 
allowing a permanent reservoir pressure for providing adequate fl ow to organs. 

 Small arteries and arterioles are predominantly muscular. Because of their small 
diameter, even small vasoconstrictions will induce large increase in vascular resis-
tance because of its dependence on the third power of diameter. Thus small arteries 
and arterioles are the major site of peripheral resistance. These arteries have also 
very prominent myogenic response and endothelium-modulated response. 

7.2.1     Trophic Response to Mechanical Stress 

 Mechanical stress is the major trophic factor for large arteries. Mechanical stress 
induces synthesis of extracellular matrix, smooth muscle cell growth, proliferation and 
migration until a new equilibrium is found. The regulated parameter appears to be the 
circumferential wall stress. The potency of pulsatile stress is much larger than steady 
stress [ 16 ]. In humans, the associations of large arteries remodelling with local pulse 
pressure have been found to be stronger than with mean blood pressure [ 17 ].   

7.3     Small-Large Arteries Crosstalk 

 It is convenient to interpret the circulation by opposing large arteries (conduit, 
compliance) to small arteries (resistance). This view is of course a caricature. As 
developed before, the function of large arteries is to conduct blood, buffer pulsatile 
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pressure and provide a reservoir pressure to maintain blood fl ow. Another function 
of large arteries is to provide suffi cient pressure wave refl ection to fi lter them out 
and maintain them low at the site of medium-sized arteries [ 18 ]. Indeed, because 
of their elasticity, the pressure wave propagates at a fi nite speed and partially 
refl ects on bifurcations and geometric patterns. The role of the stiffness gradient 
from the central compartment (the more elastic) to the periphery (the stiffer) helps 
to confi ne refl ected waves within the large arteries and to protect small arteries 
from excessive pulsatility. This is a double-edged sword, because more proximal 
refl ection can alter LV function; however, less distal refl ection will decrease pulsa-
tility in the microvasculature and protect small arteries from remodelling and 
weakening [ 18 ]. On the other hand, remodelling of small arteries and subsequent 
vasoconstriction will increase blood pressure and wave refl ections and therefore 
contribute to stiffen the proximal compartment (Fig.  7.2 ). Medium-sized arteries 
sit in between, and the lack of stiffening with ageing and blood pressure of medium-
sized arteries has been seen as a compensatory mechanism to compensate for the 
increased proximal stiffness.  

 For these reasons, a real crosstalk between large and small arteries occurs during 
physiological ageing and cardiovascular diseases [ 19 ] (Fig.  7.2 ). 

 Alteration of endothelial function and myogenic response must be integrated in 
the scene, because they occur in parallel with alterations of the wall properties. The 
general view is that similar functionality can be achieved with a higher energy cost, 
the LV being the only source of energy; it will hypertrophy and alter its diastolic and 
then systolic function to achieve similar peripheral blood fl ow. The second view is 
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  Fig. 7.2    Large and small arteries interplay       
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that for similar peripheral perfusion, stiff vessels lacking autoregulation will lead to 
increased perfusion pressure in order to maintain suffi cient blood fl ow to organs. 
Indeed, increased arterial stiffness has been shown to precede hypertension in the 
Framingham heart study [ 20 ]. The fi nal view is that when the organism is subjected 
to stress because of concomitant illness (dehydration, heat shock, etc.), the auto-
regulation of blood fl ow to organs such as the kidney, the brain and the heart will be 
overrun, and such a situation which should be easily overcome by otherwise healthy 
subjects will lead to organ failure in patients with increased stiffness and dysfunc-
tional autoregulation of arterial calibre.  

    Conclusion 
 The arterial system is constantly subject to hemodynamic stresses. These stresses 
play a paramount role in physiology and pathology. Large and small arteries are 
narrowly interconnected in terms of physiology. Ageing and cardiovascular risk 
factors alter the interplay between small and large arteries, leading to disease.     

   Glossary 

  Compliance    Change in volume for a change in pressure. Expresses the elasticity 
of a chamber.   

  Distensibility    Compliance normalized to initial volume.   
  Elastic modulus    Either incremental elastic modulus (if reference dimension 

unknown) or Young’s elastic modulus (if reference dimension known). Ratio of 
stress to stretch: expresses the stiffness of the wall material.   

  Pressure    Force per unit of surface.   
  Stress    Force per unit of surface (same unit as pressure).   
  Stretch    Elongation, defi ned from a reference dimension, synonymous to strain.   
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  8      Role of Metabolic Factors: Lipids, 
Glucose/Insulin Intolerance 

             Guanghong     Jia    ,     Annayya     R.     Aroor    , and     James     R.     Sowers     

8.1             Introduction 

 The main cause of arterial disease (AD) is hardening of the arteries or atherosclero-
sis due to a thickening of the artery lining from fatty deposits or plaques. There are 
several different symptoms, depending on the location of the AD. It most commonly 
affects the arteries in the heart, brain, and legs [ 1 ]. Diabetes is associated with a 
two- to fourfold increase in the risk of developing coronary artery disease (CAD). 
Diabetic patients presenting with unstable angina are more likely to develop myo-
cardial infarction. The mortality caused by myocardial infarction in diabetic patients 
is more than in nondiabetic individuals [ 2 ]. Similarly, diabetes increases the risk of 
stroke and stroke-related mortality [ 3 ]. Meanwhile, diabetes is a major risk factor 
for the development of peripheral arterial disease, which is typically caused by pro-
gressive narrowing of the arteries in the lower extremities [ 4 ]. Thus, AD is the major 
cause of mortality and signifi cant morbidity in diabetes and cardiorenal metabolic 
syndrome (CRS). 
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 Epidemiologic evidence supports the hypothesis that diabetes adds to the impact 
of individual risk factors, such as hypertension and hyperlipidemia, for the prediction 
of excess AD [ 3 ]. It was suggested that integrative effects of elevated glucose, insu-
lin, and triglycerides may have a considerable impact on AD and play an important 
role in the early pathophysiology of AD in patients with type 2 diabetes [ 5 ]. In indi-
viduals with the CRS and those with clinical diabetes, AD has been observed in all 
age groups, including children. Indeed, obese children prematurely manifest signs of 
AD [ 6 ]. In individuals 40 years and older, multiple logistic and linear regression 
analyses from a total of 2,188 individuals demonstrated that AD was independently 
associated with insulin resistance (IR) in middle-aged adults [ 7 ]. In elderly people 
without diabetes mellitus, the Rotterdam study found that impaired fasting glucose 
was associated with increased AD [ 8 ]. Therefore, glycemic control, low-density 
cholesterol-lowering therapy, blood pressure lowering, and comprehensive approaches 
targeting multiple metabolic risk factors to reduce cardiovascular risk may therefore 
account for the clinical benefi cial effects in obese and diabetic patients with AD. In the 
present review, we will discuss the roles of metabolic factors in the pathogenesis of AD 
and provide a better understanding of potential therapeutic strategies.  

8.2     Risk Factors for AD in CRS 

 Several metabolic risk factors such as hyperglycemia, IR, dyslipidemia, obesity, 
fructose, and uric acid may initiate and accelerate artery impairment (Fig.  8.1 ).  

8.2.1     Hyperglycemia and IR 

 Hyperglycemia, a hallmark of diabetes, has been implicated in the development of 
vascular cell dysfunction including vascular smooth muscle cells (VSMCs) and 
endothelial cells (ECs) via mechanisms of protein kinase C (PKC) activation, acti-
vation of the hexosamine, and advanced glycation end products (AGEs). These 
pathways are believed to mediate vascular dysfunction through the unifying mecha-
nism of reactive oxygen species (ROS) overproduction, most notably increases in 
O 2  −  [ 9 ]. Studies have also shown that elevated glucose concentration may activate 
the tissue renin–angiotensin–aldosterone system (RAAS), and this plays an impor-
tant role in the pathogenesis of vascular complications of diabetes [ 10 ,  11 ]. In vivo 
exposure of healthy human subjects to an acute glucose load leads to attenuated 
endothelium-dependent vascular relaxation [ 12 ]. This impaired endothelial relax-
ation is associated with increased oxidative stress, adhesion molecule expression, 
vascular permeability, and plasma levels of plasminogen activator inhibitor-1 [ 12 ]. 
In vitro, both high glucose and angiotensin II (Ang II) induced a progressive increase 
in Ang II receptor type 1 receptor 1 (AT-1R) expression on the cultured human ECs. 
Furthermore, high glucose enhanced Ang II-mediated peroxisome proliferation- 
activated receptor-γ inactivation and expression of pro-infl ammatory adhesion mol-
ecules via signaling through the AT-1R [ 13 ]. With chronic exposure to elevated 

G. Jia et al.



103

plasma glucose, the resulting glucotoxicity may activate mitogen-activated protein 
kinase (MAPK) thus increasing secretion of infl ammatory cytokines and inhibiting 
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling leading to 
reduced nitric oxide (NO) production and endothelial dysfunction [ 13 ]. 

 IR, a metabolic risk factor in patients with normal glucose tolerance and even 
after adjustment for known risk factor such as low-density lipoprotein (LDL), tri-
glycerides (TG), high-density lipoprotein cholesterol (HDL), and systolic blood 
pressure, is frequently present in obesity, hypertension, dyslipidemia, and AD [ 14 ]. 
In nonobese subjects without diabetes, IR predicted the development of cardiovas-
cular disease (CVD) independently of other known risk factors. In another group of 
subjects without diabetes or impaired glucose tolerance, patients with IR had a 2.5- 
fold increase in CVD risk. These data indicate that IR itself promotes atherogenesis 
[ 15 ]. Our study has found that abnormal insulin metabolic signaling is an important 
contributor to AD. In this regard, IR is typically accompanied by reduced PI3K-NO 
pathway and heightened MAPK-endothelin-1 (ET-1) pathway [ 16 ].  
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  Fig. 8.1    Proposed the interaction of metabolic risk factors, adaptive metabolic response, and AD 
in CRS. Risk factors for AD such as hyperglycemia, insulin resistance, dyslipidemia, fructose, and 
uric acid induce the adaptive metabolic responses including mitochondria dysfunction, ROS, 
infl ammation response, sympathetic activity, RAAS, PTH, and TG2, resulting in the pathophysi-
ological abnormalities in ECs, VSMCs, and extracellular matrix on CRS.  Abbreviations :  AD  arte-
rial disease,  RAAS  renin–angiotensin–aldosterone system,  PTH  Parathyroid hormone,  AGE  
advanced glycation end products,  TG2  tissue transglutaminase,  ROS  reactive oxygen species,  IL  
interleukin,  TNF  tumor necrosis factor,  NO  nitric oxide,  ONOO  –  peroxynitrite,  ET-1  endothelin-1, 
 Ang II  angiotensin II,  TxA2  thromboxane A2,  MCP-1  monocyte chemotactic protein-1,  CRP  
C-reactive protein,  MMP  matrix metalloproteinase       

 

8 Role of Metabolic Factors: Lipids, Glucose/Insulin Intolerance



104

8.2.2     Dyslipidemia and Obesity 

 Lipid abnormalities play an important part in raising the cardiovascular risk in 
patients with diabetes. The main components of diabetic dyslipidemia are increased 
plasma TG, low concentration of HDL, preponderance of small dense LDL, and 
excessive postprandial lipemia [ 17 ]. Small, dense LDL, the elevation in remnant 
TG-rich lipoprotein particles, and the low HDL are the most powerful atherogenic 
components. The coexistence of these factors strongly aggravates the lipid accumu-
lation in the arterial wall and the formation of atherosclerotic plaques. Small, dense 
LDL particles are held to be more atherogenic than their larger, buoyant counter-
parts because they are more liable to oxidation and may more readily adhere to and 
subsequently invade the arterial wall. The atherogenicity of LDL may also be 
enhanced by nonenzymatic glycation [ 18 ]. Thus, the benefi ts of statin therapy in 
type 2 diabetics can no longer be questioned. 

 Obesity has a strong association with atherogenic dyslipidemia. In a large series 
of 26,000 overweight children, concentrations of one or more of the lipids were 
abnormal in 32 %, total cholesterol in 14.1 %, LDL-C in 15.8 %, HDL-C in 11.1 %, 
and TG in 14.3 % of those in whom data were available [ 19 ]. Indeed, overweight 
and obesity are associated with development of CRS which is a constellation of risk 
factors, such as IR, dyslipidemia, and high blood pressure [ 16 ]. The development of 
AD in obese patients can be attributed to a number of factors including pro- 
infl ammatory cytokines, inappropriate activation of RAAS, vasoconstriction from 
increased sympathetic nervous system (SNS) activation, and dysregulation in adi-
pokine production and secretion [ 20 ]. These data suggest that obesity and dyslipid-
emia are involved in AD in CRS.  

8.2.3     Fructose and Uric Acid 

 The increasing fructose consumption has led to a rise in obesity from 13 to 34 % 
since 1960 and the subsequent rise in diagnosed type 2 diabetes from 5 to 8 % since 
1988 [ 21 ]. In children, the intake of artifi cially sweetened beverages was found to 
be positively associated with adiposity [ 22 ]. A prospective cohort analyses of non-
diabetic women in the Nurses’ Health Study II concluded that higher consumption 
of sugar-sweetened beverages is associated with greater magnitude of weight gain 
and an increased risk for the development of type 2 diabetes [ 22 ]. In the Framingham 
Heart Study, the relationship between soft drink consumption and cardiovascular 
risk factors was evaluated in 6,039 participants; consumption of more than one can 
of soft drink per day was signifi cantly associated with the prevalence of CRS [ 23 ]. 
Thus, fructose has been implicated in promoting obesity and CRS by altering appe-
tite, inducing leptin resistance, and resulting in increased food intake. Recently, The 
Third National Health and Nutrition Examination Survey (NHANES III) report has 
indicated that consumption of sugar-sweetened beverages is signifi cantly associated 
with plasma uric acid concentrations [ 23 ]. Thus, a novel hypothesis has been pro-
posing to link fructose intake, hyperuricemia, and AD in CRS.   
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8.3     EC Dysfunction Initiates AD 

 Forming a vast interface between blood and surrounding tissues, the endothelium 
forms a monolayer comprising the innermost lining of blood vessels. The arterial 
endothelium provides a continuous barrier between the elements of blood and the 
arterial wall and is a critical component to vascular homeostasis, actively respond-
ing to biochemical and physical stimuli through the release of a diverse set of vaso-
active substances [ 24 ]. Endothelial damage and thickening of the intima-media 
layers induced by risk factors we discussed above are early events in the AD pro-
cess. For example, LDL particles invade the endothelium and become oxidized, cre-
ating risk for a subsequent infl ammatory response and ultimately CVD. Monocytes 
enter the artery wall from the bloodstream with platelets adhering to the area of 
insult, differentiate into macrophages, and eventually form foam cells. Foam cells 
die and further propagate the infl ammatory process [ 25 ] (Fig.  8.1 ). 

 NO, a most signifi cant endothelium-derived mediator, plays multiple roles in 
preventing AD. NO diffuses into neighboring VSMCs, activating guanylyl cyclase 
and producing cyclic guanosine monophosphate (cGMP) and activating kinases 
responsible for vascular relaxation [ 16 ]. NO also inhibits platelet aggregation, 
smooth muscle cell proliferation, and nuclear transcription of leukocyte-adhesion 
molecules including vascular cell adhesion molecule (VCAM) and intercellular 
adhesion molecule (ICAM) [ 9 ]. Indeed, vascular homeostasis is tightly controlled 
by EC secreting the vasodilatory substances, such as NO, endothelium-derived 
hyperpolarizing factor (EDHF), prostacyclin (PGI 2 ), and vasoconstrictory sub-
stances, such as ET-1, Ang II, and thromboxane A2 (TxA2) [ 26 ]. These EC-secreting 
vasoactivity substances have been proposed to mediate the AD in CRS, including 
continued activation of the SNS; increased production and activity of vasoconstric-
tors, such as ET-1, Ang II, and TxA2; and impaired endothelium-dependent relax-
ation [ 27 ]. Thus, endothelial dysfunction has been suggested as a common 
underlying mechanism in AD with IR, hyperinsulinemia, and CRS.  

8.4     Dysregulation of VSMCs and Vascular Extracellular 
Matrix Promotes AD 

 Following the EC dysfunction, the metabolic abnormalities that characterize diabe-
tes, hyperglycemia, free fatty acids, and IR provoke the impairment of the function 
and structures in blood vessels include VSMC and extracellular vascular matrix 
(Fig.  8.1 ). 

8.4.1     VSMC Dysfunction 

 The impact of CRS on vascular function is not only limited to the ECs but also 
to VSMCs, which are the predominant cell type found in the arterial wall and are 
essential for the structural and functional integrity of the vessel. Diabetes 
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increases PKC activity, NF-kappaB (NF-κΒ) production, and generation of oxygen-
derived free radicals in VSMCs and heightens migration of VSMCs into athero-
sclerotic lesions, where they replicate and produce extracellular matrix—important 
steps in mature lesion formation [ 28 ]. Dysregulation of VSMC function is exac-
erbated by impairments in SNS function. Studies from the Zucker obese insu-
lin-resistant rat have shown that VSMCs from these rats manifested greater 
concentrations of ROS and impaired activation of the NO/cGMP/protein kinase 
G (PKG) pathway when compared to VSMC from the lean, insulin-sensitive 
Zucker rats [ 29 ]. Our recent data also showed excessive serine phosphorylation 
of insulin receptor substrate (IRS-1) as a key mechanism underlying cellular IR 
in VSMCs. Furthermore, after treatment with aldosterone or Ang II, VSMCs 
show increased activation of p70 S6 kinase 1 signaling pathway, increased pro-
teasome degradation of IRS-1, and attenuated insulin-induced Akt phosphoryla-
tion and glucose uptake [ 30 ]. These observations provide a biochemical basis to 
the IR in VSMCs in the development of AD.  

8.4.2     VSMC Calcification 

 Studies conducted in the United States have revealed that calcium deposits in 
arterial walls are reported in nearly 30 % of Americans over 45 years of age 
[ 31 ]. Vascular calcifi cation risk factors are similar to those of atherosclerosis 
including hypertriglyceridemia, increased LDL, decreased HDL, obesity, and 
hypertension. It has also been shown that diabetes and renal failure contribute 
signifi cantly to higher risk of accumulation of calcium depositions in the vessel 
wall [ 32 ]. Calcifi cation of vessels reduces their elasticity, affecting hemody-
namic parameters of the cardiovascular system. Vascular calcifi cation is an 
active and complex process that involves numerous mechanisms responsible for 
calcium deposits in arterial walls. They lead to an increase in arterial stiffness 
and in pulse wave velocity, which in turn increases CVD morbidity and mortal-
ity. We have known that VSMCs can differentiate from a quiescent, contractile 
phenotype to a proliferative, synthetic phenotype following arterial injury and 
in atherosclerotic diseases [ 33 ]. Indeed, VSMCs are capable of osteoblast trans-
differentiation in calcifying arteries [ 34 ]. Epidemiological data have shown that 
higher insulin levels in diabetes can independently predicate arterial calcifi ca-
tion [ 35 ]. The mechanisms of insulin involved in arterial calcifi cation in these 
clinical settings are still controversial. Furthermore, it has been demonstrated 
that insulin enhances the calcifi cation of VSMCs in vitro [ 36 ]. In this regard, 
insulin promotes alkaline phosphatase activity, osteocalcin expression, and the 
formation of mineralized nodules in VSMCs by increased receptor expression 
of NF-κB ligand (RANKL) through extracellular signal-regulated protein 
kinases 1 and 2 (Erk ½) activation [ 37 ]. However, others suggest that insulin 
attenuated VSMC calcifi cation induced by high phosphate conditions [ 38 ]. 
These contradictory results may be explained by different cell types or different 
experimental conditions.  
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8.4.3     Elastin, Collagen, and Advanced Glycation End Products 

 Elastin is the most abundant protein in the walls of the arteries, which are subjected 
to pulsatile pressure generated by cardiac contraction. Matrix metalloproteinases 
(MMPs) have an important role in the degradation of elastin [ 39 ]. Recently, it was 
reported that in the arterial vasculature from chronic kidney disease patients, the 
presence of diabetes markedly upregulated MMP-2 and -9, and this adaption is 
strongly associated with elastic fi ber degradation and AD. The increase in MMPs in 
diabetic vessels was also accompanied by pronounced generation of angiostatin, 
and the reduction of microvascular density was associated with impaired vasorelax-
ation [ 40 ]. In addition, the degradation of elastin also induces the overexpression of 
transforming growth factor beta (TGF-β). TGF-β1 not only plays an important role 
in osteoblast differentiation but also accelerates the calcifi cation of VSMCs [ 39 ]. 
Meanwhile, hyperglycemia may cause changes in the type or structure of elastin 
and/or collagen in the arterial wall through nonenzymatic glycosylation of proteins 
that generate AGE. AGE may form irreversible cross-links between long-lived pro-
teins such as collagen, leading to accumulation of stiffer molecules that are less 
susceptible to hydrolytic turnover [ 41 ]. These data confi rm that the interaction 
among MMPs, elastin, collagen, and AGE plays a key role in the development of 
AD with CRS.   

8.5     Misregulation of Adaptive Metabolic Responses 
Aggravate to the Progression of AD 

 Misregulation of an adaptive metabolic response contributes to the risk factors 
related CRS and dysfunction of ECs, VSMCs, and extracellular vascular matrix in 
AD (Fig.  8.1 ). 

8.5.1     Mitochondria Dysfunction and ROS 

 Mitochondria are essential for intermediary metabolism as well as energy produc-
tion and normally provide more than 90 % of the cellular energy [ 42 ]. It has been 
established that mitochondrial respiratory chain function is responsible for energy 
metabolism and adenosine triphosphate (ATP) production through the tricarboxylic 
acid (TCA) cycle, coupling of oxidative phosphorylation (OXPHOS), and electron 
transfer [ 43 ]. Mitochondria dysfunction is recognized as playing a central role in the 
development of various abnormalities, including disturbed glucose homeostasis, IR, 
abdominal fat accumulation, dyslipidemia, hypertension, and associated cardiac 
and renal pathology. ROS production occurs mainly at complex I and complex III in 
mitochondria [ 44 ]. Under conditions of glucose and fatty acid overnutrition, nutri-
ent overfl ow into cells prompts electrons transferring to oxygen without ATP pro-
duction and further favors a state of increased ROS, which potentially leads to 
oxidative damage within mitochondria [ 45 ]. Therefore, ROS generated from 

8 Role of Metabolic Factors: Lipids, Glucose/Insulin Intolerance



108

mitochondria damages proteins, DNA, and lipid in membrane components, which 
result in mitochondrial dysfunction. Although this review is concerned with mito-
chondrial ROS, it should be recognized that the considerable amount of ROS is 
derived from outside of mitochondria, such as oxygen radicals from peroxisomal 
β-oxidation of fatty acids, nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase, xanthine oxidase, arachidonic acid metabolism, microsomal P-450 
enzymes, and prooxidant heme molecule [ 46 ].  

8.5.2     Adaptive Immunity and Inflammation Response 

 Atherosclerosis is a chronic infl ammatory disease of the arterial wall characterized 
by an innate and adaptive immune system, which is composed of diverse cellular 
components including granulocytes, mast cells, monocytes, macrophages, dendritic 
cells (DCs), and natural killer cells [ 47 ]. Upon activation, partly in response to 
immunological stimuli from the local microenvironment as well as systemic circu-
lation, macrophages polarize into classical (M1) or alternative (M2) phenotypes 
[ 48 ]. M1 macrophages are found in advanced lesions where they accumulate a large 
amount of lipids, which promotes their differentiation into foam cells. Meanwhile, 
M1 macrophages secrete tumor necrosis factor alpha (TNF-α), interleukin (IL)-6, 
and metalloproteinases, which exacerbate and destabilize lesion development. 
However, M2 macrophages predominate in the early stages of atherosclerosis and 
are characterized by IL-10 secretion and smaller amounts of accumulated lipids; 
these events are atheroprotective and can reduce plaque development [ 49 ]. 

 DC precursors or monocytes are recruited to lesions where they differentiate into 
DCs. The DC population is heterogeneous and can be divided into four major cat-
egories: conventional DCs (cDCs), plasmacytoid DCs (pDCs), monocyte-derived 
DCs, and Langerhans cells [ 50 ]. DC accumulation in regions prone to AD suggests 
that their recruitment accounts for an initial infl ammatory or immune activation. 
The exact localization and origin of vascular DCs, however, is still under debate 
[ 51 ]. In general, immature and semimature DCs uptake lipids and other intimal 
antigens, thus preventing them from eliciting pro-infl ammatory signaling in other 
artery wall cells. Toll-like receptor (TLR) ligation by ligands such as oxLDL induces 
DC maturation. Under hyperlipidemic conditions, lipid uptake and efferocytosis 
likely lead to DC-foam cell formation, and mature DCs and foam cells emigrate 
from the vessel wall in a C-C chemokine receptor type 7 (CCR7)-dependent man-
ner, clearing infl ammatory cells, lipids, and apoptotic cell debris from the intimal 
space and preventing necrosis and persistent infl ammation. Mature CD11b+ DCs 
likely expand regulatory T cells (Tregs) and CD4+ effector T cells within the artery 
wall [ 52 ]. CD4 + CD25 + Foxp3 +  Tregs can protect the pro-infl ammatory activation of 
vascular cells. The mechanisms by which Tregs protect against infl ammation are 
thought to be mediated, at least in part, by directing cell-to-cell interactions as well 
as through the secretion of soluble anti-infl ammatory cytokines, including IL-10 
TGF-β [ 53 ]. Thus, further studies are required to understand the role of adaptive 
immunity and infl ammation response in AD with CRS.  
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8.5.3     Sympathetic Activity 

 The role of increased SNS activity in IR with CRS is increasingly recognized. 
Individuals with central obesity show increased sympathetic nervous activity. 
Increased sympathetic outfl ow has been reported in obese nonhypertensive indi-
viduals with the determination of circulating catecholamines, urinary norepineph-
rine (NE), and muscle sympathetic nerve activity (MSNA) [ 54 ]. Multiple 
neurohumoral mechanisms can activate the SNS in patients with CRS including 
direct activation of the SNS in response to the activation of higher cerebral nuclei 
and renal afferent nerve activation mediated by perirenal fat accumulation and kid-
ney compression [ 55 ]. Sympathetic activation can also be triggered by refl ex mech-
anisms such as arterial baroreceptor impairment, psychological stress, oxidative 
stress, obstructive sleep apnea, infl ammation, and metabolic factors and dysregu-
lated production and secretion of adipokines from visceral fat with a particular 
important role of leptin [ 20 ]. Although enhanced activation of SNS is an important 
component in IR, it is often related to activation of RAAS since the RAAS system 
causes sustained sympathetic overactivity by modulating central neurons in the sub-
fornical organ of the forebrain [ 49 ]. The link between sympathetic nervous activity 
and AD offers new clues to identify AD and may allow for development of novel- 
targeted therapeutic interventions.  

8.5.4     Renin–Angiotensin–Aldosterone System 
and Parathyroid Hormone 

 There is evidence that RAAS activation plays an important role in the pathogenesis 
of AD. In the course of RAAS-induced vascular injury, Ang II binds to its type 1 
receptor to induce oxidative stress, mainly mediated by NADPH oxidase. Our study 
has also found that Ang II increased serine phosphorylation of IRS-1 and inhibited 
the insulin-stimulated phosphorylation of endothelial NO synthase through activa-
tion of S6 kinase (S6K) signaling pathway [ 30 ]. Recent data also suggests that 
increased mineralocorticoid receptor (MR) is associated with IR. Studies have dem-
onstrated a relationship between MR activation and decreased insulin sensitivity in 
animal models and humans. For example, patients with primary hyperaldosteronism 
were found to have IR suggesting the contribution of MR signaling to IR [ 56 ]. 
Spironolactone, a blocker of the MR, has been shown to decrease local infl amma-
tion and vascular stiffness in rodent models of hypertension and IR [ 57 ,  58 ]. These 
observations suggest that inhibition of MR might be a benefi cial therapeutic 
approach for preventing AD in diet-induced obesity and IR [ 58 ]. Thus, enhanced 
RAAS activation may represent a link between obesity, hypertension, dyslipidemia, 
and IR, features present in the AD with CRS [ 59 ]. Moreover, cross-talk between 
Ang II and aldosterone signaling underscores the importance of Ang II–aldosterone 
interactions in the development of IR, vascular dysfunction, and AD. 

 Parathyroid hormone (PTH) is secreted from parathyroid glands and increases 
the concentration of calcium in the blood. Recent research suggests that PTH is 
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implicated in regulating RAAS which is proposed to regulate PTH hormones [ 60 ]. 
Ang II seems to be an acute modulator of PTH, potentially through direct stimula-
tion of PTH release via the AT-1R. In contrast, aldosterone may be involved in the 
modulation of PTH in the chronic setting via indirect and direct mechanisms [ 61 ]. 
PTH may increase sensitization towards Ang II and directly stimulate aldosterone 
synthesis by binding to the PTH-related protein receptor, voltage-gated calcium 
channels, and the adrenocorticotropic hormone receptor [ 62 ]. Therefore, the inter-
action of PTH and RAAS plays a key role in the pathogenesis of AD.  

8.5.5     Tissue Transglutaminase 

 Tissue transglutaminase (TG2) is a multifunctional protein that plays an impor-
tant role in vascular function, including remodeling of resistance vessels, 
increased aortic stiffness with age, and arterial calcifi cation [ 63 ]. TG2 is a link 
between IR and AD because of its regulation by NO availability. A study has 
found that bioavailability of NO impaired by infl ammation cytokines and RAAS 
is associated with decreased TG2  S -nitrosylation [ 63 ,  64 ]. Thus, increased secre-
tion of TG2 to the cell surface and extracellular matrix and enhanced cross-
linking activity in isolated endothelial, smooth muscle, and fi broblast cells 
resulted in AD in CRS [ 65 ]. In addition, increased vascular TG2 activity was also 
associated with AD in high fat- fed mice that preceded hypertension [ 66 ], thereby 
suggesting TG2 activation and AD as an early vent in the long-term effects of 
obesity on the vasculature.   

    Conclusion 
 AD increases the risk of developing coronary, cerebrovascular, and peripheral 
arterial disease and is a major cause of disability and death in patients with 
diabetes mellitus and CRS. The pathophysiology of AD in diabetes and CRS 
involves abnormalities in ECs, VSMCs, elastin, collagen, and AGE products, 
which increase the risk of the adverse cardiovascular events. Elucidation of 
mechanisms leading to the pathophysiological alterations in vasculature will 
enable us to specifi cally target therapeutic interventions since currently avail-
able cardiovascular medications fall short at reducing AD. Future therapeutic 
strategies should emphasize the need to achieve control of hyperglycemia, dys-
lipidemia, blood pressure, obesity, and cigarette smoking, in addition to exer-
cise therapy. A better understanding of the mechanisms leading to vascular 
dysfunction may unmask new strategies to reduce disability and death in these 
patients.     
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  9      Biomarkers of Vascular Inflammation 
and Cardiovascular Disease 
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    Francisco     J.     Rios      ,     Adam     Harvey      ,     Maria     G.     Dulak-Lis      , 
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9.1             Introduction 

 Altered vascular function is a common feature in many cardiovascular diseases such as 
hypertension, atherosclerosis and ischaemic heart disease and is characterised by endo-
thelial dysfunction, arterial remodelling and vascular infl ammation [ 1 ,  2 ]. Molecular 
and cellular changes associated with these processes include increased expression of 
cellular adhesion molecules, mitochondrial dysfunction, macrophage activation and 
immune dysregulation, processes that are redox sensitive and linked to oxidative stress 
(increased bioavailability of reactive oxygen species (ROS)) [ 3 – 7 ]. Infl ammation is 
both a cause and consequence of oxidative stress because ROS stimulate infl ammatory 
signalling pathways and induce activation of proinfl ammatory transcription factors 
such as NFκB, while at the same time, infl ammatory processes stimulate ROS produc-
tion and oxidative stress [ 8 ,  9 ] (Fig.  9.1 ). Because these phenomena occur early in the 
pathophysiology of vascular injury and become exaggerated as cardiovascular disease 
progresses, there is growing interest in identifying novel biomarkers of vascular infl am-
mation and oxidative stress that could better predict the risk of cardiovascular disease, 
track the development of vascular injury, stratify patients to disease-targeted therapies 
and provide insights into mechanisms underlying pathological processes [ 10 ,  11 ].  
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 Many circulating biomarkers of vascular injury have been identifi ed, includ-
ing acute-phase proteins (C-reactive protein (CRP), pentraxin, amyloid A, 
homocysteine), infl ammatory mediators (cytokines, chemokines), cellular 
markers of endothelial damage (microparticles, endothelial progenitor cells, 
microRNAs) and markers of oxidative stress (lipid peroxidation, ROS, antioxi-
dants) [ 10 – 13 ]. Although the fi eld is growing, there are still no ideal markers to 
predict and track vascular damage. With improved and more sensitive method-
ologies to measure circulating and urine biomarkers together with non-invasive 
vascular imaging, the domain will continue to develop, and hopefully clinically 
useful algorithms based on biomarkers could assist in better prediction of risk, 
stratifi cation of disease and targeting of treatment. This chapter describes vas-
cular infl ammation and oxidative stress in the context of cardiovascular disease 
and focuses on some biomarkers that may act as clinically useful surrogates of 
underlying vascular injury.  

Vascular damage

Inflammatory
response

• Cytokines
• Chemokines

• Leukocyte rolling
• Adhesion molecules
• Leukocyte transmigration
• Macrophage activation
• Inflammatory/immune
 cell recruitment
• Oxidative stress
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Vascular
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• Cell growth
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  Fig. 9.1    Diagram demonstrating how proinfl ammatory and pro-fi brotic mechanisms impact on 
vascular infl ammation and remodelling in vascular injury. Oxidative stress plays an important role 
in vascular injury. Biomarkers of these processes may provide insights into molecular mechanisms 
underlying vascular damage and may act as markers to predict the risk of cardiovascular disease       
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9.2     Definition of a Biomarker 

 The term “biomarker” is a contraction of “biological marker”. An NIH working 
group defi ned biomarkers as “A characteristic that is objectively measured and eval-
uated as an indicator of normal biological processes, pathogenic processes, or phar-
macologic responses to a therapeutic intervention” [ 14 ]. Biomarkers may be useful 
in the early detection of vascular injury and in predicting the risk of cardiovascular 
disease. Biomarkers may also refl ect vascular injury and hence provide insights into 
mechanisms underlying progression of disease. Finally, they may act as indices to 
better stratify patients, which should lead to more directed and mechanism-targeted 
treatments. Examples of biomarkers that have been included into clinical practice 
and may add value to classical cardiovascular risk factors include high-sensitivity 
CRP for cardiovascular risk prediction, glycated haemoglobin (HbA 1 C) for the 
diagnosis of diabetes, N-terminal pro-B-type natriuretic peptide (NT-proBNP) for 
heart failure diagnosis, troponin I and troponin T for acute myocardial infarction 
diagnosis and microalbuminuria for kidney disease [ 15 – 19 ].  

9.3     Vascular Inflammation 

 Low-grade infl ammation in the vascular wall is increasingly recognised as an 
important contributor to the pathophysiology of cardiovascular disease [ 20 ], to the 
initiation and progression of atherosclerosis and to the development of hypertension 
[ 20 ,  21 ]. Infl ammation participates in vascular remodelling and promotes acceler-
ated vascular damage in aging through processes that involve increased expression 
of adhesion molecules (vascular cell adhesion molecule-1 (VCAM-1), intercellular 
adhesion molecule-1 (ICAM-1)) on the endothelial cell membrane, accumulation of 
monocytes/macrophages in the vascular wall and stimulation of ROS-generating 
enzymes, including Noxs [ 22 – 24 ] (Fig.  9.2 ). Innate immunity has been implicated 
to contribute to the low-grade infl ammatory response in atherosclerosis and hyper-
tension where different subsets of T lymphocytes may be involved in processes 
leading to infl ammation [ 25 – 27 ]. For example, an imbalance exists between the 
proinfl ammatory Th1, Th2 and Th17 and the anti-infl ammatory T regulatory (Treg) 
subsets of T lymphocytes [ 28 ].   

9.4     Reactive Oxygen Species, Oxidative Stress 
and Vascular Inflammation 

 ROS are formed during the reduction of oxygen and include unstable free radicals 
(species with an unpaired electron) such as superoxide (O 2  •− ) and non-free radicals, 
such as hydrogen peroxide (H 2 O 2 ) [ 29 ]. ROS are generated continuously as normal 
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by-products of cellular metabolism and as direct products through activation of 
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, also called Nox 
[ 30 ,  31 ]. ROS are produced in the endothelium, throughout the vascular wall and 
adventitia and in perivascular fat. In the vascular system together with nitric oxide 
(NO), a potent endothelial-derived vasodilator, ROS play a physiological role in 
regulating endothelial function and vascular contraction/dilation and are important 
in maintaining vascular integrity [ 32 – 34 ]. Under pathological conditions, increased 
ROS levels cause cell damage and promote vascular infl ammation, hypertrophy, 
fi brosis and increased contraction, important factors contributing to endothelial dys-
function and vascular remodelling in cardiovascular diseases [ 35 ,  36 ]. Molecular 
processes underlying ROS-induced cardiovascular injury involve activation of 
redox-sensitive signalling pathways [ 37 – 39 ]. Superoxide anion and H 2 O 2  stimulate 
mitogen-activated protein kinases (MAPK), tyrosine kinases, Rho kinase and tran-
scription factors (NF κ B, AP-1 and HIF-1) and inactivate protein tyrosine 
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  Fig. 9.2    Low-grade infl ammation in the vascular wall is an important contributor to the patho-
physiology of cardiovascular disease. Infl ammation participates in vascular remodelling and pro-
motes accelerated vascular damage in aging through processes that involve increased expression of 
adhesion molecules (vascular cell adhesion molecule-1 ( VCAM-1 ), intercellular adhesion mole-
cule- 1 ( ICAM-1 ), selectin, PECAM) on the endothelial cell membrane, increased rolling and adhe-
sion of polymorphonucleocytes ( PMN ), transmigration of PMN and accumulation of monocytes/
macrophages in the vascular wall. These processes are stimulated by increased generation of reac-
tive oxygen species ( ROS ) from Noxs in endothelial and vascular smooth muscle cells ( VSMC )       
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phosphatases (PTP) [ 40 ,  41 ]. ROS also increase intracellular free Ca 2+  concentra-
tion ([Ca 2+ ] i ) and upregulate proto-oncogene and proinfl ammatory gene expression 
and activity [ 42 ]. These phenomena occur through oxidative modifi cation of pro-
teins [ 43 ]. Changes in the intracellular redox state through glutathione and thiore-
doxin systems may also infl uence intracellular signalling [ 44 ]. 

9.4.1     Production and Metabolism of ROS 
in the Cardiovascular System 

 Enzymatic sources of ROS important in cardiovascular disease are xanthine oxido-
reductase, uncoupled NO synthase (NOS), mitochondrial respiratory enzymes and 
NADPH oxidase [ 45 – 47 ], found in many cell types in the heart, kidney, vessels and 
central nervous system. Of the many ROS-generating enzymes, it is only NADPH 
oxidase that has as its primary function the formation of ROS, hence termed a “pro-
fessional” ROS producer [ 30 ,  31 ]. NADPH oxidase was originally considered to be 
expressed only in phagocytic cells involved in host defence and innate immunity. It 
is now evident that there is a family of NADPH oxidases/Noxs that are functionally 
active in non-phagocytic cells, including vascular cells. The mammalian Nox fam-
ily comprises seven members: Nox1, Nox2, Nox3, Nox4, Nox5, Duox1 and Duox2 
[ 48 ,  49 ]. All are transmembrane proteins that have conserved structural properties 
and that transport electrons across biological membranes to reduce O 2  to O 2  •− . Each 
isoform is encoded by separate genes. Whereas Nox1, Nox2, Nox4 and Nox5 have 
been identifi ed in cardiovascular tissue [ 50 ], Nox3, found in the inner ear, and 
Duox1 and Duox2, found primarily in the thyroid gland, do not seem to be impor-
tant in the cardiovascular system.   

9.5     Biomarkers of Endothelial Dysfunction 

9.5.1     Nitric Oxide (NO) and ROS 

 Biomarkers of impaired endothelial function refl ect altered NO bioavailability, 
increased oxidative stress, coagulation and endothelial infl ammation. NO, pro-
duced by endothelial cells, is a major determinant of endothelium-dependent vaso-
dilation and is an inhibitor of coagulation, infl ammation and oxidative stress 
[ 51 – 53 ] and consequently has been considered as an important marker refl ecting 
endothelial status. Since NO has a short half-life, plasma levels of oxidative degra-
dation products of NO, including nitrite (NO 2  − ), nitrate (NO 3  − ) and nitrosothiols, 
have been used as surrogate indices of NO generation [ 54 ]. In addition to assessing 
levels of NO and its metabolites, measurement of asymmetric dimethylarginine 
(ADMA), a potent endogenous inhibitor of nitric oxide synthase (NOS)-derived 
NO production, could also refl ect NO bioavailability [ 55 ]. Plasma ADMA levels 
have been shown to correlate with endothelial NOS activity and to be associated 
with endothelial dysfunction [ 56 ,  57 ]. 
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 Endothelial injury is associated with increased production of O 2  •− , which readily 
reacts with NO to form peroxynitrite (ONOO − ), an injurious free radical that further 
contributes to endothelial dysfunction [ 58 ]. Similarly, lipid peroxyl radicals react 
with NO and may also be a source of NO inactivation [ 59 ]. Plasma measures of 
endothelial oxidative stress include indices of lipid peroxidation (F 2 -isoprostanes 
and thiobarbituric acid-reactive substances) and nitrotyrosine levels, refl ecting per-
oxynitrite generation [ 60 ,  61 ]. Lipid peroxidation is increased in diseases associated 
with endothelial dysfunction, and there is a strong negative correlation between 
oxidative stress and endothelial function [ 62 – 64 ].  

9.5.2     Endothelial Proinflammatory Markers 

 Because endothelial impairment is often accompanied by infl ammation, proinfl am-
matory markers have been used to refl ect dysfunction. Cellular adhesion molecules 
play an important role in endothelial infl ammation by attracting and anchoring 
infl ammatory cells. Soluble forms of cell adhesion molecules including VCAM-1, 
ICAM-1 and E-selectin are found in the circulation and may refl ect vascular infl am-
matory status and endothelial dysfunction [ 65 ]. C-reactive protein, a protein found in 
plasma, which rises in response to infl ammation, is an independent predictor of 
abnormal endothelial function and cardiovascular mortality and morbidity [ 66 ,  67 ]. 
Additional circulating markers of infl ammation include soluble CD40L [ 68 ] and cir-
culating cytokines such as interleukin-6 and tumour necrosis factor-α (TNFα) [ 69 ].  

9.5.3     Markers of Coagulation 

 Endothelial dysfunction is associated with a pro-coagulatory state and accordingly 
indices of coagulation may be considered as biomarkers of endothelial status. 
Plasminogen activator inhibitor-1 (PAI-1) is an inhibitor of fi brinolysis that is pro-
duced primarily by the endothelium [ 70 ]. P-selectin is a platelet activation marker 
and plasma fi brinogen levels are thought to be refl ective of a pro-coagulant state. 
PAI-1, P-selectin and fi brinogen are increased in cardiovascular disease and corre-
late with endothelial dysfunction [ 71 ]. Von Willebrand factor (vWF), a glycoprotein 
which is secreted by endothelial cells and plays a role in coagulation, has also been 
proposed as a biomarker of endothelial function [ 72 ].  

9.5.4     Microparticles 

 In addition to circulating biochemical or protein-based markers, growing evidence 
indicates that endothelial cell-derived fractions, including microparticles, may be 
refl ective of endothelial dysfunction and injury. Microparticles are anuclear frag-
ments of cellular membrane shed from stressed or damaged cells [ 73 ]. They are 
typically 0.1–1.0 μm in diameter and contain surface proteins and cytoplasmic 
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material of the parent cells. Microparticles are distinguishable from other subcel-
lular vesicles, such as exosomes and apoptotic bodies, on the basis of size, mecha-
nism of formation and content [ 74 ]. 

 Microparticles are identifi ed in plasma samples by fl ow cytometry on the basis of 
size, the externalisation of phosphatidylserine and the presence of specifi c surface 
antigens. Labelling of surface antigens allows for identifi cation of the parent cell from 
which the microparticles were derived. In plasma samples, microparticles of endothe-
lial (identifi ed by the surface presence of CD144, CD62E or CD31), platelet (CD41a, 
CD42b, CD62P), leukocyte (CD45, CD4, CD8, CD14) and erythrocyte (CD235a) 
origin are present [ 75 – 77 ]. Given that microparticles are released under conditions of 
cell stress/damage, it is not surprising that plasma levels of microparticles are increased 
in cardiovascular disease. Strong evidence exists to suggest that microparticles of 
endothelial, platelet and leukocyte origin may be refl ective of endothelial dysfunction 
and may in fact contribute to endothelial dysfunction [ 78 – 80 ]. Endothelial micropar-
ticles are thought to be directly indicative of endothelial cell stress/damage and may 
also refl ect endothelial infl ammation, increased coagulation and vascular tone [ 81 ]. 
Platelet microparticles may indirectly reveal endothelial dysfunction by revealing 
increased coagulation and infl ammation [ 82 ], while leukocyte microparticles may 
refl ect infl ammation, coagulation and vascular tone [ 83 ]. Microparticles of endothe-
lial, platelet and leukocyte origin have been shown to be increased in multiple disease 
states associated with endothelial dysfunction including hypertension, diabetes and 
end-stage renal disease (reviewed in [ 84 ]). Considering the complexity of endothelial 
function, measuring multiple biomarkers to refl ect different processes may provide a 
comprehensive assessment of endothelial status.   

9.6     Biomarkers of Vascular Inflammation 

9.6.1     Acute-Phase Response Proteins 

 Acute-phase proteins are a class of proteins, which are increased in response to 
infl ammation. The phenomenon is called the acute-phase reaction [ 85 ]. Acute- 
phase proteins are produced by the liver in response to injury and under the control 
of a cascade of cytokines including IL-1β, IL-6 and TNFα. The association of ele-
vated serum levels of acute-phase proteins with the progression of atherosclerosis, 
coronary artery disease, unstable angina and myocardial infarction has been docu-
mented in epidemiological studies [ 86 ,  87 ]. Acute-phase protein markers including 
CRP, pentraxin 3 (PTX3), amyloid A, homocysteine and fi brinogen are increased in 
cardiovascular disease and refl ect generalised infl ammation. 

9.6.1.1     C-Reactive Protein 
 CRP has been the plasma biomarker of choice for a clinical index of generalised 
infl ammation partly due to its wide dynamic range. Increased plasma CRP has been 
demonstrated in many cardiovascular diseases associated with endothelial dysfunc-
tion and vascular injury. Tissue necrosis is a potent inducer of CRP, and in 
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post- myocardial infarction, there is a signifi cant CRP response [ 88 ]. The Emerging 
Risk Factors Collaboration evaluated the predictive risk of adding CRP, fi brinogen 
and lipid-related markers (apolipoprotein A, apolipoprotein B, apolipoprotein A-1, 
lipoprotein(a) or lipoprotein-associated phospholipase A2) to traditional risk factors 
in a meta-analysis including over 240,000 participants with no history of cardiovas-
cular disease [ 89 ]. Adding either of these biomarkers resulted in only a modest 
reclassifi cation improvement for individuals at intermediate risk versus models that 
included age, sex, smoking, blood pressure, diabetes and total cholesterol concen-
trations. CRP failed to predict incident cardiovascular disease in patients with dia-
betes [ 90 ]. Although initial experimental evidence suggested that CRP might itself 
be pro-atherogenic and cause vascular disease, later studies refuted this.  

9.6.1.2     Other Acute-Phase Proteins 
 Besides CRP, there are other acute-phase proteins that are increased in cardiovascular 
disease. Pentraxin 3 appears to be more specifi c for vascular infl ammation than CRP 
[ 91 ]. In patients with stable coronary artery disease, increased PTX3 levels were asso-
ciated with increased risk for all-cause mortality, cardiovascular events and heart fail-
ure [ 92 ]. Elevated serum levels of homocysteine and cardiac troponins are biomarkers 
of myocardial injury and are elevated in patients with cardiac failure [ 93 ,  94 ]. Raised 
plasma homocysteine is associated with greater risk for more severe cardiovascular 
disease. Increased concentrations of plasma amyloid A and fi brinogen are linked to a 
large number of cardiovascular risk factors and have been associated with increased 
risk for coronary artery disease, thrombosis and myocardial infarction [ 95 ].   

9.6.2     Cytokines 

9.6.2.1     Tumour Necrosis Factor-α (TNFα) 
 Tumour necrosis factor-α and interleukins are proinfl ammatory cytokines that are 
upstream of the acute-phase response and are thus generally thought to be more 
credible causal agents in atherosclerosis and CVD. Cytokines are soluble glycopro-
teins produced by many cell types including cells of the vascular and immune sys-
tems [ 96 ]. They are produced in response to tissue injury or ischaemia and are 
responsible for controlling the innate and adaptive immune response. An increase in 
production of proinfl ammatory cytokines, such as IL-1β, IL-6 and TNFα, and a 
decreased production of anti-infl ammatory cytokines, such as IL-10, have been 
observed in many diseases associated with endothelial dysfunction and vascular 
injury, including hypertension, heart disease, stroke and diabetes [ 97 ,  98 ]. As such 
these cytokines have been implicated as therapeutic targets and biomarkers for dis-
ease progression and prognosis. 

 The biology of the TNFα axis is complex and its physiological roles are still 
being elucidated. The TNFα precursor is membrane bound and cleaved by 
TNFα- converting enzyme (TACE), releasing the soluble form that binds to 
TNFR1 and TNFR2, expressed in most cell types [ 99 ]. TNFα signalling via 
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TNFR1/TNFR2 elicits signalling for cell death, survival or infl ammation by 
recruiting specifi c adaptor proteins. Recruitment of adaptor proteins such as 
caspase-8 leads to apoptosis, while recruitment of TNF receptor-associated fac-
tor 2 (TRAF2) and receptor- interacting protein (RIP) stimulates signalling 
through NFκB resulting in activation of transcription factors and genes that 
promote infl ammation [ 100 ].  

9.6.2.2     Interleukin-1β (IL-1β) 
 Interleukin-1β is constitutively expressed in low levels and is regulated by transcrip-
tion, translation, cleavage and cellular release [ 101 ]. It is synthesised as a large 
precursor protein and is biologically inactive until it is secreted following cleavage 
by caspase-1. Active IL-1β binds to IL-1R1, to induce proinfl ammatory signalling 
by stimulating Ca 2+  channel activation, increasing expression of adhesion molecules 
on endothelial cells and causing impaired endothelial permeability [ 102 ].  

9.6.2.3     Interleukin-6 (IL-6) 
 Interleukin-6 is an infl ammatory cytokine that binds to class 1 cytokine receptors, 
inducing activation of Janus kinase (JAK), which induces activation of signal trans-
ducer and activator of transcription (STAT) family of transcription factors and RAS-
RAF- MAPK pathways, leading to proinfl ammatory responses [ 103 ]. 

 Increased plasma levels of IL-6 and TNFα have been demonstrated in patients 
with diabetes, hypertension, ischaemic heart disease and cardiac failure [ 104 – 106 ]. 
In a large prospective population-based study, a combined elevation of IL-1β and 
IL-6 was independently associated with an increased risk of type 2 diabetes, sug-
gesting a role for low-grade infl ammation in diabetes (EPIC) [ 107 ]. However data 
from the large ADVANCE clinical trial challenge the infl ammatory paradigm of 
microvascular disease in diabetes, showing that circulating cytokines are actually 
not strongly associated with microvascular risk after adjusting for confounding risk 
factors [ 108 ]. 

 If indeed IL-6 and TNFα are implicated in the pathogenesis of vascular 
infl ammation and associated cardiovascular disease, then treatment targeting 
these cytokines should reduce cardiovascular risk. Findings from studies where 
anti-IL-6 and anti-TNFα biologics have been used in patients with infl ammatory 
disease such as rheumatoid arthritis suggested reduced risk of cardiovascular 
disease in these patients who are at −50 % increased risk of cardiovascular dis-
ease compared to the general population [ 109 ,  110 ]. Data from biologics treat-
ment registers of rheumatoid arthritis patients show that those who respond to 
TNF biologics have reduced rates of myocardial infarction (3.5 per 1,000 per-
son-years) compared to nonresponders (9.4 per 1,000 person-years) [ 111 ]. 
Similar data have been reported in the US CORRONA database [ 112 ]. It should 
be highlighted that these fi ndings are based on pharmacoepidemiology and are 
therefore subject to potential confounding factors. Meta-analysis of small trials 
failed to show a signifi cant reduction in cardiovascular risk associated with anti-
TNFα biologics [ 113 ].    
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9.7     Biomarkers of Oxidative Stress 

 Because of the key role of oxidative stress in vascular injury and cardiovascular 
pathology, ROS levels and redox state have been considered as promising biomark-
ers indicative of the disease process. However, free radicals have a very short half- 
life and are unstable. Hence accurately measuring O 2  •−  and H 2 O 2  in the circulation is 
complex. As such, methods have been developed to measure stable markers of ROS 
that refl ect oxidative status. Biomarkers of oxidative stress that are currently assessed 
are measures of oxidation products of lipids, DNA and protein [ 114 ] (Table  9.1 ).

  Table 9.1    Biomarkers of 
oxidative stress  

  Lipid peroxidation  

 Malondialdehyde 

 F2-isoprostanes 

 4-Hydroxynonenal (4-HNE) 

 OxLDL 

  Pro-oxidant enzymes  

 Xanthine oxidase 

 Mitochondrial oxidases 

 NADPH oxidases 

  Antioxidant enzymes  

 Superoxide dismutase 

 Catalase 

 Glutathione peroxidase 

 GSH/GSSG ratio (thiol index) 

  Nonenzymatic antioxidants  

 Total antioxidant capacity 

 Vitamin C 

 Vitamin A 

 Urate 

 Bilirubin 

 Thiols 

 Flavonoids 

 Carotenoids 

  Protein/DNA oxidation  

 Carbonyls 

 8-Oxo-7,8-dihydroguanine 

  Reactive oxygen/nitrogen species  

 H 2 O 2  

 NO 

 ONOO −  

  Cell-based biomarkers  

 Microparticles 

 Endothelial progenitor cells 

 MicroRNAs 
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9.7.1       Lipid Peroxidation 

 Lipids are highly sensitive to oxidation because of their molecular structure, which 
is characterised by numerous reactive double bonds. Polyunsaturated fatty acids, 
including phospholipids, glycolipids and cholesterol, are vulnerable targets of oxi-
dation. For instance, evidence suggests that oxidised LDL (oxLDL) is engulfed, via 
TLR-4, by activated macrophages, which then become cytokine-producing lipid- 
laden foam cells, an integral part of the atherogenic plaque. Increased ROS bioavail-
ability triggers the process of lipid peroxidation. The most commonly studied 
markers of lipid peroxidation are malondialdehyde (MDA) and isoprostanes. 

9.7.1.1     Malondialdehyde 
 Malondialdehyde is the by-product of the arachidonate cycle and a main aldehyde 
product of lipid peroxidation in vivo. It is formed by peroxidation of polyunsatu-
rated fatty acids and can interact with proteins [ 115 ]. MDA can be detected by 
thiobarbituric acid (TBA) using a colorimetric method based on the reaction 
between MDA and TBA that gives a pink colour [ 116 ]. The products that are mea-
sured are termed TBA-reactive species (TBARS). The TBARS assay is amongst the 
most widely employed to evaluate lipid peroxidation. This assay has been exten-
sively used as an indicator of oxidative stress in experimental and human cardiovas-
cular disease. Plasma TBARS levels are increased in patients with coronary artery 
disease, hypertension, atherosclerosis, diabetes, heart failure, stroke and aging 
[ 117 – 120 ]. Cigarette smokers also have elevated levels of TBARS suggesting that 
pro-atherogenic and vascular injury effects of smoking are related to oxidative dam-
age induced by lipid peroxidation [ 121 ,  122 ]. Some studies showed that plasma 
TBARS could predict cardiovascular events. For example, raised TBARS concen-
trations predicted carotid atherosclerotic plaque progression over a 3-year period as 
validated by carotid wall thickness using ultrasound [ 123 ].  

9.7.1.2     Isoprostanes 
 F2-isoprostanes are prostaglandin-like compounds produced by nonenzymatic per-
oxidation of arachidonic acid, a polyunsaturated fatty acid in phospholipids of cell 
membranes [ 124 ]. Formation of isoprostanes is independent of the cyclooxygenase 
enzyme that catalyses the production of prostaglandins. F2-isoprostanes are stable 
end products of lipid peroxidation and can be measured in all human tissues and 
biological fl uids, including urine, plasma and cerebrospinal fl uid [ 125 ]. A metabo-
lite of F2-isoprostanes, 8-iso-prostaglandin F2α (8-iso-PGF2α), has vasoconstric-
tor, cell-growth properties and platelet aggregation and as such is biologically active 
independently of its biomarker status. F2-isoprostanes can be assessed by gas 
chromatography- mass spectrometry, liquid chromatography-mass spectrometry, 
enzyme-linked immunosorbent assay (ELISA) and radioimmunoassay in plasma 
and urine [ 126 ]. Levels of F2-isoprostanes in plasma and urine correlate with ROS 
levels and oxidative stress in experimental and human studies [ 127 ]. 

 Increased circulating and urine levels of F2-isoprostanes have been demonstrated 
in various cardiovascular diseases associated with vascular injury, including 
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hypertension, atherosclerosis, ischaemia-reperfusion injury and cardiac failure 
[ 128 – 130 ]. In addition, in healthy individuals with risk factors, such as obesity, 
hyperlipidaemia and hyperhomocysteinaemia, plasma concentrations of 
F2-isoprostanes are elevated, suggesting that indices of lipid peroxidation may be 
clinically relevant biomarkers of cardiovascular risk. In support of this, a recent 
prospective study including 1,002 anticoagulated patients with atrial fi brillation 
studied over 25 months demonstrated that 8-iso-PGF2α and sNOX2-dp (a marker of 
Nox2 levels) correlated with cardiovascular events [ 131 ]. Using various modelling 
paradigms, it was shown that 8-iso-PGF2α predicted cardiovascular events and 
death. As such it was suggested that F2-IsoP may complement conventional risk 
factors in prediction of cardiovascular events.  

9.7.1.3     4-Hydroxynonenal 
 4-Hydroxynonenal (4-HNE), an α,β-unsaturated hydroxyalkenal produced by lipid 
peroxidation in cells, is generated during physiological and pathophysiological con-
ditions based on the production of ROS [ 132 ]. 4-HNE is considered as one of the 
most specifi c and sensitive measures of lipid auto-oxidation. Various methods have 
been developed to measure 4-HNE including HPLC and GC-MS, anti-HNE adduct 
antibodies and ELISA. 

 Higher circulating 4-HNE levels have been shown to correlate with more severe 
diastolic dysfunction in spontaneously hypertensive rats [ 133 ]. 4-HNE has also 
been associated with stroke, ischaemia-reperfusion injury and cardiac hypertrophy. 
Increasing experimental evidence indicates that 4-HNE may have a dual role in that 
it may be a marker of systemic oxidative stress and also contribute directly to the 
pathogenesis of cardiovascular disease [ 134 ,  135 ]. Despite experimental evidence 
linking 4-HNE and cardiovascular disease, there is a paucity of information in 
humans. A few studies in dialysed patients demonstrated that MDA and 4-HNE 
thiols correlated with severity of cardiovascular disease [ 136 ,  137 ].   

9.7.2     Nonenzymatic Total Antioxidant Capacity 

 Total antioxidant capacity is a measure of the combined antioxidant effect of the 
nonenzymatic defences in biological fl uids and does not take into account the enzy-
matic antioxidant systems such as superoxide dismutase, catalase, peroxidase, etc. 
The assay measures low molecular weight antioxidants, both water soluble and lipid 
soluble, and includes urate, bilirubin, vitamin C, thiols, fl avonoids, carotenoids and 
vitamin E [ 138 ]. Experimental and clinical studies have shown, for the most part, 
low levels of total antioxidant capacity in various cardiovascular diseases [ 139 –
 141 ]. Total antioxidant capacity assays have also been used extensively in human 
studies evaluating effects of dietary antioxidants. 

 A recent comprehensive study reviewed prospective cohort studies and clinical tri-
als relating to associations between plasma/dietary antioxidants (total antioxidant 
capacity) and cardiovascular events [ 142 ,  143 ]. In long-term, large-scale, population- 
based cohort studies, higher levels of total antioxidant capacity were associated with a 
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lower risk of cardiovascular disease supporting a protective effect of dietary antioxi-
dant vitamins, carotenoids and polyphenols. However results from large randomised 
controlled trials failed to support long-term use of single antioxidant supplements for 
cardiovascular prevention due to their lack of benefi t or even adverse effects on major 
cardiovascular events or cancer. Although antioxidant supplement use was reported to 
have no benefi t on cardiovascular events by several large randomised controlled trials, 
cohort studies still supported the protective effects of dietary antioxidants in preventing 
cardiovascular disease. In particular antioxidant vitamins and polyphenols exhibit high 
antioxidant capacity in vitro and cardioprotective effects in vivo. Although total anti-
oxidant capacity assays may shed light on dietary antioxidant effects in specifi c patient 
cohorts, there are still technical concerns regarding specifi city and sensitivity of these 
assays, and as such, total antioxidant capacity of foods or populations should not yet be 
used for making decisions affecting population health [ 144 ].  

9.7.3     Oxidative Modification of DNA and Proteins 

 DNA and proteins are highly susceptible to modifi cations by changes in the redox 
state. Protein oxidation is the process whereby amino acid residues of a protein act 
as electron donors and suffer an oxidative attack by an oxidising agent. This process 
usually leads to changes in the biological function of the protein. Oxidation of pro-
teins can be induced by various mechanisms/stimuli including ROS, metal cations, 
γ-irradiation, UV light and ozone, leakage of the electron transport chain in mito-
chondria, oxidoreductase enzymes, products of lipid peroxidation as well as acti-
vated phagocytes [ 145 ,  146 ]. 

 Protein oxidative modifi cations can be divided into reversible, by biological anti-
oxidant systems, and irreversible [ 147 ]. Irreversible modifi cation normally leads to 
loss of protein functionality, aggregation and consequent degradation, while revers-
ible modifi cation has regulatory functions. The most common type of irreversible 
modifi cation is the formation of carbonyl groups. Amino acids prone to carbonyl-
ation include proline, arginine, threonine, lysine, histidine and cysteine. Assessment 
of the extent of such a general type of oxidation serves as a marker of increased 
oxidative stress [ 148 ]. On the other hand, the sulfur (S)-containing amino acids, Cys 
and Met, are the only amino acids which can undergo modifi cations that can be 
reversed by cellular enzymes and have, therefore, a potential regulatory role in 
redox signalling [ 147 ]. The most common types of oxidative modifi cations include 
nitrosylation, S-glutathionylation, sulfenylation and carbonylation [ 149 ]. Another 
biomarker of oxidative stress is the extent of oxidation of bases in DNA. 8-Oxo-7,8- 
dihydroguanine or the corresponding nucleoside is most often measured, either 
chromatographically or enzymatically [ 150 ], as an index of DNA oxidation. 

 Oxidatively modifi ed proteins regulate the activities of several redox-sensitive 
proteins involved in cardiovascular homeostasis, including endothelial function, 
myocyte contraction, vasodilation, oxidative phosphorylation, protein synthesis and 
glycolytic metabolism [ 151 ,  152 ]. At the same time, they may serve as biomarkers 
of oxidative stress. 
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 Strategies to examine protein oxidation can be classifi ed into direct and indirect 
assays. Direct approaches detect oxidation by exploiting the properties of oxidised 
forms of proteins or structural changes induced by oxidation and use specifi c anti-
bodies [ 153 ,  154 ] or chemoselective probes [ 155 ]. The development of cell- 
permeable probes provides the advantage of labelling within the system, thus 
preventing any artefactual labelling due to oxidation upon cell lysis [ 155 ]. Indirect 
approaches utilising labelled substrates are the most commonly used, as they exploit 
conserved biochemical properties of the reversible oxidative modifi cations, as well 
as the catalytic activity of certain proteins. 

 While there is growing interest in studying oxidative modifi cations of proteins in 
cardiovascular tissue in experimental models, such approaches are not yet used in 
the clinical setting [ 156 ,  157 ]. However recent studies have shown that in patients 
with post-acute myocardial infarction, circulating levels of fi brinogen carbonyl-
ation, a marker of modifi ed protein structure and altered fi brinogen function, are 
increased compared to controls [ 158 ].   

    Conclusions 
 Epidemiological studies have identifi ed numerous factors, such as hypertension, 
dyslipidaemia, smoking, obesity, sedentary lifestyle and diabetes, as risks for 
cardiovascular disease [ 159 ]. Controlling such risk factors to prevent cardiovas-
cular disease is a priority in global health. Identifi cation of new biomarkers of 
vascular injury and infl ammation, such as those highlighted in this chapter, offers 
information on underlying pathology and together with classical risk factors may 
provide better prediction of cardiovascular disease. With the many new biomark-
ers that continue to be identifi ed, it is challenging to know which should be used 
in the clinic. To address this, a joint task force of the American Heart Association 
and the American College of Cardiology recently issued guidelines on biomark-
ers as predictors of cardiovascular disease [ 160 ,  161 ]. In addition to classical risk 
factors including family history, haemoglobin A 1 C and microalbuminuria, the 
task force suggested CRP, lipoprotein-associated phospholipase A2, coronary 
calcium, carotid intima-media thickness and ankle/brachial index as clinical 
markers of risk. Thus although there is tremendous enthusiasm and interest in 
identifying novel biomarkers to predict cardiovascular disease, the utility still 
remains unclear, and to date, only a few have been accepted as clinically useful. 
Moreover, traditional biomarkers may not apply equally to both men and women 
or between other population strata [ 162 ,  163 ]. 

 Biomarkers that are most promising are those that are associated with the 
pathophysiological mechanisms of the disease. Since vascular infl ammation and 
oxidative stress are fundamental processes associated with cardiovascular dis-
ease, markers of such vascular injury may provide important insights not only 
into the pathogenesis but also early detection and tracking of vascular disease. As 
such there has been growing interest in identifying and validating novel biomark-
ers of vascular infl ammation and oxidative stress. Whether these will prove to be 
useful indices in the clinic awaits confi rmation.     
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  10      Neurohormonal Interactions 

             Gino     Seravalle      and     Guido     Grassi    

         Cardiovascular homeostasis represents the mechanism through which organ perfu-
sion, metabolic balance, and thermoregulation are modulated to provide the body’s 
requirements. This is obtained with complex interactions among local, humoral, and 
neural factors capable to modify cardiac and vascular function according to the 
changing requirements of daily life. We will describe the different factors involved 
in the homeostatic control of the cardiovascular system starting from the neural 
mechanisms, passing through the several humoral mechanisms and, last but not 
least, the local factors at the endothelial levels. 

10.1     Neuroregulatory Mechanisms 

 The central nervous system (CNS) plays an important role in the regulation of 
the cardiovascular system [ 1 ,  2 ]. By controlling both peripheral autonomic ner-
vous system activity and the release of circulating hormonal factors, the CNS 
acutely modifi es blood pressure and heart rate, thus facilitating cardiovascular 
homeostasis and appropriate responses to the environment. The sympathetic 
component of the autonomic nervous system (SNS) is known to play the major 
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role in cardiovascular homeostasis [ 3 ,  4 ]. SNS is the effector of neurogenic 
control of vascular tone inducing vasoconstriction of small resistance arteries. It 
is mainly involved in short- term regulation of vasomotor tone allowing fast 
adaptation to different physiological conditions by means of autonomic refl exes 
(baro- and chemorefl exes) that, acting as a feedback mechanism, maintain car-
diovascular homeostasis [ 3 ,  5 ]. A role of the SNS in long-term blood pressure 
control has also been established [ 6 ,  7 ]. 

 Recent evidences suggest that sympathetic activity and vascular function could 
be linked in a more complex fashion. The same pathways are involved in auto-
nomic regulation as well as in vascular function regulation, suggesting that vascu-
lar homeostasis is maintained through pathways activated by the same signaling, 
allowing an integrated and multidistrict response [ 8 – 11 ]. SNS may also directly 
modulate functional and mechanical properties of large arteries. This is suggested 
by the evidence that markers of vascular function are inversely related to sym-
pathetic discharge and it is in line with the induction of endothelial dysfunction 
by sympathoexcitatory stimuli [ 12 – 14 ]. Adrenergic activation is present in sev-
eral cardiovascular diseases, inducing chronic changes in vascular function and 
structure, i.e., vascular remodeling [ 7 ]. Sympathetic activity may induce these 
alterations through several mechanisms: inducing peripheral vasoconstriction; 
potentiating cardiac contraction; reducing venous capacitance; affecting renal 
sodium and water excretion, through barorefl ex dysfunction; and altering insulin 
and glucose metabolism [ 6 ,  15 ].  

10.2     Humoral Regulation 

 The modulation of vascular contraction and fl uid dynamics is accomplished at least 
in part through endo-, para-, auto-, intracrine acting hormones which, as a part of a 
complex regulatory system, are more or less quickly released or inhibited by 
changes in volume and/or blood pressure and other conditions capable of maintain-
ing homeostasis. Several vasopressor and depressor hormones have been identifi ed 
and their physiological role known (Table  10.1 ).

  Table 10.1    Hormones and 
local factors involved in 
vascular function  

 Vasoconstriction  Vasodilation 

 Angiotensin II  Natriuretic peptides 

 Arginine- vasopressin   Kinin-kallikrein system 

 Catecholamines  Medullipine system 

 Endothelin  Adrenomedullin 

 Prostaglandins 

 Estrogens 

 Insulin 

 Nitric Oxide 
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10.2.1       Renin-Angiotensin System 

 The systemic renin-angiotensin system (RAS) is central to the regulation of fl uid bal-
ance. Hyponatremia, hypovolemia, hypotension, and adrenergic stimuli activate the 
production and release of renin, which enzymatically induce the production of angio-
tensin I (inactive) that is converted to the vasoactive angiotensin II (Ang II) by a non-
specifi c converting enzyme (ACE) (Fig.  10.1 ) [ 16 ]. Ang II brings about a constriction 
of the arteriolar vascular smooth musculature and a release of aldosterone from the 
adrenal cortex with a resultant increase in tubular sodium and water reabsorption. 
Since hypervolemia, hypernatremia, and increases in blood pressure and Ang II con-
centrations, under physiological conditions, supplant renin activation through a nega-
tive feedback mechanism, this system may represent a regulatory circuit serving fl uid 
and blood pressure homeostasis. Ang II is able to potentiate SNS activity at different 
levels [ 8 ]. Experimental studies have shown that intracerebral infusion of Ang II was 
able to induce hypertension, systemic vasoconstriction, and barorefl ex reset towards 
higher blood pressure levels [ 17 ]. It has been also demonstrated that vascular smooth 
muscle nicotinamide dinucleotide phosphate (NADPH) oxidase is activated by Ang II 
and this increases vascular reactive oxygen species (ROS) levels [ 18 ]. More recently, 
it has been shown that a similar phenomenon occurs within the central nervous system 
where Ang II upregulates NADPH oxidase activating type 1 (AT1) receptors in neu-
roanatomical areas implicated in central sympathetic regulation such as the rostroven-
trolateral medulla (RVLM) in the bulbar area, the circumventricular organs, and the 
paraventricular nuclei [ 19 – 21 ]. At the peripheral level, Ang II facilitates neural trans-
mission within sympathetic ganglia; favors norepinephrine release by sympathetic 
nerve terminals, acting on presynaptic receptors; and enhances α-mediated vasocon-
striction in arterioles [ 8 ,  17 ,  22 – 25 ] (Fig.  10.2 ). Ang II can stimulate the synthesis of the 
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  Fig. 10.1    Effects of the renin-angiotensin-aldosterone system and the renal kinin system and their 
interactions.  ACE  angiotensin converting enzyme,  BP  blood pressure,  dashed line  indicates the 
inhibition of renin secretion through negative feedback       
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constitutive enzyme nitric oxide synthase (eNOS) and enhance the production of NO 
[ 26 ,  27 ]. In the renal circulation, this Ang II-NO interaction may protect the preglo-
merular vessels from the constrictor effect of Ang II [ 28 ]. In patients with coronary 
artery disease, ACE inhibitors attenuate sympathetic coronary vasoconstriction, not 
only when the drugs are systematically administered [ 29 ], but also when small doses 
of these compounds are infused at the level of the coronary circulation [ 30 ]. This fi nd-
ing suggests that not only systemic but also the local renin-angiotensin system is 
important for preserving cardiovascular homeostasis via an interaction with endothe-
lial factors.    

10.2.2     Endothelin 

 Endothelin-1 (ET-1) is a vasoconstrictor peptide produced by endothelial cells 
with an important role in regulation of vascular tone [ 31 ]. The role of the ET 
system in cardiovascular homeostasis is not limited to its direct vascular effects 
but also involves the neural regulation of vasomotor tone [ 32 ]. ET-1 can stim-
ulate central and peripheral SNS activity through ET A  receptors [ 33 ,  34 ]. The 
mechanism of ET-mediated vasoconstriction involves binding to specifi c recep-
tors on vascular smooth muscle and direct activation of voltage-operated calcium 
channels in vascular smooth muscle membrane. Two distinct ET receptors have 
been identifi ed. The ET A  receptor is expressed in vascular smooth muscle cells, 
whereas the ET B  receptor has been localized to the endothelial and smooth muscle 
cells. The ET B  receptor may have a dual vasoconstrictive and vasodilatory effect. 
While in vivo selective ET A  receptor antagonists causes forearm vasodilatation 
in resistance vessels due mostly to increased NO generation, stimulation of ET A  
receptors triggers acute vasoconstriction of large conduit arteries [ 33 ]. The ET B  
receptor antagonism causes local vasoconstriction, indicating that these recep-
tors in blood vessels respond to ET-1 majorly causing vasodilation [ 34 ]. While 
intracerebral administration of ET-1 can increase BP and SNS activity mainly 
through ET A  receptors both in hypertensives and normotensives, the administra-
tion of an ET A  receptor antagonist determines the opposite effect only in hyper-
tensives, suggesting a specifi c sympathoexcitatory role for the endogenous ET 
system in this condition [ 35 ,  36 ]. The increased ET-1 vascular tone observed in 
essential hypertension seems to be a consequence of reduced NO availability, 
due to the complex interactions between endothelium-derived substances [ 37 ]. 
At the peripheral autonomic nervous system level, ET-1 can act in carotid bodies 
and in cervical superior and nodose ganglia, infl uencing barorefl ex and chemo-
refl ex regulation. ET-1 is also released by postganglionic sympathetic neurons, 
modulating catecholamine release and vascular tone, and stimulates catechol-
amine release from adrenal gland [ 38 ].  
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10.2.3     Arginine-Vasopressin 

 The peptide hormone arginine-vasopressin or antidiuretic hormone (ADH) is pro-
duced in the hypothalamus and stored in the neurohypophysis. The hormone release 
is induced by hyperosmolarity and volume decrease and causes a rise in iso-osmotic 
reabsorption of primary urine in the distal tubule and collecting duct of the kidney. 
It has also been proven in isolated vascular preparations that vasopressin has a 
strong vasoconstrictor effect [ 39 ].  

10.2.4     Natriuretic Peptides 

 The atrial-, brain-, and C-type natriuretic peptides (ANP, BNP, CNP) are a family, 
structurally similar, with natriuretic and diuretic properties. 

 ANP, formed and stored in the atrium and released into the plasma through 
atrial stretching, is a circulatory peptide hormone which may be involved in the 
regulation of sodium homeostasis and blood pressure [ 40 ]. Under physiologi-
cal conditions, it is possible to detect relatively constant ANP plasma levels 
which, considering the high clearance rate of this hormone, suggests a continu-
ous and relatively high production rate. In the 1990s, several papers have shown 
a complex interaction between this substance and the major refl ex mechanisms 
responsible for cardiovascular homeostasis. Animal studies have shown that the 
reduction in blood pressure that follows the administration of natriuretic pep-
tides is not accompanied by the expected tachycardia [ 41 ], which suggests that 
these substances may produce an activation of the arterial and/or cardiopul-
monary barorefl exes. Direct demonstration of ANP- induced potentiation of the 
baroreceptor-heart rate refl ex has been provided in conscious normotensive rats 
[ 42 ]. Thoren et al. [ 43 ] have also shown the link with cardiopulmonary refl ex 
activation providing that these peptides were able to stimulate vagal inhibitory 
fi bers in the cardiopulmonary region. 

 BNP is found predominantly in the ventricles and atria of the heart [ 44 ]. Infusion 
of BNP, as well as ANP, is able to induce natriuresis and diuresis. Increased plasma 
levels of this peptide hormone, along with higher intravascular volume and increased 
ventricular pressure, have been observed in several pathophysiological conditions 
like congestive heart failure, pulmonary hypertension, arterial hypertension, cere-
brovascular diseases, liver dysfunction, and chronic kidney disease [ 45 – 49 ]. A role 
of cardiac natriuretic peptides has been recently shown also in infl ammation and 
rheumatic diseases [ 50 ,  51 ]. 

 In contrast to ANP and BNP, whose primary target organ is the kidney, C-type 
natriuretic peptide appears primarily to be a paracrine hormone involved in the reg-
ulation of vascular tone. CNP is formed from and secreted by vascular endothelium 
and has been detected in various areas of the brain. It has been proposed to mediate 
vascular relaxation by causing endothelium-dependent hyperpolarization. To study 
this in porcine coronary arteries, the endothelium-dependent relaxation and hyper-
polarization of CNP and bradykinin were compared. In contrast to bradykinin, CNP 
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induced endothelium-independent and weaker relaxation and hyperpolarization of 
coronary artery vascular smooth muscle, suggesting that it is an unlikely mediator 
of endothelium-dependent hyperpolarization of porcine coronary arteries [ 52 ].  

10.2.5     The Kinin-Kallikrein System and Prostaglandins 

 Kinins are generated from precursor known as kininogens by enzymes such as tis-
sue and plasma kallikrein (Fig.  10.1 ). Some of the effects of kinins are mediated via 
autocoids such as eicosanoids, NO, endothelium-derived hyperpolarizing factor 
(EDHF), and/or tissue plasminogen activator (tPA). Kinins, acting via NO, help 
protect against cardiac ischemia contributing to the vascular protective effect of 
ACE inhibitors during neointima formation and help reduce infarct size following 
preconditioning or treatment with ACE inhibitors. This mechanism is also useful in 
heart failure secondary to ischemic heart diseases. In the kidney, kinins are essential 
for proper regulation of papillary blood fl ow and water and sodium excretion. 
Kinins are involved in the acute antihypertensive effects of ACE inhibitors but not 
their chronic effects (save for mineralocorticoid-salt-induced hypertension). Kinins 
appear to play a role in the pathogenesis of infl ammatory diseases such as arthritis 
and skin infl ammation; they act as mediators of infl ammation by promoting matura-
tions of dendritic cells, which activate the body’s adaptive immune system and 
stimulate mechanisms that promote infl ammation. Several prostaglandin derivates 
(prostacyclin, PGE 2 ), whose synthesis can be stimulated by kinins, are likewise 
classifi ed as vasoactive, dilatory tissue hormones [ 53 – 55 ].  

10.2.6     Medullipin System 

 Medullipin is a substance formed and released in the renal medulla and converted in 
the liver to the vasodilatory, blood pressure-decreasing, circulating hormone medul-
lipin II. It lowers intrarenal vascular resistance and increases renal plasma fl ow, the 
glomerular fi ltration rate, diuresis, and natriuresis [ 56 ].  

10.2.7     Adrenomedullin 

 Endogenous adrenomedullin is an autocrine or paracrine factor in cardiovascular 
and renal regulation. This newly identifi ed peptide is widely distributed in human 
tissue. Adrenomedullin is a potent vasodilator in vivo in both human and animal 
arteries and, at least in vitro, inhibits cell proliferation and migration as well as 
ET-1 and Ang II production and oxidative stress. Adrenomedullin exerts cardio-
vascular protective actions, such as decreasing blood pressure, reducing intima 
hyperplasia, and is involved in the regulation of in situ vascular proliferations 
and vascular remodeling, as well as vascular tone. In the kidney, adrenomedullin 
elicits a dose- dependent increase in renal blood fl ow, glomerular fi ltration rates, 
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and urinary sodium excretion. Thus, adrenomedullin plays a role in the physio-
logical regulation of renal hemodynamic and in pathological condition such as 
salt-sensitive hypertension [ 57 ,  58 ].  

10.2.8     Estrogens 

 Both endothelial and vascular smooth muscle cells possess estrogen receptors. 
Estrogens regulate the transcription of numerous genes, and its cellular actions are 
mediated through the translation of specifi c mNA transcripts and synthesis of pro-
teins. It stimulates the native synthesis of NO in the blood vessels, heart, and skel-
etal muscles [ 59 ,  60 ]. Estrogens enhance the binding activity of the transcription 
factor Spl, whose function is essential for eNOS transcription. Even modest 
increases in eNOS expression may display protective effects against cardiovascular 
disease [ 61 ]. Other potential protective mechanisms of estrogen are represented by 
the suppression of a prostaglandin H synthase-dependent vasoconstriction [ 62 ] and 
the inhibition of cyclooxygenase-dependent production of oxidative stress [ 63 ]. In 
perimenopausal women, estrogen supplementation reduces arterial blood pressure 
and enhances basal NO release in forearm resistance arteries [ 64 ].  

10.2.9     Insulin 

 Insulin is synthetized and secreted by the pancreas. Although the liver is the main 
source of circulating IGF-I levels, it is formed in endothelial and vascular smooth 
muscle cells. The net effects of insulin on the vasculature are determined by differ-
ent cellular signaling pathways that are activated by stimulation of the insulin recep-
tor (IR) (Fig.  10.3 ) [ 65 ,  66 ]. Insulin metabolic signaling results in vasodilation via 
increased NO production and increases in bioavailable NO. However in conditions 
of insulin resistance, it promotes vasoconstriction and vascular proliferation. 
Binding of insulin to IR triggers its phosphorylation and activation via an intrinsic 
kinase activity, leading to tyrosine phosphorylation of the insulin receptor substrate 
(IRS) proteins. The activation of the PI3K-Akt pathway induces phosphorylation of 
eNOS and production of NO, modulated in a Ca 2+ /calmodulin-sensitive manner, 
with consequent decrease in vascular tone and vascular smooth muscle cell (VSMC) 
proliferation and reduction in adhesion of infl ammatory cells and platelet aggrega-
tion to endothelium [ 67 ]. Insulin also promotes, with different eNOS phosphoryla-
tion, the production of reactive oxygen species (ROS) and modulates the production 
of prostaglandins and endothelium-derived hyperpolarizing factors. In addition to 
vasodilation, insulin can promote vasoconstriction. Under some circumstances, 
insulin activates the mitogen-activated protein kinase (MAPK) cascade that coordi-
nates insulin vasoconstriction and growth-promoting effects [ 66 ]. These effects are 
mediated in part by the increased production of ET-1 and the activation of signaling 
through the vascular tissue RAAS [ 65 ,  66 ]. ET-1, via ET A  receptors, causes vaso-
constriction, increases oxidative stress, and promotes cell growth and mitogenesis 
in VSMCs [ 33 ]. Similar deleterious effects are seen with the activation of vascular 
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tissue RAAS [ 66 ]. Insulin plays a modulatory role on skeletal muscle vasculature 
by increasing blood fl ow and regulating its own delivery during increased metabolic 
demands [ 68 ]. The mechanism is dependent on an intact endothelium and involves 
activation of the α-adrenergic receptors to restrict the vasodilation to actively con-
tracting areas of the muscle. Once the terminal arterioles are maximally dilated, 
adequate skeletal muscle capillary recruitment is needed. An impaired capillary 
recruitment is present in clinical conditions characterized by insulin resistance such 
as obesity and type 2 diabetes mellitus [ 68 ,  69 ].    

10.3     Endothelial Factors 

 NO is produced from the amino acid L-arginine by the enzyme NO synthase (NOS) 
which is present in three isoforms [ 70 ]: neuronal NOS (nNOS) is expressed in neu-
rons in central and peripheral nervous system and also in macrophages and endothe-
lial cells where it plays a role in regulation of basal vascular tone [ 71 ]; inducible 
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NOS (iNOS) is expressed in different cellular types and its activity is induced by 
infl ammatory stimuli [ 70 ]; endothelial NOS (eNOS) is a constitutive enzyme iso-
form found in endothelial and neural cells. NO release from endothelium is deter-
mined by receptor-mediated mechanisms (acetylcholine, bradykinin, serotonin, 
substance P, adenosine diphosphate) and by mechanical stimuli (shear stress) [ 72 ]. 
eNOS expression is negatively infl uenced by hypoxia, tumor necrosis factor-α, 
infl ammatory cytokines, and by false substrates such as N-monomethyl-L-arginine 
(L-NMMA), which are commonly used to test the degree of endothelium- dependent 
vasodilation [ 70 ]. Asymmetric dimethylarginine (ADMA), a naturally occurring 
amino acid, is an endogenous inhibitor of eNOS, which can cause endothelial dys-
function and is associated with increased cardiovascular risk [ 72 ]. Several evidences 
have shown that NO acts as a sympathoinhibitory substance within the central ner-
vous system [ 9 ]. It is well established that acute or chronic administration of exog-
enous NOS inhibitors are able to induce vasoconstriction and favor blood pressure 
raising [ 73 ]. This effect could be due to the impairment of NO basal vascular tone 
and endothelium-mediated vasodilation but above all by the SNS activation. This 
was found by Sakuma et al. [ 74 ] that after an acute intravenous administration of the 
NOS inhibitor L-NMMA, recorded an increase in BP, in norepinephrine values and 
in renal sympathetic nerve activity. They have also found a further increment of 
these responses after baroreceptor deafferentation while a disappearance was 
observed after cervical spine section, suggesting that L-NMMA pressor effects are 
mostly due to its effect on SNS. These results are supported by the evidence that 
ganglionic blockade and sympathectomy suppress BP and heart rate increase 
induced by another NOS inhibitor such as L-NAME [ 75 ,  76 ]. NO modulation is 
also particularly relevant in RVLM, the main bulbar area of integration of excitatory 
autonomic efferent fi bers involved in cardiovascular regulation, and in hypotha-
lamic paraventricular nuclei. Microinjection of NOS inhibitors at this level causes 
renal SNA and BP increase, while NO donors exhibit opposite effects [ 77 ,  78 ]. 

 NO seems to play a role in the pathophysiology of diseases characterized by 
increased sympathetic discharge. A reduced activity of the intracerebral NO-pathway 
has been found in renovascular hypertension and heart failure [ 11 ,  79 ]. 

 As regards to the neurogenic control of vascular function, it has been shown that 
sympathetically induced vasoconstriction may increase shear stress on the vascular 
wall with consequent increase in NO release from vascular endothelial cells favor-
ing norepinephrine neuronal reuptake in sympathetic nerve terminals [ 80 ,  81 ]. 

 Some other functions deserve to be mentioned. First, NOS may catalyze forma-
tion of hydrogen peroxide (H 2 O 2 ) that is a potent vasodilator, but prolonged 
increased concentrations may be harmful to endothelial and vascular smooth mus-
cle cells, leading to a shift in the balance between the production of protective NO 
and deleterious O 2  −  [ 82 ]. O 2  −  from the adventitia of the blood vessel can also inacti-
vate NO [ 83 ]. It has been shown that oxygen-derived free radicals induced by low- 
density lipoproteins, Ang II, and pulsatile stretch in artery smooth muscle cells have 
been implicated in the pathogenesis of atherosclerosis and vascular restenosis in 
humans [ 84 ]. Second, NO has also the role to maintain a balance in the kidney 
between oxygen consumption and sodium reabsorption [ 85 ]. Third, NO released 
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from the vascular endothelium plays an important role in the regulation of tissue 
mitochondrial respiration in skeletal muscle and in the regulation of cardiac con-
tractile function [ 86 ,  87 ]. Fourth, in healthy adults, the pulmonary vascular  resistance 
is maintained in part through the continuous local production of NO [ 88 ].     
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  11      Arterial Interactions with Mineral 
and Bone Disorders 
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        Associated with deleterious changes in the structure and function damage to large 
arteries is a major risk factor contributing to the cardiovascular complications in 
hypertension, diabetes, chronic kidney disease, and chronic infl ammatory dis-
eases [ 1 – 3 ]. In many circumstances, these changes are in many aspects similar to 
those occurring with aging, with this age-related process accelerated and intensi-
fi ed in diabetes and chronic kidney disease (CKD) [ 4 ,  5 ]. Although atherosclero-
sis and plaque-associated occlusive lesions are the frequent underlying causes of 
these complications, the spectrum of arterial alterations is broader, including 
remodeling of large arteries and stiffening of arterial walls, with consequences 
that differ from those due to atherosclerotic plaques burden [ 6 ,  7 ]. Arterial stiffen-
ing is related to intrinsic changes in biophysical and geometric characteristics of 
arteries with increased calcium content and arterial calcifi cations (AC) as one of 
the most frequent consequences of arterial damage associated with deleterious 
changes in the structure and function of the arterial system [ 7 – 10 ]. AC are fre-
quently associated with mineral and bone disorders which play an important 
pathophysiological role in the pathogenesis and progression of arterial damage 
[ 11 – 16 ]. Many studies showed that the extents of calcifi cations are associated 
with subsequent cardiovascular mortality and morbidity beyond established con-
ventional risk factors [ 17 – 20 ]. 
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11.1     Arterial Calcifications and Mineral and Bone Disorders 

 AC develop in two distinct sites: the intima and media layers of the large and medium-
sized arterial wall. These two forms are frequently associated. Intima plaque calcifi -
cation occurs in the context of common atherosclerosis and progresses in parallel 
with the plaque evolution. Calcium accumulation in the media (Mönckeberg’s scle-
rosis or mediacalcosis) of arteries is observed with high frequency with aging, diabe-
tes, and CKD [ 4 ,  5 ,  10 ,  11 ]. For a long time, it was thought that these calcifi cations 
resulted from passive deposition of calcium salts as the consequence of extracellular 
fl uid volume oversaturation with a high calcium−phosphate product. Experimental 
and clinical studies indicate that cardiovascular calcifi cations are an active process 
that is regulated by a variety of genes and proteins involved in mineral and bone 
metabolism. AC is a process akin to bone formation, regulated by an equilibrium 
between factors promoting or inhibiting calcifi cation [ 21 – 23 ]. Emerging evidence 
indicates that senescence, diabetes, infl ammation, dyslipidemia, oxidative stress, 
estrogen defi ciency, and vitamin D and K defi ciencies could provide stimuli for 
osteogenic phenotype expression process involving differentiation of contractile vas-
cular smooth muscle cells, pericytes, and calcifying vascular cells into phenotypi-
cally distinct, “osteoblast-like” cells with secretory phenotype [ 24 – 31 ]. 

 Aging is the most typical condition associated with the development of vascular 
calcifi cations. VSMC senescence is associated with the switch to a secretory pheno-
type (senescence-associated secretory phenotype, SASP) that initiates osteoblastic 
transition with calcifi cations and artery-wall remodeling [ 32 ,  33 ]. SASP is linked to 
low-grade arterial infl ammation with production of proinfl ammatory cytokines (IL- 
1, TNF-α) and oxidative stress all factors leading to NF-κB activation [ 34 ]. NF-κB 
activity, infl ammation, and excessive production of reactive oxygen species (ROS) 
are associated with several features of the progeroid syndrome, such as accumula-
tion of prelamin A [ 35 ], low telomerase activity and telomere shortening [ 36 ], and 
DNA damage [ 37 ], all conditions being associated with the development of an 
osteogenic program by activation of BMP 2/4 and Wnt/β-catenin signals (Fig.  11.1 ).  

 Molecular imaging in vivo has demonstrated infl ammation-associated osteogen-
esis in early stages of atherosclerosis [ 38 ], confi rming the role of infl ammation in 
triggering the metabolic cascade leading to the transformation of VSMC into an 
osteogenic phenotype. Macrophage activation releases proinfl ammatory cytokines 
(such as IL-6 and TNFα) and proteolytic enzymes (metalloproteinases MMP 2, 
MMP 9, and cathepsin S) whose release is associated with osteochondrocytic 
VSMC transdifferentiation [ 23 ,  38 ]. IL-6 and TNFα are the fi rst steps for the activa-
tion of BMP2:BMP4 and Msx2 which promote calcifi cation by activating paracrine 
Wnt signals and nuclear activation and localization of β-catenin, an indispensable 
coregulator of expression of Runx2, osterix, and Sox9 which are all transcription 
factors associated with the osteochondrogenic phenotype conversion of VSMC and 
pericytes [ 23 ,  38 – 40 ]. The second aspect of infl ammation-related calcifi cation is the 
proteolytic activation of elastolysis and degradation of extracellular matrix. The 
fragmentation of elastic lamellae and release of biologically active elastin-derived 
peptides also promote VSMC dedifferentiation and calcium deposition [ 41 ]. 
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 In the presence of normal serum, VSMC do not calcify. Serum inhibits spontane-
ous calcium and phosphate precipitation in solution [ 42 ], indicating that systemic 
calcifi cation inhibitors are present in the serum. VSMC which constitutively express 
potent local or systemic inhibitors of calcifi cation [ 21 ], such as matrix GLA protein 
[ 43 ], may limit AC by binding to bone morphogenic proteins [ 44 ]. Osteopontin and 
osteoprotegerin are potent inhibitors of AC in vivo, and inactivation of their genes 
enhances the calcifi cation process [ 45 ,  46 ]. Fetuin-A (AHSG or α 2- HS glycoprotein) 
is a potent circulating AC inhibitor that is abundant in the plasma [ 47 ]. Pyrophosphate 
is another potent inhibitor. In vitro, phosphate-stimulated apatite production can be 
completely prevented by adding pyrophosphates that antagonize the cellular 
sodium–phosphate cotransport system [ 48 ]. 

 While in the general populations the presence of cardiovascular calcifi cations 
could be observed in the absence of overt mineral metabolism disorders in several 
clinical conditions such as CKD/ESRD, the associations between vascular calcifi -
cations are associated with deterioration of mineral and bone metabolism caused 
by changes in serum phosphorus and calcium and disruption of endocrine and 
humoral pathways including parathyroid hormone (PTH), calcitriol, FGF-23/
Klotho, and vitamin D. In vitro, calcium and phosphate promote both synergisti-
cally and independently VSMC calcifi cation [ 28 ,  49 ]. Recent fi ndings indicate that 
hyperphosphatemia, through activation of mitochondrial respiration, stimulates the 
production of ROS with fi nal activation of NF-κB, enhancing Runx2 (Cbfa1) acti-
vation [ 50 ]. 
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 Hyperphosphatemia is tightly related to disruption of Klothe-FGF23 axis [ 51 , 
 52 ]. Several experimental models and clinical conditions such as CKD are charac-
terized by increased FGF23 and decreased Klotho activity [ 53 ,  54 ]. In animal mod-
els, Klotho and FGF23 knockout animals are characterized by short life span, 
accelerated aging phenotype, extensive arterial calcifi cations, osteoporosis, and 
hyperphosphatemia [ 52 ,  55 ,  56 ]. Suppression of phosphate from the diet or knock-
out of gene for Pit1 and sodium-dependent phosphate uptake restores normal life 
span and phenotype [ 52 ,  55 ]. Klotho defi ciency increases expression of Pit1 and 
expression of Runx2 associated with secretory osteogenic phenotype of VSMC 
[ 53 ]. In animal models, FGF23 is not directly associated with vascular calcifi cations 
since neutralization of FGF23 with specifi c antibodies results in extensive arterial 
calcifi cations and premature death of animals [ 57 ]. 

 Decreased Klotho expression and increased FGF23 precede the elevation of par-
athormone (PTH) secretion also responsible for mineral and bone homeostasis [ 58 ]. 
Chronic elevation of PTH upregulates RANKL and downregulates OPG gene 
expression and enhances the RANKL–OPG ratio, RANK–RANKL–OPG (receptor 
activator of nuclear factor (NF)-κB–receptor activator of NF-κB ligand–osteoprote-
gerin) signaling pathway, and the RANKL–OPG ratio [ 59 – 61 ]. Once bound to 
RANK, RANKL activates the alternative NF-κB pathway and initiates production 
of infl ammatory cytokines and activates MSx2/Runx2 pathway. Results of a recent 
study demonstrated that RANKL increased VSMC calcifi cation directly through 
BMP4 upregulation, providing autocrine stimulus and activation of Wnt signaling 
[ 62 ]. The arterial calcifi cations observed with increased PTH secretion are attrib-
uted to RANKL-mediated bone resorption by osteoclast-associated excessive cal-
cium and phosphate releases.  

11.2     Bone–Vascular Cross-Talk 

 There is growing clinical and experimental evidence linking bone pathology and dif-
ferent functional and structural characteristics of cardiovascular system. Several pop-
ulation-based longitudinal studies demonstrated associations between osteoporosis 
and AC or arterial stiffness, as well as an association between the progression of aortic 
calcifi cations and decreased bone mineral density [ 14 – 17 ,  63 – 65 ]. The mechanisms 
accounting for these associations are not well understood. Several possibilities should 
be considered: (1) common risk factors for osteoporosis or bone remodeling and vas-
cular calcifi cations, (2) role of primary vascular pathologies on bone function and 
remodeling, and/or (3) the participation of bone cells in vascular remodeling. 

11.2.1     Common Factors 

 Clinical data show that osteoporosis and vascular calcifi cations are infl uenced by sev-
eral common risk factors, such as age, menopausal status, diabetes, dyslipidemia with 
infl ammation, and oxidative stress as the fi nal common mechanisms [ 27 ,  66 – 69 ]. 
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 Aging is associated with bone loss and with development of vascular calcifi ca-
tions especially in postmenopausal women [ 66 ,  67 ]. Nevertheless, this bone–vascu-
lar association remained signifi cant after adjustment for age suggesting a biologically 
linked phenomenon [ 14 ,  16 ,  65 ]. Aging is the most typical condition associated with 
the development of vascular calcifi cations. VSMC senescence is associated with the 
switch to a secretory phenotype (senescence-associated secretory phenotype, SASP) 
linked to low-grade arterial infl ammation with production of proinfl ammatory cyto-
kines associated with AC by activation of BMP 2/4 and Wnt/β-catenin signals [ 32 , 
 33 ]. Direct evidence that infl ammation was the factor linking bone remodeling and 
arterial calcifi cations was recently provided by Hjortnaes et al. who, using near- 
infrared fl uorescence molecular imaging, showed that arterial and aortic valve cal-
cifi cations inversely were correlated with osteoporotic bone remodeling [ 69 ]. 
Chronic infl ammation is also associated with unbalanced bone formation and bone 
resorption [ 70 ]. 

 Normal bone remodeling is characterized by a balance between osteoclast bone 
resorption and osteoblast bone matrix deposition. This balance is disrupted in osteo-
porosis and is infl uenced by the RANKL–OPG equilibrium. The discovery that 
OPG-defi cient mice develop severe arterial calcifi cations concomitantly with severe 
osteoporosis, cortical and trabecular bone porosity, and their high fracture rate pro-
vided robust evidence pointing to the RANKL–OPG disequilibrium as a possible 
common factor linking osteoporosis and arterial calcifi cations [ 71 ]. RANKL acti-
vates the alternative NF-κB pathway and initiates production of infl ammatory cyto-
kines and arterial calcifi cations in parallel with RANKL-mediated bone resorption 
by osteoclasts whose apoptosis is suppressed osteoclast apoptosis. The association 
between arterial calcifi cation and osteoporosis is most typically observed in post-
menopausal women. It could largely refl ect estrogen defi ciency since estrogen 
inhibits RANKL-signaling and induces osteoblast OPG expression [ 72 ]. 

 Osteopenia, poor fracture healing, arterial calcifi cations, and higher risk of hip 
fractures are frequently found simultaneously in patients with diabetes mellitus 
[ 73 ]. Increased AGE accumulation could be the common factor linking bone and 
arterial pathologies in diabetes. Endogenous ligands for AGE receptors (RAGE) 
trigger activation of transcription factor NF-κB and ROS signaling, leading to the 
production of proinfl ammatory cytokines and activation of VSMC osteogenic BMP/
Wnt signaling through Runx2 upregulation inducing AC [ 74 ]. In vitro, through their 
accumulation in diabetes, AGEs stimulate osteoblast apoptosis and modify osteo-
clast activity by delaying bone regeneration and contributing to defective bone for-
mation [ 75 ,  76 ].  

11.2.2     Arterial Disorders and Bone Alterations 

 Atherosclerosis also affects bone circulation and impaired bone perfusion. With 
aging, bone arteries and arterioles are subjected to arteriosclerosis, with reduced 
bone marrow blood supply that renders the marrow ischemic and diminishes the 
cortex blood supply, which is replaced by the periosteal circulation [ 77 ]. That a 
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link between compromised intraosseous circulation and consequent osteoporo-
sis might exist is also suggested by the observation associating decreased bone 
mineral density and peripheral artery disease [ 78 ]. Intraosseous angiogenesis 
and bone remodeling are regulated by similar cytokines and growth factors, and 
bone formation–resorption and blood supply are tightly associated [ 79 ]. Some 
results showed that, in healthy women, bone perfusion indices were lower in 
subjects with osteoporosis than those with osteopenia or normal bone–mineral 
density [ 79 ,  80 ].  

11.2.3     Bone Functions and Arterial Alterations 

 Several experimental fi ndings support that bone and osteoblast physiology are 
involved in the control of fat-tissue metabolism and adipokine release, energy 
expenditure, and insulin secretion and sensitivity, all factors directly affecting car-
diovascular function and health. Lee et al. [ 81 ] showed that osteoblasts exert endo-
crine regulation on energy metabolism, with osteocalcin (OCN) playing an important 
role. Uncarboxylated osteocalcin can regulate the expression of insulin genes and 
β-cell proliferation and adiponectin (ADPN) release and expression by adipocytes 
[ 81 ,  82 ]. In CKD patients, serum OCN was positively associated with serum ADPN 
[ 83 ]. ADPN is anti-infl ammatory, suppresses atherosclerosis, increases insulin 
secretion and sensitivity, and activates osteoblastogenesis [ 84 ]. Moreover, ADPN 
regulates arterial calcifi cations [ 85 ], and an inverse relationship was observed 
between ADPN and the progression of coronary calcifi cations [ 86 ]. In ESRD 
patients, cardiovascular calcifi cations are frequently observed in the presence of low 
bone volume and adynamic bone disease, characterized by decreased osteoblast 
numbers/activity [ 15 ,  87 ] suggesting that bone cells could infl uence vascular func-
tion and calcifi cation. In a recent study in ESRD patients, it has been shown that 
peripheral artery disease with extensive calcifi cations is associated with low osteo-
blastic activity characterized by pronounced osteoblast resistance to PTH [ 87 ]. 

 In conclusion, the results of cross-sectional studies on general populations and 
several clinical conditions showed an association between atherosclerosis/arterio-
sclerosis and arterial calcifi cations. The two types of calcifi cations, i.e., intimal and 
medial, have a different impact on arterial functions. The intimal calcifi cation as a 
part of advanced atherosclerosis results in the development of plaques and arterial 
lumen decrease or occlusion and ischemic lesions downstream. Medial calcifi ca-
tions result in the stiffening of arterial walls with increased systolic and decreased 
diastolic pressures. Arterial changes occur in relation with mineral and bone disor-
ders, including osteoporosis, low bone volume, and high or low bone activity. The 
pathophysiology and biological links between bone and arterial abnormalities sug-
gest the existence of bone-vascular cross-talk and common regulatory factors shared 
by vascular and bone systems. 

 This leads to cardiac pressure overload, left ventricular hypertrophy, and 
decreased myocardial perfusion. The two types of calcifi cations are associated with 
increased mortality.      
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  12      Endothelial Function in Health 
and Disease 

             Arno     Greyling     ,     Maria     T.     Hopman     , and     Dick     H.    J.     Thijssen    

12.1             Introduction 

   It has been said that one is as old as one’s arteries. In view of the supreme importance of 
endothelium in arterial function I would like to modify, or rather simplify, this statement by 
saying the one is as old as one’s endothelium. [ 1 ] 

   Dr. Rudolf Altschul prefaced his book ‘Endothelium: Its Development, Morphology, 
Function and Pathology’ with this statement. Embedded in our current knowledge, 
this statement seems like an open door. However, it was made in 1954, a time during 
which relatively little was known on the subject. This contrasts with contemporary 
interest in the endothelium, supported by the publication of approximately 10,000 
publications by 2014. 

 Since the discovery of the endothelium by Friedrich von Recklinghausen in mid- 
1800, appreciation of the morphology and functions of the endothelium saw slow 
progress. Notable milestones include the defi nition of Starling’s ‘Law of capillary 
exchange’ which established the endothelium as a selectively permeable barrier [ 2 ] 
and the use of electron microscopy which enabled assessment of the endothelium’s 
ultrastructure. Only recently has it been found that the endothelium produces 
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vasoactive substances, such as prostacyclin in 1976 [ 3 ] and followed by the Nobel 
Prize winning work from Robert Furchgott who discovered the endothelium’s abil-
ity to produce nitric oxide in 1980 [ 4 ]. 

 We now know that the deceptively simple appearance of this single layer of cells 
belies the fact that it is ‘the largest endocrine gland in the body’ [ 5 ] with myriad of 
complex functions that play an integral part in vascular homeostasis. This chapter 
will focus on the (patho)physiological role of the vascular endothelium.  

12.2     Physiological Functions of the Endothelium 

 The endothelium forms a barrier between blood-borne cells and macro-molecules 
and the underlying artery wall. Its permeability and integrity is regulated by trans-
cellular (through endothelial cells) and paracellular (between endothelial cells) pas-
sage mechanisms. Transcellular transport takes place via transport vesicles (e.g. 
caveolae and vesiculo-vacuolar organelles) and is the primary means by which albu-
min, lipids, steroid hormones and fat-soluble vitamins cross the endothelium. 
Transport vesicles can also fuse into channels that traverse single cells, allowing the 
passage of leukocytes and solutes [ 6 ]. Furthermore, specialised fenestrae are pres-
ent that control transcellular permeability to water and solutes. Paracellular trans-
port occurs through the coordinated opening and closure of endothelial cell-cell 
junctions. Endothelial cell junctions also regulate contact-induced inhibition of cell 
growth, apoptosis, gene expression and new vessel formation [ 7 ]. The importance 
of controlling permeability is highlighted by the observation that increases in the 
permeability of the endothelium, which is linked to endothelium dysfunction and 
aids in the formation and progression of atherosclerosis [ 8 ]. 

 In addition to the ‘barrier function’, the endothelium controls maintenance of 
vascular homeostasis. Through the autocrine secretion of substances, it exerts bidi-
rectional control to form a fi nely balanced interdependent system [ 9 ] (Fig.  12.1 ). 
The most important functions of the endothelium include (1) regulation of vascular 
tone, (2) control of thrombosis and haemostasis, (3) immune and infl ammatory 
responses and (4) facilitation of vascular growth, repair and remodelling. These 
functions of the endothelium are discussed below.  

12.2.1     Regulation of Vascular Tone 

12.2.1.1     Nitric Oxide 
 The endothelium regulates vascular tone through the rapid synthesis of vasodilators 
and vasoconstrictors (Fig.  12.1 ). Nitric oxide (NO) is an important and powerful 
vasodilator which is produced by the endothelium as a soluble gas with a short half- 
life (6–30 s in the artery wall and a few seconds in the blood). Its production involves 
a two-step oxidation of  l -arginine to  l -citrulline, with concomitant production of 
NO. This reaction is catalysed by NO - synthases (NOS) with the aid of cofactors, 
including tetrahydrobiopterin and nicotinamide adenine dinucleotide phosphate 
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(NADPH) (Fig.  12.1 ). The NOS family plays a central role in the production of NO 
and consists of three different isoforms named after the tissues in which they were 
fi rst identifi ed: the neuronal (nNOS), inducible (iNOS) and endothelial (eNOS) iso-
forms. Many tissues can express more than one isoform, and all three may be con-
stitutive or inducible [ 10 ]. Nonetheless, eNOS is the predominant form in endothelial 
cells and is the main source of endothelium-derived NO. eNOS is constitutively 
expressed and continuously produces small amounts of NO. eNOS can be stimu-
lated by various hormones as well as haemodynamic factors. These stimuli induce 
an increase in intercellular Ca 2+  that displaces the inhibitor caveolin from calmodu-
lin to activate eNOS. 

 After production, NO diffuses to vascular smooth muscle cells (VSMCs) and 
activates guanylate cyclase, causing an increase in intracellular cyclic guanosine 
monophosphate (cGMP). This action leads to relaxation of the VSMCs and subse-
quent vasodilation. The importance of NO is supported by experimental work where 
inactivation of eNOS results in vasoconstriction and elevation in arterial blood pres-
sure [ 11 ]. NO also exerts inhibitory effects on platelet aggregation, leukocyte adhe-
sion and VSMC migration and proliferation, highlighting the importance of this 
hormone for vascular homeostasis [ 10 ].  

Plasminogen activator inhibitor-1

Tissue plasminogen activator

Tissue factor

NO

NONO

3

Adhesion molecules

Inflammation
IschemiaTemperature changeShear stress

Acetylcholine
Bradykinin

K+

COX

L-Arg
Angiotension II

Prostaglandins

Endothelin-1

cAMP
cGMP cGMP cGMP

Smooth Muscle Cells

ANTI-FIBRINOLYSIS
REGULATION OF CLOTTING

CASCADE

ANTI-INFLAMMATORY
ACTIONS

OXIDATIVE STRESS

SMOOTH MUSCLE
RELAXATION

HYPERPOLARIZATION

21

cGMP

Endothelial hyperpolarizing factor

VASODILATION
VASCULAR TONE

PLATELET ADHESION
FIBRINOLYSIS

CLOTTING CASCADE

LEUKOCYTE
ADHESION

BH4

L-Cit

NO

COXNOS

BLOOD FLOW

Endothelium
NOS

TNF

Leukocyte

IL-6

O2−

PGI2

PGI2

cAMP

O2−

Thrombomodulin

Von
Willebrand’s

factor

+ - + -

+ -

  Fig. 12.1    The endothelium is responsible for a number of physiological functions, including (1) 
regulation of vascular tone, (2) control of blood fl uidity and coagulation, and (3) regulation of 
infl ammatory processes.  cAMP  cyclic adenosine monophosphate,  cGMP  cyclic guanosine mono-
phosphate,  COX  cyclooxygenase,  BH4  tetrahydrobiopterin,  IL  interleukin,  TNF  tumour necrosis 
factor,  l  -arg   l -arginine,  l  -cit   l -citrulline,  NO  nitric oxide,  NOS  nitric oxide synthase,  O   2  −superox-
ide (With permission from Marti et al. [ 9 ])       
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12.2.1.2     Prostacyclin 
 The endothelium produces a family of prostaglandins through the catabolism of 
arachidonic acid by cyclooxygenases in response to mechanical and humoral stim-
uli. Prostacyclin (PGI 2 ) is a major member of this family and acts as a paracrine- 
signalling molecule and activates the prostacyclin receptors on VSMC and platelets. 
This stimulates adenylate cyclase and with a consequent increase in intracellular 
levels of cyclic adenosine monophosphate (cAMP), ultimately resulting in VSMC 
relaxation and inhibition of platelet activation [ 12 ]. The action of PGI 2  is closely 
related to that of NO since PGI 2  potentiates NO release (and vice versa). Nonetheless, 
PGI 2  seems less important for vascular control than NO, but plays a central role in 
the coagulation pathway (see Sect.  12.2.2 ).  

12.2.1.3     Endothelium-Derived Hyperpolarizing Factor 
 Some of the endothelium-dependent vasodilation has generally been associ-
ated with hyperpolarization of the VSMCs and referred to a non-characterised 
factor called endothelium-dependent hyperpolarizing factor (EDHF) [ 13 ]. A 
number of candidate EDHFs have been suggested, including arachidonic acid 
metabolites, gaseous mediators (e.g. NO, hydrogen sulfide and carbon monox-
ide), reactive oxygen species, vasoactive peptides, potassium ions and adenos-
ine. Irrespective of its exact nature, EDHF plays an important role in regulating 
 vascular tone.  

12.2.1.4     Endothelin 
 Endothelins are a family of potent vasoconstrictor peptides. Endothelin-1 (ET-1) is 
the predominant isoform and is primarily secreted by the endothelium in response 
to a variety of humoral and physical stimuli. After the production of ET-1 by the 
endothelium, it binds to the ET A  and ET B  receptors on VSMCs resulting in a sus-
tained vasoconstriction. Endothelial cells also express ET B  receptors whose stimu-
lation results in the release of NO and PGI2, leading to vasodilation (and therefore 
serves as a feedback mechanism to partially oppose the vasoconstrictive effects of 
VSMC-located ET A/B -receptors). ET-1 also induces VSMC proliferation and growth 
in a dose-dependent manner, suggesting an important role for ET-1 to contribute to 
the atherosclerotic process [ 14 ].  

12.2.1.5     Angiotensin 
 After cleavage of angiotensinogen to angiotensin (Ang) I via renin, this peptide is 
cleaved by the angiotensin-converting enzyme (produced by pulmonary and sys-
temic vascular endothelium) into Ang II. The smooth muscle cell-localised AT1 
receptor subtype mediates the predominant action of Ang II: vasoconstriction. 
These vasoactive actions are partly counteracted by the AT2 receptor, which causes 
vasodilatation [ 15 ]. Besides the vasoactive effects, Ang II leads to proliferation and 
growth of the VSMCs through activation of the AT1 receptor. Similarly to ET-1, the 
vasoconstrictive effects of AT1 are, at least partly, counterbalanced by a negative 
feedback loop in the vascular wall.  
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12.2.1.6     Thromboxane A 2  
 Thromboxane A 2  (TXA 2 ) is an end product of arachidonic acid metabolism and is 
produced by TXA 2  synthase. TXA 2  is primarily produced by platelets, but also by 
the endothelium. The primary physiological role of TXA 2  is platelet aggregation, 
but it has also been demonstrated to contribute to vasoconstriction [ 16 ].  

12.2.1.7     Prostaglandin H 2  
 In contrast to most members of the prostaglandin family, prostaglandin H 2  (PGH 2 ) 
is a vasoconstrictor substance. PGH 2  is closely related to TXA 2  as both are formed 
during arachidonic acid metabolism. Furthermore, PGH 2  is the precursor of TXA 2  
and exerts its vascular effects through the same receptors [ 17 ].   

12.2.2      Control of Blood Fluidity and Coagulation 

 The endothelium actively maintains an anticoagulant and antithrombotic surface 
through several mechanisms (Fig.  12.1 ). First, the endothelium keeps circulating 
platelets in a quiescent state, mainly through release of NO and PGI 2  which syner-
gistically increase cAMP content in platelets to repress activation and aggregation. 
Endothelial expression of ectonucleotidases also contributes to this process by con-
verting ADP (a powerful trigger of platelet activation) to AMP and then adenosine. 
If platelet aggregation occurs, the release of serotonin and ADP from aggregating 
platelets will stimulate NO and PGI2 production to inhibit platelet aggregation and 
limit thrombus formation. Furthermore, vasodilation in response to NO and PGI 2  
serve to mechanically impede the progression of the coagulation process [ 18 ]. 

 Secondly, endothelial cells promote the activity of anticoagulant pathways 
(Fig.  12.2 ). Anticoagulation is achieved through expression of thrombomodulin which 
interacts with thrombin, forming a complex that prevents activation of platelets or the 
conversion of fi brinogen to fi brin, a key step in the coagulation cascade. This complex 
also activates protein C, which works in combination with protein S to inactivate two 
essential cofactors for blood coagulation, VIIIa and Va. The endothelial surface layer 
(glycocalyx) contains heparan sulfate proteoglycans which binds and activates anti-
thrombin III to inactivate thrombin and factors IXa, Xa and XIa. Finally, endothelial 
cells regulate initiation of coagulation by inhibiting the activation of factor X [ 19 ]. In 
addition to the strong anticoagulation effects, the endothelium can also contribute to 
coagulation. Endothelial expression of tissue factor (TF) enhances the activity of factor 
VII, which ultimately activates thrombin to facilitate activation of platelets and release 
of the von Willebrand factor (vWF) to further promote platelet aggregation.  

 A third step in the coagulation pathway is the ability of the endothelium to infl u-
ence fi brinolysis (Fig.  12.2 ) by the production of tissue-type plasminogen activator 
(t-PA) and urokinase-type plasminogen activator (uPA). These factors activate the 
liver-derived plasminogen into plasmin which then degrades fi brin. It is important 
to note that this activity is inhibited through the (endothelial) production of plas-
minogen activator inhibitor (PAI)-1 [ 19 ].  
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12.2.3     Inflammatory Responses 

 Under noninfl ammatory conditions, interaction of endothelial cells with leukocytes 
is suppressed by inhibiting the endothelium-dependent production of adhesion mol-
ecules (Fig.  12.1 ). Also NO production inhibits the fusion of Weibel-Palade bodies 
with the surface of the endothelial cell and leukocyte activation. However, during 
infl ammation, a rapid response to infectious microbes or injured tissues occurs, 
involving local recruitment and activation of leukocytes. The purpose of the infl am-
matory response is to kill microbes and remove cellular debris. Endothelial cell 
activation in response to infl ammation can be divided into rapid responses (type I) 
and slower responses (type II). 

 Type I responses are rapid (<10–20 min), transient and independent of protein 
synthesis. These responses generally initiate a signalling cascade that increases 
intracellular Ca 2+  levels to serve a number of purposes. First, this response facili-
tates increased NO and PGI 2  production, contributing to an increased blood fl ow 
and delivery of leukocytes. Secondly, increased Ca 2+  levels enhance survival and 
migration of invading leukocytes and cause contraction of endothelial cells, which 
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  Fig. 12.2    Anticoagulant and procoagulant properties of the endothelium. The endothelium main-
tains blood fl uidity through a balance between factors that either inhibit ( left ) or promote ( right ) 
( 1 ) platelet activation, aggregation, and ( 2 ) coagulation, and inhibit ( left ) or promote ( right ) ( 3 ) 
fi brinolysis.  NO  nitric oxide,  PGI   2   prostacyclin,  PC  protein C,  PS  protein S,  TF  tissue factor,  TFPI  
tissue factor pathway inhibitor,  tPA  tissue-type plasminogen activator,  PAI-1  plasminogen activator 
inhibitor 1       
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opens gaps between adjacent endothelial cells and increase permeability for leuko-
cytes. Finally, expression of P-selectin and platelet-activating factor (PAF) is initi-
ated which promotes the binding and activation of leukocytes [ 20 ]. 

 Type II activation of endothelial cells involves a more persistent form of activa-
tion. During sustained infl ammation, leukocytes produce infl ammatory cytokines 
(e.g. tumour necrosis factor-α (TNF-α) and interleukin-1 (IL-1)) which results in 
the increased transcription of genes responsible for expression of a pro-adhesive 
and prothrombotic endothelial cell phenotype (IL-8 and adhesion molecules). 
Increased expression of these factors contributes to further leukocyte migration, 
adhesion and extravasation into the infl amed tissue. Infl ammatory cytokines also 
induce leakage of plasma proteins into the affected tissue. Since these responses 
require transcription and translation of new proteins, type II activation is slower in 
onset but has more sustained effects than type I activation (i.e. hours–days). 
Accordingly, endothelial cells contribute to restoration of normal tissue architecture 
or form a connective tissue scar in response to infl ammation [ 21 ].  

12.2.4     Facilitation of Remodelling, Growth and Repair 

 Remodelling or adaptation of the vasculature refers to a basic compensatory 
response intended to maintain the functional integrity of the vessel in the presence 
of (potentially harmful) haemodynamic, metabolic and infl ammatory stimuli. 
Sustained exposure to such stimuli, especially in conjunction with CVD risk fac-
tors, eventually transforms the initial (protective) response into a self-perpetuating 
and pathogenic process that contributes to the development of atherosclerosis 
(Fig.  12.3 ) [ 22 ].  

12.2.4.1     Remodelling 
 Straight portions of arteries are associated with laminar shear, which produces an 
atheroprotective genotype that mitigates the effects of risk factors. However, at fl ow 
dividers, disturbed fl ow impedes such atheroprotective functions and initiates 
increased expression of proatherogenic genes/proteins and (chronic) infl ammatory 
responses. As a lesion forms and grows, matrix remodelling takes place, paving the 
way for abluminal expansion or outward growth of the growing atheroma that pre-
serves the lumen of the artery and maintains blood fl ow. Ultimately, plaque growth 
can outstrip this compensatory enlargement of the artery wall, allowing the ather-
oma to encroach on the lumen and cause stenosis (Fig.  12.3 ). Smaller arterioles 
resist the atherosclerotic lesion formation. However, due to increases in pressure, 
these smaller vessels develop medial hypertrophy and intimal thickening, which 
sustains and aggravates hypertension [ 22 ]. 

 Endothelial cells play a pivotal role in the process of remodelling. For example, 
early animal studies found that the presence of the endothelium is essential for arter-
ies to adapt in luminal size [ 23 ]. When the endothelium is removed from an artery, 
exposure to elevations in shear stress does not induce a change in diameter. The 
adaptive response is therefore dependent on the endothelium, and more specifi cally, 
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dependent on gene expression of eNOS and suppression of the bioavailability of 
ET-1 [ 24 ]. Also, immediate changes in vessel diameter in response to elevations in 
shear stress are dependent on an intact endothelium that releases vasoactive sub-
stances [ 25 ], highlighting the importance of the endothelium to respond (acutely 
and chronically) to changes in shear.  

12.2.4.2     Repair 
 During the past decade, evidence supported the presence of repair mechanisms of 
damaged or ‘old’ endothelial cells by bone marrow-derived cells: endothelial pro-
genitor cells (EPCs). These immature cells have the capacity to maintain endothe-
lial integrity and function by differentiating into mature endothelial cells, replacing 
damaged endothelial cells and initiating neovascularisation [ 26 ]. Vascular injury 
mobilises circulating EPCs, which localise at the site of damage where they divide, 

Normal laminar flow
Atheroprotective effect promotes homoeostatic
functions of the normal endothelial cell

Disturbed flow
Low shear

Risk factors (eg, high LDL)

Plaque rupture

Demand ischaemia
Angina pectoris

Myocardial
infarction

Superficial erosion

Recruitment
of monocytes

Disturbed flow
Loss of atheroprotective functions of
the normal endothelial cell

(A)

(E) (D) (C)

(B)

  Fig. 12.3    Arterial remodelling infl uences the clinical consequences of atherosclerosis. Normal 
laminar shear stress maintains normal arterial calibre and properties ( A ). Disturbed fl ow character-
ised by a non-laminar, oscillatory fl ow promotes the upregulation of proatherogenic genes and 
recruitment of monocytes, as depicted to the right in the enlarged nascent plaque ( B ). Monocyte/
macrophage accumulation yields a thin-capped, lipid-rich infl amed plaque ( C ), which can rupture 
and cause a thrombus ( D ), leading to myocardial infarction ( central bottom ). Alternatively, the 
plaque in ( E ) can undergo constrictive remodelling to promote fl ow-limiting stenosis that can 
cause demand ischaemia and angina pectoris. Less commonly, superfi cial erosion ( bottom right ) 
can cause myocardial infarction (With permission from Heusch et al. [ 22 ])       
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proliferate and adhere to the sub-endothelium promoting growth of new endothe-
lium. Endothelial injury causes a cytokine-mediated release of stromal-derived 
factor- 1 (SDF-1) which, in turn, determines recruitment and proliferation of EPCs. 
Intact NO bioavailability is linked to effi cient mobilisation and functionality of 
EPCs, which may explain why the number of CVD risk factors is inversely related 
to the number and migratory activity of circulating EPCs. Impairment in the ability 
and/or effi cacy of repair mechanisms of the endothelium logically follows the pres-
ence of CVD risk factors and progression of atherosclerosis [ 27 ].    

12.3     Haemodynamic Forces Affecting the Endothelium 

12.3.1     Shear Stress 

 Blood imparts a tangential frictional force on the endothelial surface, typically 
referred to as shear stress (SS). Endothelial cells’ ability to detect SS and other hae-
modynamic forces is mediated by different sensing mechanisms, including ion 
channels, caveolae, G-protein-coupled receptors, tyrosine kinase receptors, cell 
adhesion molecules, glycocalyx, primary cilia and the cell cytoskeleton and the 
lipid bilayer of the cell membrane [ 28 ]. Mechanoactivation of the signalling path-
ways results in the activation of transcription factors, leading to modulation of gene 
expressions in endothelial cells. Importantly, responses to SS are not simply linked 
to the absolute level of SS, but also the type of SS (i.e. laminar or oscillatory). 

 Straight portions of arteries are exposed to a steady, laminar SS. Sustained 
elevation of such types of SS generates an atheroprotective phenotype. This is 
highlighted by the expression of approximately 3,000 cultured endothelial cell 
genes after exposure to elevations in laminar SS [ 29 ]. Gene expressions that are 
upregulated by laminar SS involve growth factors (e.g. FGF, TGF-β), vasodila-
tors (e.g. NO, PGI 2 ), antithrombotic components (e.g. TPA, thrombomodulin, 
COX-2) and endogenous antioxidants, whilst downregulation is observed in 
adhesion molecules (e.g. VCAM-1), vasoconstrictors (e.g. ET-1) and coagulation 
factors (e.g. PAI-1) [ 28 ]. Conversely, regions of disturbed blood SS (e.g. branch 
points, curvatures, poststenotic regions), typically include periods of reciprocat-
ing fl ow reversal that create oscillating wall SS. Experiments suggest that oscil-
lating SS patterns produce a proatherogenic endothelial cell phenotype, 
characterised with decreased eNOS mRNA and increased VCAM-1, ICAM-1, 
MCP-1, ET-1 and NADPH oxidase 4 [ 28 ,  30 ]. 

 The impact of elevation in SS is well established from animal and human experi-
ments. Subjects exposed to 8-week repeated exposure to elevated SS via handgrip 
training demonstrate improvement in vascular function and structure, whilst such 
adaptations were not present when the exercise-induced elevation in SS was artifi -
cially attenuated [ 31 ]. Furthermore, the detrimental effect of oscillatory SS is con-
fi rmed in humans in vivo as this leads to a dose dependent decline in endothelial 
function [ 32 ]. These observations highlight the importance of the magnitude  and  
pattern of SS for endothelial function and vascular structure.  
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12.3.2      Transmural Pressure and Cyclic Strain 

 Elevations in blood pressure exposes endothelial cells to an increased transmu-
ral force and increased cyclic strain, both of which are signals that can alter 
endothelial cell phenotype. High transmural pressure directly affects endothe-
lial cell NO production [ 33 ]. Both in vitro and in vivo experiments in animals 
and humans demonstrate that exposure of arteries to short-term increases in 
transmural pressure depresses endothelium-dependent vasodilation by activat-
ing ROS-dependent mechanisms. More specifi cally, elevation in transmural 
pressure increases intracellular Ca 2+  concentrations and protein kinase C activa-
tion, which ultimately results in NADPH oxidase activation and causes an 
increase in ROS production [ 34 ]. The increased oxidative stress contributes to a 
proatherogenic phenotype of endothelial cells and, consequently, contributes to 
the atherosclerotic process [ 34 ]. 

 Elevation in pressure across the cardiac cycle also produces an increase in the 
rhythmic stretching (cyclic strain) of the vessel. Data obtained from in vitro cell 
culture preparations suggest that cyclic strain produced an antiatherogenic endothe-
lial cell phenotype [ 35 ]. However, more recent data obtained from an isolated vessel 
preparation suggest a proatherogenic phenotype and increased ROS production 
[ 36 ]. Although speculative, the discrepancies in results between whole vessel prepa-
rations versus endothelial and smooth muscle cell culture may refl ect the impor-
tance of crosstalk between endothelial and VSMCs. Research using co-cultured 
endothelial and VSMCs is required to determine the ultimate importance of cyclic 
strain on the phenotype of the endothelium.   

12.4     CVD Risk Factors Affecting the Endothelium 

 Loss of the delicate balance of the various functions of the endothelium leads to a dys-
functional state in which the vasoconstricting, prothrombotic and proliferative charac-
teristics of the endothelium predominate, ultimately facilitating the process of 
atherosclerosis. Below, we describe how important cardiovascular risk factors infl u-
ence this balance. 

12.4.1     Dyslipidaemia 

 Dyslipidaemia relates to excessive levels of low-density lipoproteins (LDL) and/or 
low levels of high-density lipoproteins (HDL). High levels of LDL, and especially 
oxidised LDL, inhibit eNOS activity through inactivation of eNOS and ‘eNOS 
uncoupling’. This latter process is initiated by superoxide, which reacts with NO to 
form peroxynitrite. Peroxynitrite then oxidises the eNOS-cofactor tetrahydrobiop-
terin, which causes the generation of superoxide [ 37 ]. This process reduces NO 
production and potentiates the pre-existing oxidative stress. Conversely, high levels 
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of HDL protect the endothelium through the prevention of LDL-induced eNOS 
uncoupling and upregulation of eNOS mRNA and protein levels, anti-infl ammatory 
effects through inhibition of NF-κB, as well as antithrombotic activity [ 38 ].  

12.4.2     Diabetes 

 Hyperglycaemia, a common feature in diabetes type 1 and 2, induces reduced NO 
bioavailability as a result of oxidative stress and eNOS uncoupling. Hyperglycaemia 
increases synthesis of vasoconstrictor prostanoids (e.g. PGH2, TXA) [ 39 ], causing 
an immediate decline in endothelial function. Another pathway by which diabetes 
impacts the endothelium is production of insulin, which normally acts as a vasodila-
tor and stimulates endothelial NO production to facilitate glucose uptake in the 
muscle. In diabetes, this signalling pathway is inhibited, possibly via excess produc-
tion of free fatty acids and infl ammatory cytokines from adipose tissue [ 39 ] (espe-
cially in type 2 diabetes).  

12.4.3     Hypertension 

 In addition to the effects of elevation in transmural pressure (Sect.  12.3.2 ), Ang II 
plays a major role in hypertension through profound vasoconstriction, increased 
renal sodium absorption and elevated pressor responses. This high blood pressure 
stimulates oxidative stress by enhancing NADPH oxidase activity, increasing media 
stress and stimulation of mechanoreceptors. Ang II also infl uences remodelling of 
the vessel wall by stimulating Ca 2+  release leading to vasoconstriction that may 
become embedded as deposition of extracellular matrix occurs. In addition, Ang II 
enhances all stages of the infl ammatory response [ 40 ]. These effects of Ang II 
establish a vicious cycle where hypertension begets hypertension through its adverse 
effects on the endothelium and vascular structure.  

12.4.4     Obesity 

 Obesity is independently associated with endothelial dysfunction [ 41 ]. Visceral adipose 
tissue acts as an endocrine organ and is capable of producing proinfl ammatory adipo-
kines (e.g. leptin, resistin and adiponectin). Leptin induces oxidative stress in endothe-
lial cells and stimulates the secretion of the proinfl ammatory cytokines TNF-α and IL-6 
causing a state of chronic low-grade infl ammation. Resistin inhibits glucose uptake in 
skeletal muscle cells and stimulates ET-1 production. Conversely, obesity is typically 
characterised by a reduced production and activity of adiponectin [ 42 ]. Adiponectin has 
antiatherogenic properties and stimulates insulin sensitivity, reduces the expression of 
adhesion molecules, inhibits the transformation of macrophages into foam cells and 
reduces VSMC proliferation. Furthermore, obesity is associated with increased plasma 
levels of free fatty acids which may contribute to endothelial dysfunction [ 41 ].   
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12.5     Concluding Remarks 

 The endothelium is the central regulator of vascular homeostasis. Changes in endo-
thelial cell phenotype support vessel repair, remodelling and resolution of infection 
or infl ammation. Whilst these alterations are usually transient, prolonged exposure 
to harmful stimuli activates various processes that ultimately lead to endothelial 
dysfunction. This process, characterised by reduced NO bioavailability, represents 
a critical step in the atherosclerosis process and is present long before overt patho-
physiological changes occur. Therefore, the endothelium remains an attractive tar-
get for (1) early prediction of future CVD and (2) therapies preventing CVD.     
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  13      Pharmacologic and Environmental 
Factors: Coffee, Smoking, and Sodium 

             Charalambos     Vlachopoulos      ,     Panagiota     Pietri    , 
and     Dimitrios     Tousoulis   

        Given the prognostic role of arterial stiffness and central hemodynamics [ 1 – 4 ], a large 
body of research has focused on the recognition of lifestyle interventions that may 
either worsen arterial function, and thus, they should be prohibited or at least discour-
aged, or exert favorable effects, and, consequently, they should be encouraged. 

 Active smoking has shown a detrimental effect on arterial stiffness either in the 
acute or chronic phase, while passive smoking is not less innocent. Quitting smoking 
is related to an improvement in the arterial elastic properties. The effect of pharmaceu-
tical aids for smoking cessation, such as varenicline, needs further investigation, while 
electronic cigarette is an issue of concern that should be further evaluated. 

 Among elements of nutrition, dietary foods and beverages, salt increases blood 
pressure (BP) and, consequently, arterial stiffness. The unfavorable effect of salt on 
arterial stiffness may be exerted through BP-independent mechanisms as well, 
while genetic predisposition to salt-induced vascular damage has also been pro-
posed. Salt restriction is accompanied by a decrease in aortic stiffness, but the rec-
ommended daily consumption has to be better defi ned since recent data raise 
skepticism related to an existence of a J-curve between salt intake and cardiovascu-
lar events. Regarding coffee, we should stress that the latter and caffeine are not 
interchangeable terms, and results of studies should be interpreted in the context of 
the particular beverage/substance investigated. Generally, caffeine increases aortic 
stiffness, whereas when ingested in coffee, this effect seems to be ameliorated. 
Nevertheless, chronic coffee consumption increases aortic stiffness. On the other 
hand, beverages with substantiated benefi cial effects on arterial function are those 
that are rich in fl avonoids. Indeed, consumption of foods rich in polyphenols, such 
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as cocoa and wine, all in moderate doses, is becoming synonymous to vascular 
health in popular culture due mainly to antioxidant and anti-infl ammatory proper-
ties of polyphenols. Also vegetables rich in these compounds, such as tomatoes, 
have shown benefi cial effects on endothelial function. 

 In the present chapter, we discuss data for the relationship of arterial properties 
and three environmental/dietary compounds to which most people are exposed: 
smoking, caffeine/coffee, and salt. Possible underlying mechanisms are identifi ed, 
and current recommendations on their daily consumption (if applicable) are reported. 

13.1     Smoking 

 Smoking is an independent risk factor for cardiovascular disease (CVD), while it 
remains the leading preventable cause of death worldwide. Although the association 
of smoking with CVD is undoubted, the underlying mechanisms for this association 
are not yet fully explored. Endothelial dysfunction, infl ammation, sympathetic activa-
tion, oxidative stress, prothrombotic enhancement, and lipid modifi cation are among 
the potential pathophysiological links between smoking and CVD [ 5 ]. Importantly, 
arterial stiffening is implicated in the complex interplay between smoking and CVD. 

  Active  smoking has a detrimental effect on arterial stiffness and wave refl ections 
that is exerted both acutely and chronically [ 6 ]. Acute smoking, apart from tran-
siently increasing BP and heart rate, increases arterial stiffness and indices of wave 
refl ections in smokers [ 7 – 12 ], nonsmokers [ 10 ] (Fig.  13.1 ), and hypertensive patients 
[ 13 ]. The maximal adverse effect of cigarette smoking seems to take place in the fi rst 
5–10 min [ 8 – 13 ]. The acute effect of smoking seems to be not nicotine dose 
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pulse wave velocity at 5, 10, and 15 min after smoking one cigarette in healthy smokers and non-
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with permission from Mahmud and Feely [ 10 ])       
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dependent since data have shown that light cigarette smoking has the same unfavor-
able effect on endothelial function and aortic distensibility as the regular cigarette 
smoking [ 14 ]. Cigar smoking is not innocent either, since arterial stiffness increases 
for at least 1 h after smoking one cigar [ 11 ]. Importantly, the combined consumption 
of smoking and coffee has a synergistic effect on aortic stiffness [ 15 ], whereas red 
wine decreases wave refl ections in uncomplicated habitual smokers [ 16 ].  

 The  chronic  effect of smoking seems to be analogous to that of the acute effect 
[ 15 ,  17 – 20 ]. The impact on arterial stiffness appears to be unrelated to the intensity 
and duration of smoking since small quantities of smoking are able to produce its 
deleterious effects. The effect of smoking on aortic stiffness may be both BP depen-
dent and BP independent [ 8 ]. Interestingly, studies have shown that augmentation 
index (AIx) and central pressures are higher and pulse pressure is reduced in current 
and former smokers as compared to never smokers for the same brachial BP levels 
[ 10 ,  19 ,  21 ]. The long-term effect of cigarette smoking on the incidence of hyper-
tension has not been elucidated. In two large population studies, current cigarette 
smoking was independently, yet modestly, associated with an elevated risk of devel-
oping hypertension [ 22 ,  23 ]. However, other studies have reported lower BP levels 
among smokers [ 24 ] and increases in BP after smoking cessation [ 25 ]. The mildly 
lower BP in smokers can be attributed to lower body weight [ 26 ]. Interestingly, a 
recent study showed that aerobic exercise may mitigate the harmful effects of smok-
ing since brachial-ankle pulse wave velocity (PWV) values were not different 
between physically active nonsmokers and physically active smokers [ 27 ]. 

  Passive  smoking is a well-established risk factor for coronary heart disease [ 28 ] 
with similar detrimental effects on the cardiovascular system to those of active smok-
ing. Passive smoking has immediate and substantial effects on aortic stiffness in smok-
ers [ 29 – 31 ]. These effects are mediated through a nicotine-dependent pathway, 
impairment of microvascular function, and increase of asymmetrical dimethylarginine 
[ 31 ]. Importantly, data have shown that parental smoking is associated with the devel-
opment of several cardiovascular risk factors in their children, whereas the exposure to 
smoking in childhood is associated with impaired endothelial function later in life [ 32 ]. 

 Regarding mechanisms and considering that endothelium-derived nitric oxide 
regulates arterial elasticity [ 33 ], smoking-induced endothelial dysfunction may serve 
as one of the substrates for the increased aortic stiffness. Cigarette smoking is related 
to increased endothelin-1, angiotensin II, and thromboxane resulting in vasoconstric-
tion and endothelial dysfunction [ 34 ]. Smokers have reduced fl ow- mediated dilata-
tion [ 35 ], whereas sildenafi l, a specifi c type 5 phosphodiesterase inhibitor with 
vasodilatory effects, abolishes the decrease in FMD of the brachial artery induced by 
acute smoking [ 36 ]. Airfl ow limitation is associated with higher arterial stiffness. 
Interestingly, brachial-ankle PWV was an independent determinant of airfl ow limita-
tion in current and past smokers but not in never smokers with airfl ow limitation, 
putting forward an etiological role of smoking in this association [ 37 ]. 

 The effect of  smoking cessation  on arterial stiffness and wave refl ections has also 
been investigated. Arterial stiffness is continuously decreasing along with the dura-
tion of smoking cessation. Values of carotid-femoral PWV, AIx, and transit time 
equal those of nonsmokers after a decade of smoking cessation [ 29 ] (Fig.  13.2 ). 
Nevertheless, the effect of smoking cessation is more rapidly evident on wave 
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refl ections than aortic stiffness. In intervention studies, cessation of smoking for 
4 weeks resulted in a decrease in AIx [ 18 ], while 6 months of smoking cessation 
was associated with clear improvement of AIx and corrected heart rate, aortic pres-
sure, and aortic PWV, and with a reduction of daytime BP [ 20 ]. In a study using 
nicotine replacement therapy, improvement of AIx was evident at a short time 
frame, while at the same time course, no improvement of PWV was demonstrated 
[ 38 ]. Patients who achieved smoking cessation with varenicline (a partial agonist of 
a4–b2 nicotine acetylcholine receptors) treatment showed signifi cant improvement 
in central hemodynamics and brachial-ankle PWV, whereas these parameters 
showed no signifi cant change in those who failed to quit smoking under the same 
treatment, thus highlighting the benefi cial effect of smoking cessation per se on 
vascular function [ 39 ]. Electronic cigarettes are being advocated as tools for smok-
ing cessation with rapidly increasing use. These cigarettes are battery-powered 
devices that have cartridges or refi llable tanks containing a liquid mixture composed 
primarily of propylene glycol and/or glycerol and nicotine, as well as fl avorings and 
other chemicals. No fi rm evidence exists on the effect of such an intervention on 
aortic stiffness and total cardiovascular health, thus no defi nite recommendations 
can be made [ 40 ].   

13.2     Diet and Nutrition 

13.2.1     Coffee and Caffeine 

 Coffee is a complex mixture of compounds that may have variable effects on the 
cardiovascular system. However, the effects of coffee are often confused with the 
effects of caffeine. Caffeine is a methylated xanthine derivative consumed in coffee, 
tea, and soft drinks, and it is the most widely used pharmacologically active sub-
stance. It should be noted that coffee and caffeine are not interchangeable terms, and 
results of studies should be interpreted in the context of the particular beverage/
substance investigated. Data on the association of coffee consumption with cardio-
vascular risk are controversial; they are equivocally varying from a positive to a 
neutral or to even a J- or a U-shaped association [ 41 ]. In a recent large study, based 
upon self-reported drinking habits, two or more cups of coffee per day seemed to 
reduce all-cause mortality in women (but not in men), primarily due to a reduction 
in cardiovascular mortality [ 41 ]. Similar fi ndings were noted with decaffeinated 
coffee, suggesting a benefi cial effect from a component other than caffeine. The 
latter appears to be not innocent. Interestingly, regular caffeine intake increases BP, 
but when ingested through coffee, the BP effect of caffeine is small [ 42 ]. The rate of 
caffeine metabolism through genetic predisposition may be an important determi-
nant of the effect of coffee intake on coronary heart disease risk and account for 
these discrepancies in outcomes of studies. 

 Many studies indicate that caffeine intake, in the form of a tablet or in coffee, 
exerts an acute detrimental effect on aortic stiffness and indices of wave refl ections, 
both in normal subjects and in hypertensive subjects [ 15 ,  43 – 47 ]. The ingestion of 
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caffeine results in a sustained impairment of arterial stiffness, which lasts longer in 
hypertensive subjects (at least 3 h) compared with normotensives. Interestingly, the 
unfavorable effect of caffeine is more evident in central hemodynamics than in 
peripheral pressure [ 48 ] (Fig.  13.3 ), and coffee increases arterial stiffness to a lesser 
degree than its contained caffeine [ 49 ].  

 Chronic coffee consumption is associated with increased aortic stiffness and 
wave refl ections in healthy normotensives, whereas in hypertensive patients, wave 
refl ections, but not aortic stiffness, are increased [ 50 ]. The latter implies that the 
stiffening effect of coffee in the aorta is probably less prominent in the already stiff 
aortas of hypertensive patients than in normal aortas. 

 The caffeine-induced effect on arterial stiffness is probably related to vasocon-
striction due to an increase in sympathetic activity and circulating catecholamine 
concentrations mediated by central nervous system stimulation and antagonism of 
endogenous adenosine. 

 Coffee consumption is very frequently combined with smoking. Interestingly 
enough, the combination of acute caffeine intake/chronic coffee consumption and 
smoking has a synergistic detrimental effect on carotid-femoral PWV and aortic AIx 
[ 15 ] (Fig.  13.4 ). Clinical evidence shows that coffee drinking is unrelated to coronary 
artery disease risk in never smokers, but in ex-smokers and current baseline smokers, 
daily coffee intake is associated with higher coronary artery disease risk [ 51 ].   
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13.2.2     Salt 

   therefore, if large amounts of salt are taken, 
 the pulse will stiffen and harden. 
  Huang Ti Nei Ching Su Wein, Chinese physician  
  (1700 BC)  

   Salt intake is associated with increased BP, and studies have shown a relationship 
between high salt consumption and increased arterial stiffness. Considering the 
adverse prognostic role of arterial stiffness, the latter might serve as a potential 
mechanism, apart from the BP per se, through which salt might be associated with 
increased cardiovascular risk. 

 In a seminal study of two Chinese populations, the age-associated increase in 
carotid-femoral PWV was blunted in the population with a lower salt intake [ 52 ]. In 
insulin-dependent diabetic patients, high sodium intake was associated with 
decreased femoral arterial distensibility compared to nondiabetic subjects [ 53 ]; 
interestingly, a plausible concept suggests that BP in insulin-dependent diabetes is 
sodium sensitive and a high sodium intake may be a factor that predisposes to the 
development of diabetic vascular disease. Although an adverse effect of high salt 
intake on arterial stiffness is evident in most of the studies, the effect on wave refl ec-
tions is less clear. Central hemodynamics including central pulse pressure, aug-
mented aortic pressure, and AIx have been independently associated with estimated 
24-h sodium excretion, whereas an inverse association was demonstrated between 
sodium excretion and pulse pressure amplifi cation [ 54 ]. However, contrary to these 
observations, a recent study showed that increase in urinary sodium concentration 
was independently but inversely associated with central AIx; to further blur the 
picture, no relationship was established between carotid-femoral PWV and urinary 
sodium concentrations. Nevertheless, these fi ndings require additional investigation 
concerning possible mechanistic changes in renal microcirculation after high 
sodium intake that may explain a possible disassociation between salt intake, aortic 
stiffness, and wave refl ections [ 55 ]. 

 Regarding intervention, benefi cial effects of low-sodium diet on arterial stiffness 
have been demonstrated. In older adults with systolic hypertension, sodium restric-
tion led to a rapid increase in large artery compliance, while the accompanying 
lowering of systolic BP suggests that this improvement in elastic properties may be 
a key mechanism for the rapid normalization of systolic BP by sodium restriction in 
such patients [ 56 ] (Fig.  13.5 ). Furthermore, a modest reduction in salt intake for 
6 weeks reduced carotid-femoral PWV in mild hypertensives [ 57 ]. However, sub-
group analysis indicated that the effect was signifi cant only in blacks despite the fact 
that these subjects achieved a smaller reduction in salt intake and a similar fall in BP 
compared to whites and Asians, a fi nding suggesting that the favorable effects of 
low-sodium diet are more pronounced in salt-sensitive patients. In addition, DASH 
diet is associated with decreased carotid-femoral PWV [ 58 ].  

 The effect of salt intake on the large arteries may be exerted either through 
BP-dependent or BP-independent mechanisms. Sodium chloride increases BP, an 
effect that is due to either an increase in blood volume or an increase in vascular 
resistance. According to the fi rst observations by Guyton et al. [ 59 ], the kidneys 
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have a pivotal role in the pathogenesis of hypertension since the inability of the 
kidneys to excrete the excess sodium and promote natriuresis is a prerequisite for 
the BP increase. Sodium retention and the consequent volume expansion initially 
increase cardiac output. As a result of a process of local autoregulation, peripheral 
vascular resistance progressively rises so that the long-term sodium-induced BP 
increase is maintained by an increase in peripheral resistance rather than in cardiac 
output. Moreover, sodium chloride may also induce alterations in small arteries 
through endothelial dysfunction as data have shown in resistance arteries of sponta-
neously hypertensive rats [ 60 ]. Furthermore, it also decreases NO synthase activity 
in rats [ 61 ] and enhances the production of endothelin-1 in salt-sensitive hyperten-
sive patients [ 62 ]. Additionally, by increasing sympathetic activity, high salt intake 
may increase the muscular tone of small arteries [ 63 ]. 

 A BP-independent relationship of salt intake with arterial stiffness is also likely. 
An experimental study in anesthetized Dahl rats which were fed either a low- or 
high-sodium diet for 5 weeks showed that the pressure-compliance curve of the 
carotid artery was shifted to the right compared with that of Dahl salt-resistant rats 
or even WKY rats [ 64 ]. This fi nding was evident regardless of the transmural 
BP. Interestingly, Benetos et al. have also shown that low-sodium diet was associ-
ated with an increase in brachial artery diameter after 9 weeks in 20 hypertensive 
ambulatory patients, a result that was not related to BP fall [ 65 ]. On the contrary, no 
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change in carotid artery diameter was observed, thus suggesting a different response 
of elastic- and muscular-type arteries to salt restriction. 

 Disassociation of sodium intake with BP changes and a prominent role of the 
genetic background are emerging. Indeed, data have shown that salt-sensitive hyper-
tensive patients have increased arterial stiffness compared to salt-resistant individu-
als with the same BP levels, thus indicating that genetic predisposition to salt intake 
is a strong determinant of the salt-induced vascular changes [ 66 ]. In the previously 
mentioned study of Benetos et al. [ 64 ], results also suggest that sodium sensitivity, 
more than sodium intake, infl uenced the changes in the carotid artery mechanical 
properties. Other investigators have shown that in stroke-prone spontaneously 
hypertensive (SHR-SP) rats, carotid arterial thickness and collagen content were 
increased and BP was lower compared to SHR-SP rats fed with 1 % saline drinking 
water, further supporting the notion that genetic sensitivity to sodium, rather than 
BP itself, infl uences the changes in arterial structure [ 67 ]. 

 Whatever the underlying mechanisms are, the association of arterial stiffness with 
salt intake is strong. However, although reduction in salt intake reduces arterial stiff-
ness, there might be a threshold of salt consumption under which no further improve-
ment of arterial stiffness is observed. Indeed, in a recent randomized trial in 29 
overweight and obese normotensive individuals, no signifi cant change in carotid- 
femoral PWV was demonstrated when salt intake was reduced from 9.2 to 3.8 g/day 
for 2 weeks, in spite of a signifi cant improvement in endothelial function [ 68 ]. Such a 
fi nding raises skepticism about the appropriate recommended daily dose of salt intake. 
Indeed, associations may be rather complex. The relationship of sodium intake and 
BP is not linear with age. In a recent study including more than 100,000 adults from 
18 countries, sodium intake and BP association was more pronounced not only in 
patients with hypertension but also in older subjects compared to younger ones [ 69 ]. 
Uncertainty also exists regarding the threshold for CV risk increase. There is evidence 
of a “J-shaped” relationship of sodium with cardiovascular outcomes. Individuals 
with low salt intake (less than 2.5 g/day), as well as those with high salt intake (more 
than 6.0 g/day), shared the same increased cardiovascular risk [ 70 ]. However, a more 
recent study showed that a high burden of deaths from cardiovascular causes was 
attributed to sodium consumption above a reference level of 2.0 g/day [ 71 ]. Until 
prospective randomized studies provide answers as to whether low or moderate salt 
consumption has the optimal cardiovascular benefi t, the ESH guidelines argue in 
favor of salt restriction to 5–6 g/day, whereas AHA recommends reducing dietary 
sodium intake to lower than 1.5 g/day (1 g salt = 400 mg of sodium) [ 72 ].      
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  14      Arterial Ageing 

             Peter     M.     Nilsson     

        The ageing of humans and its physiological consequences is regulated by both genetic 
factors, as selected by evolution, and environmental factors, for example, the infl u-
ence of nutrition and caloric intake with its mitochondrial effects. Some of the mediat-
ing mechanisms have been characterised, but much is still unclear. As biological 
ageing is central to understand the development of many chronic disease conditions 
that increase in incidence with advancing chronological age, it is important to under-
stand age-related mechanisms in order to fi nd new ways to dissect the causality of 
disease and even to fi nd new targets for preventive efforts. In the cardiovascular sys-
tem, the development of disease is paralleled by age-associated changes, and these 
will be further discussed, with a focus on arterial ageing [ 1 ]. It is sometimes not easy 
to disentangle the pathological changes in the arterial tree from these changes that are 
age related in themselves, for example, related to atherosclerosis that increases in 
prevalence in large arteries with advancing age, at least in western populations. 

14.1     Composition and Function of the Arterial Wall 

 The arterial wall consists of three distinct layers, from inside and out, the  tunica 
intima  (made up mainly by endothelial cells),  tunica media  (which is made up of 
smooth muscle cells and elastic tissue) and  tunica externa  (composed of connective 
tissue made up of collagen fi bres). These layers are innervated by the autonomous 
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nervous system and involved in the modifi cation of arterial function following the 
propagation of the pulse wave from the heart with every heartbeat. 

 The endothelium is closest to the blood stream circulating in the arterial lumen 
and involved in regulating vasodilation and vasoconstriction by secretion of vasoac-
tive substances such as nitric oxide (NO), endothelin and many more [ 2 ]. With age-
ing, the endothelial function starts to deteriorate, and less NO is produced by 
impaired induction of endothelial NO synthetase (eNOS). In addition the normal 
insulin sensitivity in the endothelial cells, associated with vasodilation by the hor-
mone insulin in the postprandial state, is replaced by a gradual increase in endothe-
lial insulin resistance [ 3 ]. This will lead to a loss of the vasodilatory capacity induced 
by insulin and therefore vasoconstriction and blood pressure elevation, another 
mechanism by which insulin resistance (resulting in hyperinsulinaemia) might lead 
to hypertension [ 4 ]. Furthermore, endothelial dysfunction is associated with reduced 
anticoagulant properties as well as increased adhesion molecule expression, chemo-
kine and other cytokine release, promoting infl ammation, in addition to reactive 
oxygen species (ROS) production from the endothelium. This leads to local infl am-
mation with myofi broblast migration and proliferation inside the vessel, often 
linked to vascular remodelling. In addition perivascular infl ammation can contribute 
to local vasoregulation. These factors taken together play important roles in the 
development of atherosclerosis, starting in the intima with fatty streaks and lipid 
deposits already at an early age in risk individuals [ 5 ], for example, with familiar 
hypercholesterolaemia. 

 The media of the artery consists of layers of elastic elements that are stretched by 
each pulse wave in systole and will be fl exed back in diastole, thus contributing to a 
smooth forward propagation of the blood stream in both systole and diastole (so- 
called Windkessel effect). These elastic elements consist of elastin, a protein that is 
preformed in fetal life and decreases gradually during the lifespan. Another compo-
nent is collagen as well as the smooth muscle cells causing contractions. The third, 
outward layer (tunica externa) is surrounded by perivascular fat in different amounts, 
with its own cytokine activities for local infl ammation.  

14.2     Age-Related Changes of Arterial Properties 

 During ageing the collagen content will become relatively increased, and cross- 
links will occur between collagen elements, also infl uenced and further enhanced by 
glycation of arterial wall proteins. The consequence of these two developments, a 
relative decrease in elastin and a corresponding relative increase in collagen (with 
cross-linkages and glycation), will contribute, together with impaired endothelial 
function, to a gradual stiffening of the large (elastic) arteries. This is in contrast to 
the medium-sized (muscular) arteries that will not undergo the same age-related 
changes. Therefore the aorta and the carotid arteries will show typical age-related 
increasing stiffness, while this is not the case for the brachial arteries. The changes 
of the femoral arteries are somewhat in between, with a notable stiffening taking 
place with ageing but not as pronounced as in the aorta. These arteries can also be 
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affected by atherosclerosis, similar to what happens in the aorta and carotid arteries, 
but in contrast to the brachial artery that is not affected. 

 This gradual age-related stiffening of the large elastic arteries is named  arterio-
sclerosis  and occurs mainly in the media of the artery but is further facilitated by 
endothelial dysfunction. In addition, it is believed that haemodynamic stress; meta-
bolic factors, most importantly hyperglycaemia; and chronic infl ammation could 
contribute to this process. On the other hand, the development of  atherosclerosis  
involves fi rst of all the intima and later on also other layers of the artery, with well- 
described morphological changes [ 5 ]. The consequence could later on be incidence 
of cardiovascular disease events caused by atherosclerosis, for example, ischaemic 
heart disease (IHD), stroke or peripheral artery disease (PAD). These manifesta-
tions constitute the major public health problem in western societies and in a grow-
ing proportion of the population in developing countries according to the World 
Health Organization (WHO). 

 According to one hypothesis, arteriosclerosis starts very early in life and is infl u-
enced by fetal programming of the vasculature and its elastin content [ 6 ]. Later on 
the process of atherosclerosis starts and runs in parallel with arteriosclerosis. The 
clinical events are usually linked to atherosclerosis, based on its derived plaque 
formation and rupture, even if arterial stiffness has also been shown to be an inde-
pendent predictor of future cardiovascular events and mortality, based on recent 
meta-analyses [ 7 ,  8 ]. In both conditions, oxidative stress, chronic infl ammation and 
increased activity of the renin-angiotensin-aldosterone system (RAAS) seem to be 
of considerable importance.  

14.3     How to Evaluate Arterial Function and Arterial Ageing? 

 The arterial function associated with ageing and the morphological changes in the 
arterial wall can be measured by use of different technical methods, from more 
simple to more sophisticated ones. Brachial blood pressure undergoes typical 
changes with ageing, at least in most populations. There is a constant increase in 
systolic blood pressure in both men and women, but a steeper relative increase in 
women at around the time of menopause. The diastolic blood pressure tends to 
increase until age 60–65 years and then fl attens off or even decreases. This means 
that the pulse pressure will show an increasing trend from around 50 years, and this 
is a refl ection of underlying arterial stiffness. Similar changes occur in the central 
circulation and are possible to measure indirectly by so-called pulse wave analysis 
(PWA) in the radial artery based on tonometry and an algorithm. A specifi c charac-
teristic of the central blood pressure is that it tends to be lower than the peripheral 
blood pressure in younger subjects, and therefore a blood pressure amplifi cation can 
be registered from the central to the peripheral blood pressure. This amplifi cation is 
lost in midlife, and after that the central and peripheral pressures tend to be rather 
similar with few differences [ 9 ]. 

 Of utmost importance to arterial ageing is the increase in pulse wave velocity 
(PWV) that occurs as a refl ection of increasing arterial stiffness caused primarily by 
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the morphological changes with relatively less elastin and more collagen (and cross-
linkages) in the arterial media layer. In most cases PWV is measured directly along 
the aorta from the carotid to the femoral artery as c-f PWV [ 9 ]. In some circum-
stances it has also been proposed to measure PWV between the brachial artery and 
the femoral artery (b-f PWV) or the ankle arteries (b-a PWV), but this method 
involves muscular arteries ( art. brachialis ,  art. tibialis posterior ,  art. dorsalis pedis ) 
with less elastin content and is therefore less informative. However, in the Far East 
(Japan, China), cultural norms may preclude observers to measure stiffness in the 
groin via direct access to  art. femoralis , that is why other more distal arterial alter-
natives are preferred. Based on a European study of several population-based 
cohorts, a group of about 1,400 healthy, normotensive subjects were used for defi ni-
tion of the age-specifi c normal range of c-f PWV [ 10 ]. Based on these data, a thresh-
old for pathological c-f PWV and increased cardiovascular risk was fi rst defi ned as 
>12 m/s [ 10 ], but after a revision in 2012 as >10 m/s [ 11 ]. This means that an 
increased c-f PWV is a marker of arterial stiffness affecting the large elastic arteries, 
and this biomarker has also been shown to predict not only cardiovascular morbidity 
and mortality but also total mortality in recent meta-analyses [ 7 ,  8 ].  

14.4     The Concept of Early Vascular Ageing (EVA) 

 In recent years the interest in arterial stiffness has increased, as well as in the under-
lying  arteriosclerosis , as a precursor to the more well-known and well-studied  ath-
erosclerosis , with its pathology infl uenced by genetics, high LDL cholesterol levels, 
smoking, hypertension, infl ammation and overt type 2 diabetes [ 5 ]. In many cases it 
is believed that early life programming may cause a susceptibility for this increased 
tendency for arterial stiffening as well as other aspects of vascular tree, for example, 
the development of capillaries and the microcirculation. As this process is also 
related to ageing, it has been proposed that a process of early vascular ageing (EVA) 
is an early sign of arteriosclerosis (in the media) but linked also to early changes in 
the endothelial function (intima), haemodynamic changes and the infl uence of 
abnormal glucose metabolism and increased infl ammation [ 12 – 14 ]. The difference 
between the concept of arterial ageing and EVA is that the latter also encompasses 
the smaller arteriolae and the microcirculation, based on the crosstalk between the 
macro- and microcirculation [ 14 ]. EVA is now being extensively studied in different 
population-based cohorts, both in Europe and in Latin America, but still no general 
defi nition has been agreed upon. One way to defi ne EVA could be to use the outliers 
according to the normal range of c-f PWV, i.e. above the two standard deviations 
(SD) of the normal distribution of c-f PWV in the European reference group [ 10 ] 
(Fig.  14.1 ). Another way to describe EVA is based on statistical methods when arte-
rial stiffness (c-f PWV), a central aspect of EVA, is used as the dependent variable 
in multiple regression analyses and a number of risk markers are used as indepen-
dent variables, based on data from population-based studies. As the infl uence of 
haemodynamic changes and sympathetic nervous system (SNS) stimulation on the 
arterial tone is substantial, the data are normally adjusted for mean arterial pressure 
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(MAP) and heart rate (HR), the latter as a marker of SNS activity. Such investiga-
tions in a population-based study in Malmo, Sweden, have revealed that markers of 
glucose metabolism and dyslipidaemia (elevated triglycerides, low HDL cholesterol 
levels), as well as waist circumference (a marker of active abdominal fat tissue with 
infl ammatory action), are signifi cantly associated with arterial stiffness, but not 
LDL cholesterol, smoking or cystatin-C, a marker of impaired renal function [ 15 ]. 
The fi ndings thus point to different clusters of cardiovascular risk factors involved 
in the development of arteriosclerosis and atherosclerosis, respectively.  

 Still there is a need to better defi ne EVA in different age groups but also in rela-
tion to gender and ethnicity, as well as based on genetic studies for improved clas-
sifi cation [ 16 ]. Some would argue that EVA is just a construct to cover one example 
of target organ damage (arterial stiffness) in subjects at high cardiovascular or meta-
bolic risk and primarily infl uenced by haemodynamic changes and blood pressure 
levels. However, the modern genetics of hypertension and blood pressure regula-
tion, based on a global study, could not show any marker on chromosome 13 [ 17 ], 
but exactly on this chromosome, a genetic locus (for the  COL4A1  gene, involved in 
collagen metabolism) was found for arterial stiffness in a study from Sardinia, Italy, 
with independent replication in another American cohort [ 18 ]. This shows that even 
if arterial stiffness (and EVA) is strongly infl uenced by the blood pressure load 
(MAP), HR and SNS activity, there could even exist some other important compo-
nents (collagen protein synthesis, structure) and vascular risk factors (hyperglycae-
mia, dyslipidaemia, infl ammation) independent of blood pressure regulation. If 
true, this opens up new possibilities to target these mechanisms of protein/collagen 
synthesis with new drugs to reduce arterial stiffness. 
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  Fig. 14.1    Normal values for pulse wave velocity (c-f PWV): average according to age (1,455 
healthy, normotensive subjects).  Boxes  contain 50 % of the data and  bars  contain the remainder (2 
SD);  horizontal lines  indicate medians and the  circle  indicates outliers (From: The Reference 
Values for Arterial Stiffness’ Collaboration [ 10 ])       
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 So far it has been shown that a prolonged control of hypertension will reverse 
early changes and have a long-term benefi cial infl uence on arterial stiffness with 
decreasing c-f PWV levels over time, beyond the blood pressure control itself [ 19 ]. 
However, an ongoing randomised controlled study in France (SPARTE) aims to 
compare a treatment strategy for reduction of arterial stiffness (c-f PWV) by differ-
ent means, including drugs that specifi cally infl uence the renin-angiotensin system, 
and another treatment strategy (control) to go for implementation of control of the 
conventional risk factors including blood pressure, as suggested in the guidelines 
[ 20 ]. SPARTE is supposed to continue for still a number of years until a suffi cient 
number of cardiovascular end points have accumulated to show potential differ-
ences in outcomes between the treatment arms. Recruitment is ongoing.  

14.5     Haemodynamic Effects of Vascular Ageing: 
Blood Pressure 

 As arterial stiffness is a characteristic of vascular ageing based on morphological 
changes in the arterial wall, there is also a need to better understand its haemody-
namic consequence. A starting point is to try to list different characteristics of hae-
modynamic ageing and to try to understand the association with underlying 
morphological changes in the arteries (Table  14.1 ).

   Well-known changes, as already alluded to, include an increase in brachial sys-
tolic blood pressure and a fl attening off of the diastolic blood pressure to be fol-
lowed by a decrease in diastolic blood pressure above the age of approximately 
60–65 years. This will lead to increased risk of isolated systolic hypertension (ISH) 
and elevated pulse pressure, both conditions being associated with increased pro-
spective risk of cardiovascular events [ 21 ]. The same holds true for corresponding 

  Table 14.1    Examples of 
haemodynamic ageing and its 
relationship to blood pressure 
(BP) and arterial stiffness  

 Age-related changes in brachial BP 

   Isolated systolic hypertension (ISH) 

   Elevated pulse pressure (PP) 

 Age-related changes in central BP 

   Increased central systolic BP and PP 

 Increased BP variability 

   Linked to arterial stiffness 

 Decreased heart rate variability (HRV) 

   Linked to arterial stiffness 

 Impaired endothelial function 

   Less vasodilation, linked to arterial stiffness 

 Impaired baroreceptor function, orthostatic hypotension 

   Linked to arterial stiffness 

 Microvascular disease in diabetes 

   Infl uenced by long-standing hyperglycaemia 
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changes in central systolic blood pressure and pulse pressure, because around the 
chronological age of 50 years, the blood pressure amplifi cation between the central 
and peripheral circulation decreases, and thus central and brachial blood pressures 
tend to become more similar. These changes according to conventional blood pres-
sure and central blood pressure recordings have previously been discussed in detail 
by Stanley Franklin et al. [ 21 ,  22 ]. For example, in participants from the Framingham 
Heart Study who were free of CVD events and antihypertensive therapy, in all 
1,439, CVD events occurred between 1952 and 2001. In pooled logistic regression 
with the use of BP categories, combining SBP with DBP and PP with mean arterial 
pressure (MAP) improved model fi t compared with individual BP components. 
Signifi cant interactions were noted between SBP and DBP ( p  = 0.02) and between 
PP and MAP ( p  = 0.01) in multivariable models. The combination of PP + MAP 
(unlike SBP+DBP) had a continuous relation with cardiovascular risk and may pro-
vide greater insight into haemodynamics of altered arterial stiffness versus impaired 
peripheral resistance but is not superior to SBP+DBP in predicting CVD events 
[ 21 ]. This analysis is based on conventional blood pressure variables, but refl ecting 
the age-related changes that more modern and sophisticated technologies can reveal.  

14.6     Arterial Stiffness and Age-Related Haemodynamic 
Changes 

 Some other features of haemodynamic ageing are less well characterised, but all 
linked to arterial stiffness as an underlying contributing factor, and thereby also 
explaining most of the risk associated with these different features. One of them is 
increased blood pressure variability (BPV), linked to increased cardiovascular risk, 
i.e. for stroke [ 23 ]. Increased BPV can be evaluated on a visit-to-visit basis with 
weeks or months between visits but also based on shorter time intervals (days, 
hours, even beat-to-beat timing), as recently reviewed by Gianfranco Parati et al. 
[ 24 ]. An underlying feature is arterial stiffness, and it is reasonable to believe that 
this factor might explain most of the increased risk associated with increased BPV, 
even if also some mechanical changes could play a role based on changes in blood 
fl ow, shear stress or transmission of increased pulse wave energy to small arteries 
and the peripheral circulation [ 24 ]. 

 In a corresponding way, it has been reported that a decrease in heart rate vari-
ability (HRV) is a marker of ageing and increased cardiovascular risk but also asso-
ciated with increased arterial stiffness, for example, in patients with type 1 diabetes 
[ 25 ]. The decrease in heart rate variability is supposed to be infl uenced by an imbal-
ance between the sympathetic and parasympathetic parts of the autonomous ner-
vous system. 

 Furthermore, it is well known that episodes of orthostatic hypotension are asso-
ciated with increased cardiovascular risk during follow-up, based on data from sev-
eral epidemiological studies. Also here we notice underlying arterial stiffness as a 
common denominator, as shown in the Rotterdam study of elderly subjects [ 26 ]. 
The link could be the impaired stretching (compliance) of the carotid arterial wall 
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close to the baroreceptor due to arterial stiffness and superimposed atherosclerosis, 
leading to impaired baroreceptor function in response to change of body position. 
This could contribute to the understanding of arterial stiffness being the true risk 
marker behind orthostatic reactions, often seen in aged subjects with, for example, 
diabetes of long duration. These orthostatic reactions should be separated from 
benign vasovagal reactions with orthostatic reactions in younger subjects. 

 It is conceivable to think that more widespread changes in innervation and the 
autonomous nervous system could contribute to the ageing of the neural system 
and thus linked to vascular ageing and decreased baroreceptor function as well as 
imbalance between sympathetic and parasympathetic activity. In one recent study, 
the relationship was tested between direct measures of sympathetic traffi c and 
PWV in healthy humans [ 27 ]. The authors examined MSNA (microneurography), 
PWV (Complior® device), heart rate and blood pressure in 25 healthy male par-
ticipants (mean age 43 years). It was reported that PWV correlated signifi cantly 
with age ( r  = 0.63), SBP ( r  = 0.43) and MSNA ( r  = 0.43) but not with BMI, waist 
circumference, waist-to-hip ratio, heart rate, pulse pressure or DBP. Multiple lin-
ear regression analysis revealed that only age and MSNA were linked indepen-
dently to PWV ( r  2  = 0.62,  p  < 0.001), explaining 39 and 25 % of its variance, 
respectively. Individuals with excessive PWV had signifi cantly greater MSNA 
than individuals with optimal PWV. Thus the relationship between MSNA and 
PWV is independent of age, BMI, waist circumference, waist-to-hip ratio, heart 
rate, pulse pressure or blood pressure [ 27 ]. This shows the contribution of neuro-
physiological ageing to vascular ageing. 

 In the arterial wall, there is a crosstalk between the sympathetic nervous system 
and the renin-angiotensin system that will further decrease elasticity and promote 
vascular ageing [ 28 ].  

14.7     Cardiac-Arterial Coupling Influenced 
by Arterial Stiffness 

 Finally, it is self-evident that haemodynamic changes associated with ageing are not 
possible to describe without taking cardiac changes into account. In fact, there is a 
so-called cardiac-arterial coupling process that can be illustrated by echocardiogra-
phy examinations [ 29 ]. In the end there is thus a crosstalk between cardiac function, 
as well as morphological changes, and the general circulation in the arterial tree. 
With increasing stiffening of the proximal thoracic aorta, the refl ex wave from the 
periphery back to the central circulation and the heart can no longer be accommo-
dated, even if the aorta root widens. Instead this pulse wave energy will impact on 
the heart with increased pressure waves and augmentation during systole leading to 
increased strain on the left ventricle, causing left ventricular hypertrophy (LVH), 
and a decreased perfusion pressure during diastole, leading to impaired blood fl ow 
in the coronary circulation. These two trends combined will increase the risk of 
morphological changes (LVH) in combination with coronary ischaemia, thus 
increasing the risk of CHD events. This is therefore a haemodynamic mechanism 
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explaining some of the risk potential of arterial stiffness, as measured by increased 
PWV, for the development of CHD. It contributes to what has been called the car-
diovascular ageing continuum by O’Rourke et al. [ 30 ].  

14.8     Metabolic Syndrome and Arterial Stiffness 

 Even if it has been diffi cult to show a strong independent association between arte-
rial stiffness and overt type 2 diabetes [ 31 ], there is evidence to show that hypergly-
caemia as a continuous variable contributes to vascular ageing and arterial stiffness 
[ 32 ]. Diabetes mellitus was associated with c-f PWV in 52 % of studies in one 
meta-analysis, but the strength of the association was low [ 31 ]. Within the so-called 
metabolic syndrome (MetS), a number of risk factors tend to cluster, including 
hypertension, hyperglycaemia, dyslipidaemia (elevated triglyceride, decreased 
HDL cholesterol), increased waist circumference and underlying insulin resistance. 
Specifi c clusters of MetS components impact differentially on arterial stiffness 
(PWV). Recently, in several population-based studies participating in the MARE 
(Metabolic syndrome and Arteries REsearch) Consortium, the occurrence of spe-
cifi c clusters of MetS differed markedly across Europe and the USA. Based on data 
from 20,570 subjects included in nine cohorts representing eight different European 
countries and the USA in the MARE Consortium, MetS was defi ned in accordance 
with NCEP ATPIII criteria. PWV measured in each cohort was “normalised” to 
account for different acquisition methods. The results could show that MetS had an 
overall prevalence of 24.2 %. MetS accelerated the age-associated increase in PWV 
levels at any age and similarly in men and women. Therefore, different component 
clusters of MetS showed varying associations with arterial stiffness (PWV) across 
these nine cohorts [ 33 ]. 

 Also in a local study from the Malmö Diet Cancer cohort, hyperglycaemia and 
dyslipidaemia showed independent associations with arterial stiffness in elderly 
subjects with mean age of 71 years [ 15 ].  

14.9     Kidney Disease, Inflammation and Stiffness 

 It is well known that advanced chronic kidney disease is associated with vascular 
changes, as media sclerosis, and thus increasing arterial stiffness [ 34 ]. This is linked 
to oxidative stress and chronic infl ammation [ 35 ,  36 ]. Uraemic toxins, particularly 
those associated with dysregulated mineral metabolism, can drive vascular smooth 
muscle cell damage and tissue changes that promote vascular calcifi cation but may 
also promote DNA damage [ 36 ]. Epidemiological data suggest that some of these 
same risk factors in chronic kidney disease (CKD stages 1–5) associate with cardio-
vascular mortality in the aged general population. The advanced arterial changes in 
CKD thus resemble that of a fast progressing vascular ageing. This will further 
increase the overall cardiovascular risk that is very high in patients with CKD-5 and 
end-stage renal disease (ESRD).  
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14.10     Arterial Stiffness in the Elderly 

 The cardiovascular risk increases rapidly with advancing chronological age, based 
on arterial stiffness, advancing atherosclerosis and haemodynamic changes in the 
elderly [ 37 ,  38 ]. On the other hand, survival selection bias may infl uence the fact 
that some elderly subjects have survived in spite of advanced arterial stiffness. 
Epidemiological studies have thus shown that c-f PWV is a stronger risk marker in 
middle-aged as compared to elderly subjects [ 8 ]. No intervention studies exist so far 
to show the benefi ts of reducing arterial stiffness (PWV) in the elderly, as was 
already shown for control of hypertension in 80+-year-old subjects in the placebo- 
controlled HYVET trial [ 39 ]. 

 Another aspect of great interest is the role of chronic infl ammation and oxidative 
stress that are closely linked to the ageing process in general and therefore visible in 
elderly people [ 40 ]. If infl ammation can be reduced, a reduction of arterial stiffness 
has been shown, for example, in patients with infl ammatory bowel disease [ 41 ], a 
fi nding of great theoretical and practical importance. More studies should aim for 
control of infl ammation to prevent cardiovascular disease, but still convincing 
human studies are lacking. 

 Arterial stiffness is also a refl ection of biological and functional ageing in gen-
eral. In the Whitehall II study in London, this has been investigated. Researchers 
aimed to analyse associations of arterial stiffness with age, subjective and objective 
measures of physical functioning and self-reported functional limitation [ 42 ]. Pulse 
wave velocity was measured by applanation tonometry among 5,392 men and 
women aged 55–78 years. Results showed that arterial stiffness was strongly associ-
ated with age (mean difference per decade: men, 1.37 m/s; women, 1.39 m/s). This 
association was robust to individual and combined adjustment for pulse pressure, 
mean arterial pressure, antihypertensive treatment and chronic disease. One SD 
higher stiffness was associated with lower walking speed and physical component 
summary score and poorer lung function adjusted for age, sex and ethnic group. 
Associations of stiffness with functional limitation were robust to multiple adjust-
ments, including pulse pressure and chronic disease. The authors concluded that the 
concept of vascular ageing is reinforced by the observation that arterial stiffness is 
a robust correlate of physical functioning and functional limitation in early old age 
[ 42 ]. Why this is so merits further studies.  

14.11     Future Perspectives 

 The development of the EVA concept [ 12 – 14 ] has also triggered research and inter-
est in some other related biomarkers and in haemodynamic ageing [ 43 ]. Telomeres 
represent the end segment of the DNA helix with a shortening taking place with 
every cell division and therefore regarded as a marker of the biological clock of age-
ing [ 44 ,  45 ]. Even if discrepant results have sometimes been published, most studies 
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support the notion that telomere length, or rather the telomere attrition rate over 
time, could represent an interesting aspect of vascular ageing [ 44 ,  45 ]. Previous 
studies have shown an association between telomere length and arterial stiffness, as 
measured by pulse pressure [ 46 ]. 

 Other biomarkers of growing interest are, for example, aldosterone and vitamin 
D, both with implication for cardiovascular ageing. Studies have shown that ele-
vated aldosterone levels are associated with cardiovascular changes including scle-
rosis and increase stiffness [ 47 ]. This is possible to counteract by use of aldosterone 
antagonist, for example, spironolactone or eplerenone. Large-scale intervention 
studies are needed before conclusions can be drawn regarding the reversibility of 
these changes. 

 Growing evidence has documented that vitamin D defi ciency could play a role in 
the development of pathological changes within the arterial system. Observational 
studies have shown an increased risk associated with vitamin D defi ciency, but it has 
been hard to show benefi ts by vitamin D supplementation [ 48 ]. Therefore, the role 
of vitamin D is still somewhat enigmatic in arterial disease. 

 In the future, more studies should elucidate on the role of arterial stiffness in 
relation to cognitive decline and risk of dementia, as an association exists between 
impaired arterial compliance, arterial stiffness, mild cognitive impairment and the 
occurrence of so-called white matter lesions (WML) in the cerebral white matter 
[ 49 ]. Probably the pulse wave propagation from the general circulation, with stiff 
arteries, cannot be accommodated in a normal way in the cerebral microcirculation. 
This leads to micro-bleeds and the development of tissue scaring and WML, a com-
mon fi nding in subjects with uncontrolled hypertension. Hypertension was observed 
in a Swedish study of 70-year-old people to predict dementia, both of the vascular 
type and Alzheimer-like dementia [ 50 ]. In a recent statement from the American 
Heart Association/American Stroke Association, risk factors for cognitive impair-
ment have been discussed, including the role of hypertension [ 51 ]. 

 Finally, intervention studies are needed to show the benefi ts of reducing arterial 
stiffness, over and above blood pressure control per se. In this respect new drugs will 
also be tested, for example, the vascular protection believed to be an effect of com-
pound 21, a specifi c angiotensin-2 (AT2) receptor agonist [ 52 ], soon to be tested also 
in humans. Animal studies have been promising in showing a reduction of arterial 
stiffness, without signifi cant effects on blood pressure in a mouse model [ 53 ]. Other 
new experimental drugs are being developed for vascular protection and blood pres-
sure control [ 54 ] and could be combined with more traditional drugs for control of 
hypertension and hyperlipidaemia. A novel approach is also to retard ageing via infl u-
encing mammalian Sir2 (SIRT-1, a NAD+-dependent deacetylase), previously shown 
to extend the lifespan of lower organisms. This is a promising target molecule to infl u-
ence some aspects of vascular ageing, and drug development is underway [ 55 ]. In 
summary, arterial ageing is a fruitful concept to be explored for new understanding of 
vascular biology and new mechanisms for potential intervention.     
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15.1             Introduction 

 Over the past century, life expectancy at birth has increased signifi cantly from less 
than 50 years to over 75 years in both developed and developing countries, with the 
elderly constituting a growing proportion of the population. Among diseases 
responsible for increased morbidity and mortality in this segment of the population, 
renal disorders play an important role [ 1 ,  2 ]. Estimated prevalence of chronic kidney 
disease (CKD) nears 40 % after the age of 70 years [ 3 ]. Furthermore, according to 
the United States Renal Data System (USRDS) data, the elderly population has the 
fastest growth of end-stage renal disease at 11 % for ages 65–74 years and 14 % for 
age 75 years and above [ 4 ]. 

 Like other organs in the body, the kidneys undergo involutionary changes with 
age. In both humans and experimental animals, aging is associated with progressive 
impairment of the morphology and function of the kidneys [ 5 – 9 ]. 

 In subjects without hypertension or diabetes mellitus, moderate to severe reduc-
tion in renal function (glomerular fi ltration rate – GFR – <60 ml/min/1.73 m 2 ) is 
common among those >70 years with an incidence of 16 % compared to 0.1 and 
1.2 % in subjects of age group 20–39 and 40–59 years, respectively [ 10 ]. 
Furthermore, aside from hypertension and diabetes, age appears to be a key predic-
tor of CKD: 11 % of subjects >65 years without hypertension or diabetes have stage 
3 or more CKD [ 10 ]. 

 In the elderly, several disorders are associated with CKD (Table  15.1 ) [ 10 ]. Cross-
sectional and prospective studies have identifi ed many factors that may accelerate 
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age-related decline in renal function such as hypertension, diabetes mellitus, athero-
sclerosis, urinary tract obstruction, increased consumption of nephrotoxic drugs, 
increased use of radiological procedures using iodinated contrast media, and 
increased necessity of major surgery [ 11 ]. Among these contributing conditions, 
renal arterial aging is emerging as a powerful determinant of renal impairment in this 
age group [ 12 ,  13 ].

   The present chapter is a summary of the state of knowledge about the morpho-
logical and functional features of the renal vasculature during the aging process. For 
this purpose, the focus will be mainly on studies in humans. Information obtained 
in animals is taken into consideration only if it contributes to the understanding of 
the problem in the human.  

15.2     Renal Arterial Aging 

15.2.1     Definition 

 Renal arterial aging can be defi ned as a measure of the cumulative impact of age, 
cardiovascular risk factors, and genetic background on the structure and function 
of the renal vascular system over the course of an individual’s lifetime. Although 
these changes are not specifi c, they become more frequent as senescence is 
evolving [ 5 ,  6 ,  13 ].  

15.2.2     Morphologic Alterations with Aging 

15.2.2.1     Anatomy of the Aging Kidney 
 The aging process is associated with marked morphologic and functional alterations 
in several organ systems [ 7 ]. With the possible exception of the lungs, the changes 
in renal structure and function associated with normal aging are the most dramatic 
in any human organ system [ 7 ]. 

 Normal aging results in relentless loss of renal mass. Renal mass increases from 
birth to adulthood and then progressively declines during aging. The average kid-
ney weight increases from 50 g at birth, peaks at about 300–400 g at about 
40–50 years, and then declines by about 20–30 % to 180–200 g between 70 and 

  Table 15.1    Primary renal 
disease in the elderly  

 1. Primary renal parenchymal disorders 

 2. Diabetic kidney disease 

 3. Hypertension 

 4. Infections 

 5. Tumors of the kidney and renal pelvis 

 6. Renal arterial aging 
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90 years [ 5 ,  7 ,  13 ]. The loss of renal mass is primarily cortical with sparing of the 
medulla, leading to thinning of the renal cortical parenchyma [ 5 ,  7 ,  13 ].  

15.2.2.2     Renal Vasculature in Aging 

   Renal Microvascular Disease 
 Several studies have documented age-related changes in the histopathology of the 
renal vessels [ 5 ,  6 ,  8 ]. Although they are not specifi c and pathognomonic for the 
aging process, they become more evident after the age of 40 years increasing in 
evidence and severity with the evolution of senescence [ 5 ]. These changes become 
distinctly more pronounced at the levels of the small arteries and arterioles [ 5 ,  6 ]. 

 In a microangiographic and histologic study performed on 31 kidneys obtained 
from surgical specimen or autopsy on 28 subjects aged 20–79 years with no  evidence 
of cardiovascular or renal disease, Ljungquist and Lagergren demonstrated that age-
related changes in the renal arterial tree occur mainly at the level of small arteries 
[ 14 ]. The walls of the wider branches of the renal vasculature contain only dispersed 
subintimal plaques and slight subintimal fi brosis with local hyalinization [ 14 ]. 

 The vessels most susceptible to histopathologic changes are the small arteries 
and arterioles [ 5 ,  6 ]. The aging kidney frequently displays two types of microvas-
culopathic lesions: (a) arterial sclerosis and (b) arteriolar hyalinization [ 5 ,  6 ,  8 , 
 15 ,  16 ]. 

   Arterial Sclerosis 
 This term is used to denote thickening of the wall of the artery associated with nar-
rowing of the vascular lumen leading to increased wall/radius ratio [ 5 ]. 

 Thickening of the arterial wall can be produced by different morphologic pro-
cesses which include hyperplasia and/or hypertrophy of the medial vascular smooth 
muscles, fi brosis of the media, and/or fi brosis of the intima [ 6 ]. These lesions have 
been reported in hypertension, diabetes mellitus, and aging and increase in fre-
quency with advancing age [ 5 ,  6 ]. 

 Intimal fi brosis, also known as intimal fi broplasia, is the more specifi c lesion of the 
aging renal microvasculature [ 5 ,  6 ]. It involves small and larger interlobular arteries 
with a diameter of 80–300 μm. It is characterized by progressive thickening of the 
intima by reduplication of the elastic tissue and atrophy of the underlying media asso-
ciated with loss of vascular smooth muscle cells [ 5 ,  6 ]. The media may even disap-
pear almost completely when intimal thickening becomes maximal [ 17 ]. In contrast, 
in the very small interlobular arteries which give rise to the afferent arterioles, the 
intima becomes thicker by subendothelial deposition of hyaline and collagen [ 12 ]. 

 Intimal fi broplasia which renders the vessel wall rigid is a universal fi nding in 
kidneys of elderly subjects [ 5 ,  6 ,  8 ]. Although it starts early in life, it becomes much 
more prominent after the age of 50 years [ 5 ,  6 ,  8 ]. 

 Intimal fi broplasia is not limited to the renal vasculature but involves other 
organs such as the liver, the spleen, and the adrenal gland [ 8 ]. 
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 The etiology of intimal fi broplasia remains elusive. It may be enhanced or even 
precipitated by blood pressure elevation and hypertension [ 5 ,  6 ,  8 ]. It appears to be 
associated with global glomerulosclerosis rather than by hyaline arteriosclerosis 
and subsequent subcapsular injury [ 5 ,  6 ].  

   Arteriolar Hyalinization 
 Arteriolar hyalinization, also known as hyaline arteriolosclerosis, is another feature 
of the aging renal microvasculature [ 5 ,  6 ]. The frequent occurrence of hyaline arte-
riolosclerosis/arteriolar hyalinization with increasing age was fi rst described by 
Moritz and Oldt. This lesion which involves mainly the 10–30 μm diameter afferent 
arterioles is characterized by deposition of hyaline, a term derived from the Greek 
word “hyalos,” which is a glassy eosinophilic homogeneous material [ 18 ,  19 ]. 
Ultrastructurally, hyaline deposition is associated with (1) the presence of a homo-
geneous material which, by immunofl uorescence, contains plasma proteins, (2) 
thinning of the media and atrophy of vascular smooth muscle cells, and (3) irregular 
thickening of the basement membrane and collagen [ 19 ]. Hyaline change occurs 
patchily along the length of the afferent arteriole and is predominant in its proximal 
portion and rarely extends into the glomerular capillaries [ 18 ,  19 ]. Further, hyaline 
deposition is rare in the interlobular arteries and when present occurs in the orifi ce 
of the afferent arteriole [ 18 ]. 

 Hill and Bariety examined the relationship between hyaline arteriolosclerosis 
and glomerular structure in aging humans. They identifi ed three types of changes in 
the afferent arterioles, namely, no hyaline deposition, non-obstructing hyaline, and 
obstructing hyaline. These investigators reported that, compared to those without 
hyaline lesions, afferent arterioles with nonoccluding hyaline deposits had a much 
larger lumen, twice as great (480 ± 240 μm 2  vs 204 ± 160 μm 2 ), with corresponding 
increases in diameter and outer circumference and a markedly reduced wall/lumen 
ratio (3.2 ± 1.8 vs 6.4 ± 6.1 %). In the areas involved by hyaline deposition, the wall 
thickness was thinner (7.4 ± 3.9 μm vs 15.9 ± 5.8 μm), and vascular smooth muscle 
cells were atrophic, which might impair the constricting capacity of the vessel [ 17 ]. 

 The incidence and severity of hyaline afferent arteriolosclerosis is dependent on 
age and BP levels. In kidneys of normotensive subjects, Smith reported that minor 
degrees of sclerosis occur in the third to fourth decades, increasing gradually with 
age and becoming signifi cant in the fi fth to sixth decades [ 19 ] although these vascu-
lar changes remain minor [ 19 ]. However arteriolosclerosis increases as the blood 
pressure rises even with BP differences in the normal range. Arteriolosclerosis was 
found in 13.5 % of patients with systolic BP of 90–129 mmHg, in 22.1 % of those 
with BP of 130–139 mmHg, and in 34.1 % of those with BP above 140 mmHg [ 19 ]. 
Smith concluded that arteriolosclerosis of the afferent arteriole appears to be an age 
change that is enhanced by hypertension [ 19 ]. 

 Arteriolar hyalinization involves also the efferent arterioles. However, in contrast 
to the afferent arterioles, subendothelial hyaline deposits on the efferent arterioles 
are scarce, occurring in only 7–9 % of kidneys of nondiabetic normotensive or 
hypertensive subjects [ 15 ,  16 ,  18 ]. They appear to be also age related, as they are not 
seen before the age of 40 years but increase in incidence with age [ 18 ]. They are 
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independent of BP levels or presence of hypertension but are greatly enhanced by 
diabetes mellitus [ 18 ]. The hyaline deposits in the efferent arterioles occur patchily 
along the vascular wall and frequently surround and constrict the vascular lumen 
[ 18 ]. Although hyalinization of both afferent and efferent arterioles appears to be 
age related, they are greatly enhanced by diabetes mellitus [ 5 ,  6 ,  18 ]. 

 An increased prevalence of other abnormalities in the renal vasculature has been 
reported. In postmortem angiographic studies in subjects beyond the seventh 
decade, tapering of interlobular arteries and increased tortuosity of intralobular 
arteries have been observed [ 20 ].   

   Vascular Disease of the Large Renal Arterial System 
 Primary diseases of the renal arteries often involve the large renal arteries and are 
associated with two most frequent clinical entities, fi bromuscular dysplasia and 
atherosclerotic renal artery stenosis (RAS) [ 21 ]. 

 Atherosclerosis accounts for about 90 % of cases of RAS and usually involves 
the ostium and proximal one third (1/3) of the renal artery and perirenal aorta [ 21 ]. 
In advanced cases, segmental and diffuse intrarenal atherosclerosis also occurs par-
ticularly in patients with ischemic nephropathy [ 21 ]. 

 Atherosclerotic RAS is a common fi nding in subjects older than 50 years of age 
[ 21 ]. Its prevalence increases with age, particularly in patients with diabetes melli-
tus, hypertension, and/or aorto-occlusive disease [ 21 ]. An epidemiologic study 
involving one million subjects aged 67 years disclosed an estimated prevalence and 
incidence of renovascular disease (RVD) of 0.5 % and 3.7 per 1,000 subjects per 
year, respectively [ 11 ,  22 ]. Furthermore, occult RVD has been reported in about 
24 % of patients with unexplained chronic or progressive renal failure [ 21 ]. 

 Atherosclerotic RVD is a progressive disorder and a major cause of progressive 
renal failure in the elderly [ 23 ]. It has been estimated that 10–15 % of patients with 
atherosclerotic RAS develop end-stage renal disease [ 23 ]. 

 Atherosclerotic RVD may occur alone (isolated anatomical RAS) or in associa-
tion with hypertension and other comorbidities (ischemic nephropathy) [ 21 ]. 
Concurrent atherosclerotic coronary artery, renovascular, and peripheral vascular 
diseases are frequently present [ 11 ,  21 ]. 

 Ischemic nephropathy represents a syndrome characterized by obstruction to 
renal blood fl ow leading to renal ischemia and renal excretory dysfunction associ-
ated with renal insuffi ciency, hypertension in 50 % of patients, recurrent attacks of 
fl ash pulmonary edema due to salt/water retention, and evidence of systemic athero-
sclerosis [ 21 ]. 

 Atherosclerotic RVD comprises two clinical entities: (a) renal ischemia due to 
ostial or truncular atheromatous lesions and (b) distal systemic cholesterol embolism. 
It may be associated with renal microvascular lesions and glomerular hyalinization, 
raising the concept of a link between atherosclerosis and glomerular nephrosclerosis/
obsolescence [ 21 ]. Kasiske demonstrated that the severity of systemic atherosclerosis 
has a major impact on the degree of age-related glomerulosclerosis [ 24 ]. In the light 
of these fi ndings, many authors have postulated that glomerulosclerosis may indicate 
the presence of subclinical RVD [ 25 ]. 
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 Cholesterol embolism is a direct consequence of disruption of atheromatous 
plaques and shedding of cholesterol crystals into the renal circulation resulting in 
microinfarcts and renal parenchymal scarring [ 21 ]. 

 The pathogenesis of atherosclerotic RVD has not been completely elucidated. 
Combination of high BP activation of humoral factors and infl ammation may con-
tribute to acceleration of systemic and renovascular atherosclerosis [ 21 ,  26 ].   

15.2.2.3     Aging Renal Glomerulus 

   Structural Changes 
 Several morphologic changes have been described in the glomerulus of aging sub-
jects [ 5 ,  6 ,  8 ]. These alterations are characterized by glomerulopenia, glomerulo-
sclerosis, and increase in size of the remnant intact glomeruli and impaired intrinsic 
glomerular properties. 

   Glomerulopenia 
 The number of glomeruli varies with age and gender [ 5 ,  6 ,  11 ,  27 ]. Several studies 
have documented a reduction in the number of glomeruli with aging in both human 
and experimental animals [ 5 ,  6 ,  8 ,  9 ]. Using an accurate and unbiased stereologic 
method, Nyengaard and Bendsten demonstrated that the number of glomeruli in 
kidneys in subjects coming to autopsy declines with age [ 27 ]. Subjects younger than 
55 years had a greater number of glomeruli per kidney than those older than those 
of 55 years, 695 × 10 3  versus 560 × 10 3 , respectively [ 27 ]. The reduction in the num-
ber of nephrons is thought to result from both glomerulosclerosis and resorption of 
obsolescent glomeruli [ 27 ]. 

 In the senescent kidney, glomerular lobulations tend to disappear, and the length 
of the glomerular tuft perimeter decreases [ 28 ,  29 ]. Accordingly, these morphologic 
changes, associated with loss of nephrons, contribute to the observed age-related 
reduction in surface area available for fi ltration and reduction in glomerular fi ltra-
tion rate [ 28 ,  29 ].  

   Glomerulosclerosis 
 Sclerosis of the glomerulus is defi ned as acellular obliteration of the glomerular 
tufts leading to complete solidifi cation of the glomerulus [ 5 ,  6 ]. This process is 
referred to as global glomerulosclerosis. 

 The incidence of sclerotic glomeruli rises with advancing age from less than 5 % 
at ages 40–45 years to 10–30 % of the total glomerular population by the eighth 
decade [ 5 ,  6 ,  8 ,  30 ]. 

 The pattern of glomerular and vascular changes differs according to the renal 
zones. In the juxtamedullary glomeruli, the sclerosing damage in aging subjects 
results in a vascular connection between the afferent and efferent arterioles which, 
by shunting blood past the obsolescent glomeruli, maintains an adequate rate of 
medullary blood fl ow [ 30 – 34 ]. In contrast, in the cortex, global glomerulosclerosis 
is associated with obliteration of the arteriolar blood supply, eventually leading to 
resorption of the obsolescent sclerosed glomeruli [ 30 – 34 ]. 
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 There is some controversy as to the pathogenesis of glomerulosclerosis. In some 
studies, glomerulosclerosis and the associated tubulointerstitial changes are attributed 
to both intimal fi broplasia and hyaline arteriolosclerosis, while in others, the renal 
parenchymal changes appear to correlate better with intimal fi broplasia [ 15 ,  30 ]. 

 The number of sclerosed glomeruli is linked to age and microvascular renal 
pathology [ 30 ]. However, age-related glomerular involution may occur indepen-
dently of events in the renal microvasculature [ 30 ]. 

 Totally sclerosed glomeruli are more frequent in aged men than in aged women 
[ 30 – 35 ].  

   Structure of the Remnant Intact Glomeruli 
 With the evolution of senescence, the number of remnant intact (nonsclerotic) 
glomeruli decreases with age while their size enlarges [ 30 ]. The enlarged (intact) 
glomeruli display specifi c morphologic features. They have increased tuft size, 
dilated hilar capillaries, increased mean area of individual capillaries, and increased 
total capillary area [ 17 ,  36 ]. They are served by markedly dilated afferent arterioles 
with non-obstructing luminal hyaline deposits [ 17 ,  36 ]. These morphologic features 
predispose glomeruli to hemodynamic and physical injury leading to global glo-
merulosclerosis [ 17 ,  30 ,  36 ]. 

 There is, however, no unanimity as to the zonal distribution of enlarged glomeruli. 
Newbold et al. measured single cross-sectional areas of outer cortical and juxtamed-
ullary glomeruli in 41 adults aged 22–92 years with a mean age of 61 year and 
reported that glomerulosclerosis was more severe in the outer cortex, while the jux-
tamedullary glomeruli had a signifi cant greater glomerular area, and the enlargement 
of the juxtamedullary glomeruli was positively correlated with cortical glomerulo-
sclerosis [ 33 ]. The authors postulated that the increased number of sclerotic glom-
eruli (glomerulosclerosis) in the superfi cial cortex shifts glomerular blood fl ow to the 
remnant nonsclerotic juxtamedullary nephrons leading to glomerular hypertension, 
hyperfi ltration, and increased risk of glomerulosclerosis [ 33 ]. In contrast Samuel 
et al. using the dissector (Cavalieri method) to estimate the distribution and volumes 
of glomeruli in the superfi cial, middle, and juxtamedullary cortex in autopsy kidneys 
in 12 young male adults aged 20–30 years and 12 older males aged 51–69 years 
found that glomerular mean volume was 20 % larger in the superfi cial cortex than in 
juxtamedullary zone [ 34 ]. Global glomerulosclerosis was also more severe in the 
superfi cial cortex. In kidneys of young adults, there were no signifi cant differences 
between superfi cial and juxtamedullary glomeruli [ 34 ].  

   Intrinsic Glomerular Ultrafiltration Properties 
 In a recent study, Hoang et al. evaluated the extent and mechanisms of age-related 
reduction in glomerular fi ltration rate (GFR) in healthy aging volunteers and in healthy 
transplant kidney donors [ 37 ]. The study included 159 healthy volunteers aged 
18–88 years and 33 healthy transplant kidney donors aged 23–69 years. Glomerular 
dynamics were evaluated in the 159 healthy volunteers, while renal biopsy from 33 
healthy kidney transplant donors was subjected to a morphometric analysis to deter-
mine glomerular hydraulic permeability and fi ltration surface area [ 37 ]. 
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 In their study, Hoang et al. reported that, compared to the healthy younger sub-
jects, healthy elderly volunteers had a 22 % lower GFR (81 ± 17 vs 104 ± 15 ml/
min/1.73 m 2 ) and a 28 % lower renal plasma fl ow (RPF) (413 ± 106 vs 576 ± 127 ml/
min/1.73 m 2 ). Further, the computed Kf (two-kidney ultrafi ltration coeffi cient) was 
signifi cantly reduced below youthful levels by 21–53 % [ 37 ]. Morphometric studies 
in renal biopsy specimens from healthy kidney transplant donors revealed reduced 
fi ltration surface density (0.1 ± 0.01 vs 0.13 ± 0.04 μm 3 /μm 3 ) and epithelial fi ltration 
slits (1,110 ± 17 vs 1,272 ± 182 slits/mm) and increased glomerular basement mem-
brane thickness (461 ± 81 vs 417 ± 61 mm). According to these investigators, this 
study indicates that the intrinsic hydraulic permeability is reduced in aging indi-
vidual glomeruli, which contributes to the age-related renal functional impairment 
[ 37 ]. Thus, an overall reduction in the number of functioning glomeruli, increased 
glomerular base membrane thickness, and accumulation of mesangial matrix limit 
both glomerular fi ltration area and glomerular permeability [ 37 ].  

   Aglomerular Arterioles 
 An increased frequency of direct continuity between afferent and efferent arterioles 
is a prominent feature of aged kidneys [ 5 ,  6 ,  30 ]. In the juxtamedullary glomeruli, 
glomerular sclerosis is associated with formation of a direct channel between afferent 
and efferent arterioles, referred to as arteriolae rectae verae or aglomerular arterioles 
which maintain blood fl ow in juxtamedullary nephrons. In the cortex, a different pat-
tern of change predominates. Degeneration of glomeruli results in atrophy of the 
afferent and efferent arterioles. This leads to a gradual reduction in blood fl ow in 
cortical nephrons and eventual global sclerosis [ 30 ].    

15.2.2.4     Renal Tubulointerstitium in Aging 
 Tubulointerstitial changes are a common feature of the aging kidney. The decrease 
in renal size with senescence has been attributed to tubulointerstitial scarring, 
infarction, and fi brosis [ 5 ,  6 ,  11 ,  38 ]. The number, volume, and length of the tubules 
decrease with age [ 5 ,  6 ]. Tubular atrophy with thickening of the basement mem-
brane and tubular “thyroidization” with dilatation of lumen and hyaline casts are a 
common feature. Simple renal cysts and tubular diverticula are more frequent in 
senescent kidneys [ 6 ]. 

 The degree of renal functional impairment correlates not only with loss of 
glomeruli but also with severity of tubulointerstitial alterations [ 6 ]. 

   Nephrosclerosis 
 Nephrosclerosis, defi ned as a primary vascular lesion associated with glomerular 
obsolescence, tubulointerstitial changes, and fi brosis, is a morphological entity with 
no specifi c clinical features [ 21 ,  39 ]. The etiology of this lesion remains elusive but 
appears to be multifactorial. It has been reported in aged normotensive subjects but is 
enhanced by hypertension, diabetes mellitus, and systemic atherosclerosis [ 21 ,  39 ]. 

 In the elderly, nephrosclerosis is the most frequent diagnosis in patients with 
end-stage renal disease (ESRD) starting maintenance dialysis [ 11 ,  40 ,  41 ]. However, 
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the high incidence of nephrosclerosis as a cause of ESRD in the elderly is due 
mainly to ischemic damage induced by atherosclerotic RVD [ 11 ,  21 ].     

15.3     Pathogenesis of Age-Mediated Glomerulosclerosis 

 The mechanisms responsible for glomerulosclerosis and progressive nephrons loss 
in aged kidneys have not been completely elucidated but appear to be multifactorial. 
Impaired autoregulation of renal blood fl ow (RBF) has been shown to play an 
important role in this process [ 5 ,  6 ]. 

 The renal circulation is characterized by a high resting renal blood fl ow, low 
afferent arteriole resistance, and minimal wave refl ection in the renal artery [ 42 ]. 
Consequently, high fl ow and wave oscillations are transmitted through the low 
afferent arteriole resistance to the glomerular capillaries exposing these vessels to 
biotrauma [ 42 ]. 

 These features of the renal circulation render the kidney more vulnerable to the 
harmful effects of aging and its associated disturbed large artery dynamics, namely, 
arterial stiffness and hypertension [ 43 ,  44 ]. 

15.3.1     Autoregulation of Renal Blood Flow 

15.3.1.1     Definition 
 Autoregulation of RBF is defi ned as the mechanism that maintains intrarenal func-
tional hemodynamic parameters, i.e., renal glomerular fl ow, glomerular fi ltration 
rate, and mean glomerular capillary hydraulic pressure relatively constant in the 
face of episodic or sustained increases in BP [ 45 ].  

15.3.1.2     Physiology and Determinants 
 Renal autoregulation is mediated by two systems intrinsic to the kidney, a rapid 
myogenic response and a slow tubuloglomerular feedback (TGF) [ 45 ]. Although 
the myogenic and TGF systems act in concert to regulate BP and body fl uid 
volumes, the myogenic response appears to be primarily involved in protecting 
morphologic integrity of the kidney from hypertensive injury [ 45 ,  46 ]. 

 The myogenic mechanism describes the capacity of the preglomerular resistance 
vessels, primarily the afferent arterioles, to constrict or dilate in response to changes 
in intraluminal pressure [ 45 ]. Normally, increases in systemic arterial BP, either 
transient or sustained, result in proportionate increases in intrarenal vascular resis-
tance to guard against excessive elevation in intraglomerular capillary pressure 
which remains normal [ 44 ,  45 ]. Thus, glomerular capillaries are protected from 
biotrauma as long as the renal autoregulatory mechanisms are intact [ 44 ,  45 ]. 

 The myogenic mechanism responds rapidly, within seconds, and is elicited by 
changes in BP oscillations, mainly by variation in systolic and pulse pressures more 
than by changes in sustained mean arterial pressure [ 45 ].  
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15.3.1.3     Dysautoregulation of Renal Blood Flow 
 Dysautoregulation or impaired autoregulation of RBF is characterized by enhanced 
transmission of “inappropriate” BP levels through a poorly autoregulated preglo-
merular microcirculation leading to glomerular hypertension and ultimate glomeru-
lar injury [ 42 – 44 ,  47 ,  48 ]. This process may be associated with dilatation of the 
afferent and efferent arterioles and glomerular hypertrophy [ 17 ,  36 ]. 

 Longitudinal and cross-sectional studies have documented an age-related loss of 
renal autoregulation which may promote acceleration of loss of renal function. In a 
recent study, morphologic changes consistent with impaired renal autoregulation 
have been reported in human kidneys taken from normotensive elderly subjects [ 17 , 
 36 ]. Afferent arterioles exhibited nonocclusive or occlusive subendothelial hyaline 
deposits, although few were normal [ 17 ]. Afferent arterioles with nonocclusive sub-
endothelial hyaline lesions were markedly dilated and were connected with hyper-
trophied glomeruli containing larger than normal capillary lumen particularly in the 
hilar region [ 17 ]. The medial vascular smooth muscle cells were atrophic or even 
completely absent. As a result, myogenic contraction induced by vessel distention 
would be impaired. The net effect is altered distal transmission of systemic blood 
pressure [ 17 ,  36 ]. 

 Several factors have been postulated to disrupt renal autoregulation with advancing 
age (Table  15.2 ).

     Hypertension: Blood Pressure Liability 
 Hypertension enhances the deterioration of renal function with aging. Linderman 
et al. reported that age reduction in GFR was more pronounced in elderly 
 hypertensive subjects [ 49 ]. 

 Although in mild to moderate hypertension, renal autoregulation is well pre-
served, exposure of the renal microcirculation to long-standing BP elevation levels 
leads to a preglomerular arteriopathy, impairment of renal autoregulation, and pro-
gressive glomerulosclerosis [ 44 ]. At necropsy, 68–97 % of elderly patients with 
well-established hypertension had histologically proven arteriolosclerosis [ 40 ]. 

   Table 15.2    Determinants of 
impaired RBF in aging  

 1. Hypertension/BP lability 

 2. Large arterial stiffness 

 3. Preglomerular microvascular arteriolopathy 

 4. Atheroembolic renal disease 

 5. Reduced renal mass 

 6. Endothelial dysfunction 

 7. Salt sensitivity 

 8. Genetic susceptibility 

 9. Comorbid conditions 

   Diabetes mellitus 

   Hypertension 

   Atherosclerosis 

 10. Cardiovascular risk factors 
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Furthermore, a close negative relation between RBF and the severity of arteriolar 
nephrosclerosis was reported in a series of 100 renal biopsies [ 41 ]. 

 Recent data suggest that hypertensive renal damage correlates most strongly 
with systolic and pulse pressures. In 4,736 subjects with isolated systolic hyperten-
sion (ISH) older than 65 years included in Systolic Hypertension in the Elderly 
Program (SHEP), systolic BP and to a lesser extent pulse pressure (PP) and mean 
arterial pressure (MAP) were signifi cant predictors of a decrease in GFR within 
5 years of follow-up [ 50 ]. In contrast, in a cross-sectional study of 212 patients with 
untreated ISH, high PP rather than MAP was associated with lower effective renal 
plasma fl ow (ERPF) and GFR in subjects 60 years of age or older [ 51 ]. These obser-
vations favor the assertion that PP, a parameter of BP pulsatility and a sign of arte-
rial stiffness in the aged, modulates the tone of the afferent arteriole and 
autoregulation of RBF [ 45 ]. Thus, PP in the elderly is a determinant of pressure 
transmission to the glomerulus and may predispose to glomerulosclerosis and dete-
rioration in renal function [ 51 ].  

   Arterial Stiffness/Cross Talk Between the Macrocirculation 
and the Microcirculation 
 Increased stiffness of the central (large) arteries which frequently occurs with 
advancing age is characterized by increased systolic BP and PP and high pulse wave 
velocity (PWV) [ 43 ]. Several studies indicate that arterial stiffness plays a major 
role in the pathogenesis of renal functional impairment and incident CKD in the 
elderly. In the Multi-Ethnic Study of Atherosclerosis which included 4,850 sub-
jects, large artery stiffness and PP were associated with faster decline in GFR among 
participants with baseline GFR >60 ml/min/1.73 m 2  [ 52 ]. Likewise, in a cohort of 
2,050 Japanese patients with GFR >60 ml/min/1.73 m 2  followed up for 5–6 years, 
higher baseline brachial ankle PWV was associated with lower GFR and a higher 
annual rate of decrease in GFR [ 53 ]. In the Health, Aging and Body Composition 
(Health ABC) study of 2,129 initially well-functioning elderly subjects aged 
72–79 years followed up for about 9 years, higher baseline PWV was related to 
incident CKD and more rapid decrease in GFR as assessed by cystine C [ 54 ]. 

 Several observational and clinical studies support the suggestion of an interac-
tion between the large arterial system and the microcirculation in the pathogenesis 
of CKD and target organ involvement in the elderly, a phenomenon often referred to 
as cross talk between the macrocirculation and the microcirculation [ 43 ,  55 ,  56 ]. 
Stiffening of the aorta, a major determinant of an age-related alteration of the large 
arterial system, leads to an increase in PWV and premature refl ected waves. These 
disturbed arterial functional parameters are associated with an increase in SBP and 
pulsatile hemodynamic load which favor damage to the peripheral and renal micro-
circulation. Further, the transmission of an elevated systemic BP to the glomerular 
capillaries due to impaired RBF autoregulation favors glomerular hypertension and 
damage and progression to CKD (Table  15.3 ) [ 43 ,  55 ,  56 ].

   Studies have demonstrated that, in the elderly, aortic stiffness is also  associated 
with endothelial dysfunction and abnormalities in systemic microvasculature 
[ 26 ,  56 ].  
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   Miscellaneous 
 Advancing age is associated with decreased renal mass, salt sensitivity, genetic sus-
ceptibility, and presence of comorbid states and cardiovascular risk factors 
(Table  15.2 ) [ 47 ,  57 ]. These factors may impair pressure-induced myogenic vaso-
constriction of the afferent arterioles and RBF autoregulation, favoring transmission 
of systemic BP to the glomerular capillaries, and lead to glomerular hypertension, 
glomerular injury, CKD, and preglomerular microvascular disease [ 47 ,  57 ,  58 ].     

15.4     Renal Hemodynamics in Aging Kidneys 

 The morphologic changes that are associated with aging result in profound altera-
tions in renal hemodynamics. They are characterized by: (a) reduction in RBF, 
GFR, and renal functional reserve and (b) increase in intrarenal vascular resistance 
[ 11 ,  31 ]. 

15.4.1     Renal Blood Flow 

 Several investigators using different techniques in healthy subjects free of comorbid 
conditions and renal disease have demonstrated that advancing age is associated 
with a reduction in RBF [ 5 ,  8 ,  11 ,  31 ]. Signifi cant increase in fi ltration fraction and 
renal vascular resistance has also been reported in some of these studies [ 11 ,  31 ]. 

 In a review of 38 renal hemodynamic studies which included 634 healthy sub-
jects with varying age range, Wesson reported that total RBF was well maintained 
until the fourth decade [ 59 ]. Thereafter, there was a 10 % reduction per decade with 
the effective renal plasma fl ow falling from 600 ml/min/1.73 m 2  in young adults to 
about 300 ml/min/1.73 m 2  by the age of 80 years [ 58 ]. However, the reduction in 
RBF does not involve the renal regions to the same extent. In a study of 207 healthy 
kidney donors, Hollenberg et al. reported a signifi cant decrease in the rapid (corti-
cal) blood fl ow, while medullary blood fl ow was well preserved in aged subjects 
[ 11 ,  31 ]. This redistribution in blood fl ow from cortex to medulla may account, at 
least partly, for the increased fi ltration fraction reported with advancing age [ 31 ]. 

 Structural and functional factors have been postulated to account for age-related 
reduction in RBF: (1) redistribution of RBF from the well-perfused cortex to lesser- 
perfused medulla [ 31 ]; (2) structural changes in the preglomerular microcirculation 
including tapering and increased irregularity and tortuosity of the arcuate, interlobu-
lar, and intralobular arteries [ 20 ]; (3) endothelial dysfunction [ 47 ,  56 ]; (4) defective 

  Table 15.3    Links between 
large artery stiffness and 
chronic kidney disease  

 1.  Glomerular hypertension/glomerular injury/
glomerulosclerosis 

 2.  Preglomerular microvascular arteriopathy/thrombosis/
microinfarctions 

 3. Systemic atherosclerosis 
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angiogenesis resulting from impaired growth factors in the kidney (vascular endo-
thelial growth factor (VEGF) and angiopoietin-1 factors) [ 47 ]; and (5) persistent 
renal vasoconstriction and increased renal vascular resistance [ 11 ,  31 ].  

15.4.2     Intrarenal Renal Vascular Resistance 

 Resting intrarenal vascular resistance is increased in aging kidneys, even in normo-
tensive subjects, but is enhanced by the presence of established hypertension and/or 
cardiovascular comorbidities [ 5 ,  6 ,  31 ,  47 ]. 

 The enhanced age-related renal vascular resistance has been attributed both to 
functional and structural factors. 

 An imbalance between vasodilating and vasoconstricting responses has been 
reported in aged kidneys [ 26 ,  47 ]. In aging, there is an attenuated responsiveness to 
dilators such as nitric oxide (NO), endothelial-derived hyperpolarizing factor 
(EDHF), and prostacyclin [ 47 ]. In addition, renal vasodilatation after administration 
of acetylcholine and L-arginine is markedly impaired [ 60 ]. Since response to these 
vasoactive agents is dependent on NO, these fi ndings suggest impaired NO genera-
tion [ 61 ]. Kielstein et al. reported accumulation of endogenous NO inhibitor, asym-
metric dimethylarginine, in senescent kidneys [ 61 ]. On the other hand, enhanced 
renal vasoconstriction to pressor substances, such as angiotensin II, has also been 
reported [ 47 ]. This imbalance may result in resting vasoconstriction of the renal 
circulation and high resting renal vascular resistance in aging [ 11 ,  31 ]. 

 Structural changes in the renal microvasculature such as narrowing or obsoles-
cence of pre- and postglomerular vessels, frequently observed in aging kidneys, 
may contribute to the high resting vascular resistance [ 20 ].  

15.4.3     Glomerular Filtration Rate 

 A fall in glomerular fi ltration rate (GFR) with advancing age has been documented 
by both population-based and longitudinal studies [ 5 ,  6 ,  49 ,  59 ,  62 ]. 

 GFR remains stable until the ages of 30–40 years and thereafter decreases at an 
average of about 8 ml/min/1.73 m 2 /decade and is enhanced by increasing mean arte-
rial pressure [ 5 – 8 ,  31 ]. The clinical signifi cance of this age-related fall in GFR is 
minimal until an acute or chronic illness further impairs the already decreased renal 
reserve seen in aging [ 5 – 8 ]. However, with aging, the decline in renal function is not 
uniform but varies with each subject. In the Baltimore Longitudinal Study of Aging, 
Lindeman et al. evaluated renal function by repeated creatinine clearances in 446 
subjects aged 22–96 years over 12–18-month intervals. They reported that 30–35 % 
of elderly subjects had no change in renal function [ 49 ]. 

 GFR has been assessed by the clearance of creatinine and by the infused exoge-
nous markers, such as inulin and iothalamate, and estimation formulae. The inulin 
clearance (C In ), the gold standard method, is cumbersome and requires special pro-
cedures. The creatinine clearance (C cr ) in a timed urinary collection is commonly 
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used to estimate GFR [ 11 ,  62 ,  63 ]. However, this method is fraught with signifi cant 
inaccuracies in the elderly. With aging, as the muscle mass decreases, creatinine 
production, serum creatinine, and urinary creatinine excretion are reduced [ 30 ,  62 , 
 63 ]. Therefore, in the aged, serum creatinine concentration is unreliable as a predic-
tor of GFR and underestimates the degree of renal functional impairment in this 
group [ 30 ,  62 ,  63 ]. Despite these inaccuracies, studies revealed that true C cr  falls by 
8 ml/min/1.73 m 2 /decade beyond middle age [ 30 ]. 

 To obviate the need for cumbersome and inaccurate 24-h urine sampling, predic-
tion formulae are increasingly used to estimate GFR. In adults, C cr  is estimated by 
this Cockcroft-Gault (CG) equation and GFR by modifi cation of diet in renal dis-
ease (MDRD) [ 62 ]. Estimation of C cr  from body weight and height and gender 
according to the CG equation has been shown to be unreliable especially in very old 
subjects [ 11 ,  30 ,  62 ]. In addition, there are no studies that evaluated the accuracy 
and precision of GFR evaluation by MDRD in the elderly. In a study involving 180 
healthy elderly subjects aged 65–111 years, GFR values calculated by MDRD were 
much higher than those recorded by CG equation [ 64 ]. These observations suggest 
that, in the elderly, evaluation of GFR by estimation formulae may not refl ect the 
exact status of renal function. 

 Several factors have been postulated to account for the progressive decrease in 
GFR with senescence: (1) increasing number of sclerotic glomeruli correlating with 
renal hemodynamic alterations [ 5 – 8 ]; (2) age-related atrophy involving the cortex 
more than the medulla, resulting in loss of great number of nephrons [ 5 – 8 ]; and (3) 
vascular lesions involving the small arteries rather than the arterioles favoring 
simultaneous reduction of fi ltration pressure in a large number of glomeruli [ 20 ].  

15.4.4     Renal Functional Reserve 

 Renal functional reserve, defi ned as the capacity of the renal vasculature to dilate 
maximally in response to a vasodilating stimulus, is impaired with aging [ 65 ].   

15.5     Acceleration of Renal Arterial Aging 

 Renal arterial aging is enhanced by risk factors of atherosclerosis such as hyperten-
sion, diabetes mellitus, smoking/nicotine, hyperlipidemia, and environmental toxic 
processes [ 47 ].  

15.6     Premature Renal Arterial Aging 

 Renal arterial aging is not limited to senescence. Changes in the renal microvascular 
circulation, similar and indistinguishable from those in aging kidneys, have been 
reported in diabetes mellitus and in CKD in younger adults [ 47 ].  
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15.7     Therapeutic Strategies 

 There are no specifi c therapeutic measures to reverse age-related pathophysiologic 
macro- and microvascular changes [ 5 ,  6 ,  43 ]. However, lifestyle measures and normal-
ization of systemic and glomerular hypertension may delay progression of renal func-
tional impairment [ 5 ,  6 ]. Blockade of renin-angiotensin-aldosterone system (RAAS) 
affords better renoprotection [ 28 ]. Lipid-lowering and antiplatelet administration are 
also indicated [ 66 ,  67 ]. 

 The management of atherosclerotic renal artery stenosis and ischemic nephropa-
thy is by conservative measures. There is no evidence that revascularization of ste-
notic renal artery is associated with improvement in renal function and cardiovascular 
outcome [ 68 ].  

    Conclusion 
 Renal arterial aging represents a complex pathophysiologic state characterized 
by morphologic and functional changes in the renal macro-/microcirculation 
which lead to a wide spectrum of target organ involvement. Therapeutic mea-
sures are limited to normalization of systemic and glomerular hypertension; 
lipid-lowering, antiplatelet therapy; and lifestyle measures.     
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  16      Diabetes Mellitus: Alterations in Vessel 
Wall Properties 

             Claudia     R.    L.     Cardoso      and     Gil     F.     Salles    

16.1             Introduction 

 Diabetes is considered as a major and growing health problem in most countries. 
According to the International Diabetes Federation Atlas, the estimated worldwide 
prevalence of diabetes in 2013 has risen to 382 million people, representing 8.3 % 
of the world adult population [ 1 ]. 

 Type 2 diabetes is diagnosed and, mainly, defi ned by hyperglycemia. Nonetheless, 
the defi nition of diabetes and the pathologic characteristics of this disease often 
involve the vasculature, with hyperglycemia promoting microvascular and macro-
vascular complications. The clinical manifestations of microvascular disease are so 
characteristics of the disease that diabetes is defi ned by the glycated hemoglobin 
(HbA 1c ) level that causes microvascular disease. However, while hyperglycemia is 
a key factor for microvascular complication development, it is only one of the mul-
tiple factors capable of increasing the risk of atherosclerotic macrovascular disease 
in diabetes. Indeed, diabetes-induced vascular complications are the major cause of 
morbidity and mortality in these subjects and provoke considerable amount of dis-
ability, premature mortality, loss of productivity, and increased demands on health- 
care facilities [ 2 – 4 ]. There are two different types of vascular disease in diabetes, 
one affecting small resistance arteries, arterioles, and capillaries (microvascular 
disease) and the other affecting large conductance vessels (macrovascular disease). 

 Cardiovascular disease, including coronary, cerebral, and peripheral arterial dis-
ease, accounts for most of morbidity and mortality in type 2 diabetes. Coronary 
artery disease is the leading cause of mortality in type 2 diabetes [ 5 ]. Lower-limb 
amputations are at least ten times more frequent in diabetic than in nondiabetic 
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individuals worldwide [ 6 ,  7 ], and more than half of nontraumatic lower-limb ampu-
tations are due to diabetes. People with diabetes are two to four times more likely to 
develop cardiovascular disease in comparison to nondiabetic subjects [ 8 ,  9 ]. 
Otherwise, diabetes microvascular disease is a major contributing factor to morbid-
ity, mortality, and costs in both type 1 and type 2 diabetes [ 10 ]. Diabetic nephropa-
thy is the main cause of end-stage renal failure, both in low- and high-income 
populations [ 11 ]. Structural alterations of small vessels that supply peripheral 
nerves contribute to diabetic neuropathy, and damage of microvasculature of the eye 
is the leading cause of impairment and loss of vision in working age adults [ 10 ]. 
Given the impact of diabetic vascular disease, great effort has been directed towards 
reducing vascular outcomes in diabetes. While a better glucose control has a doubt-
less benefi cial effect in reducing microvascular disease, its role in improving mac-
rovascular outcomes is yet controversial. 

 This chapter will mainly discuss aspects of pathophysiology and pathogenesis 
involved in the development of vascular disease in diabetes, as well as the diagnosis 
of vascular disease and current therapy.  

16.2     Pathophysiology of Diabetic Vascular Disease 

 Endothelial dysfunction, smooth muscle cell dysfunction, platelet hyperreactivity, 
impaired fi brinolysis with a trend for thrombosis and coagulation, and increased 
infl ammation are among the physiological impairments that plausibly link diabetes 
with atherosclerotic vascular disease [ 12 ] (Fig.  16.1 ).  

16.2.1     Endothelial Dysfunction 

 The endothelium has a central role in vascular homeostasis; it permits the vas-
culature to adapt to several stimuli and is fundamental for regulation of vascular 
tone and structure. Endothelial cells produce a broad spectrum of substances, of 
which the most characterized is nitric oxide (NO) that is generated from the 
metabolism of L-arginine by the endothelial NO synthase (eNOS) constitutively 
expressed by endothelial cells [ 13 ]. Under normal conditions, endothelial stim-
ulation induces the production and release of NO, which diffuses to circumja-
cent tissue and cells and promotes its cardiovascular protective effects by 
relaxing media layer smooth muscle cells and by preventing adhesion molecule 
expression, leukocyte adhesion, and migration into the arterial wall, muscle cell 
proliferation, and platelet adhesion and aggregation [ 13 ]. The regulation of 
endothelial function is largely vascular area specifi c, hence promoting different 
responses in various organs and tissues. Within the same vascular area, it 
depends mainly on the vessel size, that is, large arteries (macrocirculation) and 
arterioles (microcirculation) [ 14 ]. In disease conditions, such as in diabetes, 
hypertension, and dyslipidemia, the endothelium undergoes functional and 
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structural alterations and loses its protective vascular role, becoming a pro-ath-
erothrombotic structure [ 12 – 14 ]. In the initial stages, the main endothelial alter-
ation is functional and is referred as endothelial dysfunction. Impaired NO 
bioavailability is characteristic of this condition. It can be due to a reduced 
production of NO or, more frequently, to an increased breakdown by reactive 
oxygen species (ROS) [ 13 ]. The endothelium activates several pathways, trying 
to compensate NO defi ciency. The production and release of other endothelium-
derived vasodilators such as prostanoids and other endothelium-derived hyper-
polarizing factors guarantee some, although impaired, endothelium-dependent 
vasodilatation. In association with NO defi ciency, the endothelium produces 
substances and mediators that injure the arterial wall, including endothelin, 
thromboxane A 2 , prostaglandin H 2 , and ROS [ 13 ]. Diabetes-related endothelial 
dysfunction is present early at disease beginning or at prediabetic conditions 
and antecedes morphologic and structural vascular changes [ 13 ,  15 ], which 
includes accelerated disappearance of capillary endothelium [ 16 ], weakening of 
intercellular junctions [ 17 ], altered proteins synthesis, and altered expression/
production of adhesion glycoproteins on endothelial cells [ 16 – 19 ], which pro-
mote attachment of monocytes and leukocytes and their transendothelial migra-
tion [ 17 ]. Endothelial dysfunction is the initial focus of atherosclerotic lesions 
that appears later during the course of diabetes [ 20 ,  21 ] and has itself been 
associated with adverse cardiovascular prognosis [ 22 ].  

Hyperglicemia Insulin resistance

Dyslipidemia Hypertension Obesity

Increased ROS generation

Altered NO bioavailablity  

Endothelial
dysfunction

Vascular smooth
muscle cell dysfunction

Abnormalities
in coagulation

Altered platelet
function   

Micro and macrovascular disease

  Fig. 16.1    Risks factors and mechanisms that plausibly link diabetes with vascular disease.  ROS  
reactive oxygen species,  NO  nitric oxide       
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16.2.2     Biochemical Mechanisms Associated with Vascular 
Damage in Diabetes 

 In cells where glucose transport is not completely dependent on insulin (e.g., in vas-
cular endothelial, renal, and retinal cells, as well as in peripheral nerves [ 23 ]), hyper-
glycemia increases glucose intracellular concentration and several other glycolytic 
intermediates [ 24 ] that are critical substrates for various important biochemical path-
ways [ 25 ]. In the presence of chronic hyperglycemia, there is an inappropriate down-
regulation of insulin-dependent transporters, which exposes cells to the continuous 
infl ux of high amount of glucose from the extracellular space into cytosol. This pro-
motes production of excess intracellular ROS [ 26 – 28 ]. ROS are the fi nal inducers 
and also the initiating elements of, at minimum, four interrelated hyperglycemia-
activated paths: (1) the polyol pathway, with its associated alterations in the redox 
state of nicotinamide-adenine dinucleotide phosphate (NADP) and its reduced form 
NADPH [ 28 ,  29 ]; (2) the covalent change of intracellular components by reactive 
advanced glycation end products (AGEs) [ 30 ,  31 ]; (3) the de novo synthesis of diac-
ylglycerol, which makes active several protein kinase C isoforms [ 32 ,  33 ]; and (4) 
the augmented fl ux by the hexosamine path [ 27 ,  28 ]. The activation of these bio-
chemical ways, at minimum partially mediated by glucose- related increased osmo-
larity [ 34 ], can explain why persistent elevation of glucose affects the biochemical 
homeostasis of cardiovascular cells, fi nally leading to the evolvement of diabetic 
vascular (mainly micro) complications [ 35 ]. Each of the pathways mentioned above 
is activated by hyperglycemia-induced ROS formation, in the form of an overproduc-
tion of superoxide anion through the mitochondrial electron transport chain [ 36 ], in 
conjunction with an overproduction of NO [ 37 ], which jointly lead to production of 
a toxic reaction product, the peroxynitrite anion [ 38 ,  39 ]. 

 Hyperglycemia is related to increased oxidation stress [ 26 ], augmented leukocyte- 
endothelial interaction [ 40 ], and glycation of constitutional body proteins, including 
lipoproteins, apolipoproteins, and clotting factors, which progressively increase 
vasomotor tone, vascular permeability, growth, and remodeling [ 15 – 18 ]. 
Furthermore, hyperglycemia retards endothelial cell replication [ 15 ,  18 ] and 
increases extracellular matrix production [ 41 ], which may thicken the basal mem-
brane. It also augments endothelial cell death [ 15 ,  18 ] and enzymes involved in 
collagen synthesis [ 41 ]. Long-term hyperglycemia, but not only this, leads to the 
formation of modifi ed molecular species, by nonenzymatic reactions between the 
aldehydic group of reducing sugars with proteins, lipids, or nucleic acids [ 42 ]. The 
formation of these advanced glycation end products (AGEs) occurs mainly by gly-
cation, by the polyol pathway, and by glycoxidation and oxidative stress [ 43 ]. All 
the conditions that promote AGEs formation are present in diabetes and are aggra-
vated by the occurrence of renal failure [ 44 ]. AGEs promote proinfl ammatory cel-
lular reactions that can damage tissues, frequently directed to specifi c organs. AGEs 
are involved in atherosclerosis development by at least two mechanisms: by direct 
tissue deposition and by interaction with the receptor of AGEs (RAGE) [ 43 ]. Due to 
tissue accumulation, AGEs directly cross-link with proteins of extracellular matrix 
(ECM), increasing arterial stiffness and entrapping other macromolecules [ 45 ]. The 
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other mechanism by which AGEs promote their harmful effects is by receptor medi-
ated paths, and RAGE is the most investigated receptor [ 46 ]. The RAGE-AGE inter-
action alters cellular signaling, promotes gene expression, and increases the 
discharge of proinfl ammatory substances [ 47 ]. The RAGE interacts with AGEs and 
also with various different proinfl ammatory ligands that, like AGEs, augment the 
atherosclerotic process [ 48 ]. In atherogenesis, this multiligand receptor is highly 
expressed in activated endothelial cells, vascular smooth muscle cells, and infl am-
matory cells and, through interaction with its ligands, begins and maintains the 
pathologic process leading to atherosclerotic lesion in the arterial intima [ 48 ]. These 
mechanisms are summarized on Fig.  16.2 .   

16.2.3     Insulin Resistance 

 Insulin resistance, present in most of type 2 diabetic patients, is associated with 
impaired vascular insulin signaling and blunted vascular effects of insulin [ 49 ]. The 
mechanisms of insulin resistance are yet incompletely understood. Insulin resistance 
may refl ect the combined infl uence of obesity, dietary patterns, and lifestyle and can 
also result in elevated blood pressure, impaired glucose, fat and lipid metabolism, 
infl ammation, and a prothrombotic environment [ 50 ]. The most sensitive tissues for 
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pathway 
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Increased ROS production

Receptor-dependent effects:
endothelial dysfunction,  vascular
smooth muscle cells proliferation
and migration, increased uptake
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Receptor-independent effects:
extracelular matrix (ECM) synthesis,
ECM protein crosslinks,  trapping of
macromolecules in wall vessel,
alteration in the ECM form.     

Atherosclerosis

  Fig. 16.2    Schematic model of vascular lesion associated with chronic hyperglycemia.  ROS  reactive 
oxygen species,  AGEs , advanced glycation end products       
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the insulin-glucose uptake reaction are the skeletal muscle and adipose tissue. 
However, insulin receptor signaling exerts important biological effects on vascular 
cells and regulates vessel dilation and contraction [ 51 ,  52 ]. Indeed, insulin resistance 
decreases blood fl ow to skeletal muscle [ 16 ,  53 ]. Moreover, insulin receptor signaling 
regulates monocyte differentiation into macrophages [ 54 ]. Hyperglycemia is not only 
a consequence but also a worsening factor for insulin resistance. Impaired insulin 
signaling in tissues impacts on vascular dysfunction, hypertension, hyperglycemia, 
dyslipidemia, and other metabolic disorders. These risk factors jointly contribute to 
endothelial dysfunction, an early event in atherosclerosis development [ 12 ,  13 ,  55 ].   

16.3     The Link Between Micro- and Macrovascular Disease 
in Diabetes 

 Both types of vascular complications share common pathogenetic mechanisms [ 56 –
 58 ]. The walls of the large arteries receive their nutrient and oxygen supply from the 
lumen and also from small vessels located in the adventitia. This plexus of microves-
sels in the arterial wall of the arteries is called the vasa vasorum [ 59 ]. Several studies 
suggested that microvascular disease may contribute to atherosclerotic progression in 
type 2 diabetes [ 56 – 58 ,  60 – 63 ]. By focusing on the role of neovascularization of vasa 
vasorum in promoting atherosclerosis progression and plaque rupture, these investiga-
tions support the link between micro- and macrovascular disease. Large- artery 
microvessels may also be targets to diabetic damage, in the same way it occurs in the 
microvessels of the retina, of the kidney glomerulus, and of the peripheral nerves [ 64 ]. 
A study including young patients with type 1 diabetes showed that the vasa vasorum 
of the aorta presented pathological characteristics of diabetic microvascular disease 
and that the lesion of vasa vasorum was an important determinant of aortic atheroscle-
rosis development [ 65 ]. Another investigation also demonstrated increased microves-
sels in the aorta of diabetic patients in relation to nondiabetic individuals [ 66 ]. It is 
plausible that its physiopathological mechanisms involve a response of the microcir-
culation of the artery wall to ischemia and hypoxia [ 59 ], similar to which also leads to 
microvascular alterations in other territories, like the retina in diabetes [ 67 ]. Taking 
into account these previous investigations suggesting the participation of the vessel-
wall microcirculation in the pathogenesis of diabetic atherosclerosis [ 56 – 58 ,  63 ,  64 ], 
Arcidiacono and colleagues proposed that the microangiopathy of the wall of large 
arteries could provide, at least in part, the explanation for the more severe and rapidly 
evolving form of atherosclerotic process observed in diabetes [ 64 ].  

16.4     Screening for Vascular Disease in Diabetes 

 The presence of subclinical vascular disease confers an increased cardiovascular 
morbidity and mortality in patients with diabetes [ 68 ]. However, screening tests did 
not decrease the occurrence of cardiovascular events in patients with diabetes [ 69 ]. 
Nonetheless, several ways of evaluating noninvasively the presence of vascular dis-
ease may improve cardiovascular stratifi cation risk, particularly, in patients at 
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intermediate risk [ 68 ]. These methods are better predictor than biomarkers, such as 
ultrasensitive reactive C protein and lipoprotein-associated phospholipase A2. The 
identifi cation of patients at increased cardiovascular risk may permit interventions 
to reduce the burden of vascular disease, hence of vascular outcomes, and may 
improve compliance and adherence to treatment [ 68 ]. The measurement of common 
carotid intima-media thickness and plaques by ultrasonography and of central aortic 
arterial stiffness by carotid-femoral pulse wave velocity are among the simple, eas-
ily available and safe methods that can be employed for investigation of subclinical 
vascular disease [ 68 ]. Coronary calcium score, although can also improve cardio-
vascular risk stratifi cation, has higher costs and a lower availability; so, its use is not 
easily implemented in clinical practice [ 70 ,  71 ]. The increase in the wall-to-lumen 
ratio of small arteries in adipose tissue of gluteal biopsies can refi ne evaluation of 
risk in diabetic patients [ 72 ]; nevertheless, because of its invasiveness, it is also not 
appropriate for general practice. Similarly, endothelial dysfunction has been associ-
ated with an increased risk of vascular outcomes [ 21 ], but it still lacks simpler and 
noninvasive techniques for investigating endothelial responsiveness to various stim-
uli. Additionally, the added value of using imaging methods to improving patient 
outcomes has not been demonstrated yet in randomized controlled studies [ 68 ]. 

 Physical examination, fundoscopic exam performed by an ophthalmologist, 
electrocardiogram, and laboratory examination can identify the presence of asymp-
tomatic micro- and macrovascular diabetic disease. Table  16.1  summarizes the rou-
tine exams that should be performed in diabetic patients to investigate the presence 
of micro- and macrovascular disease.

16.5        Treatment of Vascular Disease 

 There are various evidences from clinical trials that treatment of hyperglycemia, 
hypertension, dyslipidemia, and antiplatelet therapy are able to reduce morbidity 
and mortality related to vascular disease [ 73 – 76 ]. Indeed, multifactorial risk factors 
treatment seems to have greatest benefi t on reducing cardiovascular morbidity and 

  Table 16.1    Summary of 
routine examinations that 
should be performed in 
patients with diabetes to 
identify the presence of 
macro- and microvascular 
complications  

 Physical examination 

   Palpation of dorsalis pedis and posterior tibial pulses 

   Ankle-brachial index measurement 

   Neurologic examination of lower limbs, including: 

    Patellar and Achilles tendinous refl exes 

    Evaluation of proprioception, vibration and 
monofi lament sensation 

   Retinal fundoscopy 

 Laboratory exams 

   Urinary albumin excretion with spot urine albumin-to-
creatinine ratio 

   Serum creatinine and estimated glomerular fi ltration rate 

   Resting electrocardiogram 
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mortality in type 2 diabetes [ 77 ]. Table  16.2  summarizes the current treatment rec-
ommendations for diabetes aiming to reduce cardiovascular disease burden.

16.5.1       Hyperglycemia 

 The relation between glycemic control and development of microvascular compli-
cations is clearer than for macrovascular disease [ 5 ]. A meta-analysis, including 
33,040 diabetic patients from fi ve randomized clinical trials comparing conven-
tional vs. tight glycemic control, demonstrated a 17 % reduction in myocardial 
infarction risk without effect on stroke or on all-cause mortality [ 74 ]. Based on three 
recent randomized studies [ 78 – 80 ] in high-risk patients with type 2 diabetes that 
could not demonstrate a reduction in cardiovascular risk with HbA 1c  values lower 
than 6.5 % in relation to standard values (7–7.9 %), current recommendation is a 
target HbA 1c  lower than 7 % [ 5 ].  

16.5.2     Hypertension 

 Hypertension affects most of patients with type 2 diabetes and patients with type 1 
diabetes with underlying nephropathy. It is a major risk factor for both micro- and 
macrovascular disease development and progression. In a meta-analysis, clinic blood 

   Table 16.2    Schematic recommendations for glycemic, blood pressure, lipid, and antiplatelet 
treatment in diabetes   

 Parameter  Treatment target  Medication 

 Glycemic 
control – HbA 1c  

 <7 % a   Metformin plus other oral drugs or insulin in 
type 2 diabetes 

 Blood pressure 
control 

 <140/85–80 mmHg b   ACE inhibitors or ARBs as drugs of choice 
plus CCBs or diuretics 

 Lipid 
control – LDL- 
cholesterol  

 <100 mg/dl 
(individuals without 
CVD) 

 High-intensity statins 

 <70 mg/dl (individuals 
with CVD) 

 Antiplatelet treatment  Primary prevention c   Aspirin (75–162 mg) 

 Secondary prevention  Aspirin (75–162 mg) clopidogrel (75 mg) 
for patients with aspirin contraindication 

 Acute coronary 
syndromes 

 Consider double antiplatelet therapy for at 
least 1 year 

  Abbreviations:  HbA   1c   glycated hemoglobin,  ACE  angiotensin-converting enzyme,  ARB  angioten-
sin II receptor blocker,  CCB  calcium channel blocker,  CVD  cardiovascular diseases 
  a Consider more or less stringent glycemic goals according to individual patients 
  b Lower blood pressure levels may be appropriate according to patients’ characteristics 
  c Men >50 years or women >60 years or who have at least one major risk factor (family history of 
cardiovascular disease, hypertension, dyslipidemia, smoking, and albuminuria)  
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pressure values >115/75 mmHg have been associated with increased cardiovascular 
events and mortality risks in general populations [ 81 ]. However, randomized clinical 
trials demonstrated benefi cial effect of reduction of systolic blood pressure to lower 
than 140 mmHg and of diastolic pressure to lower than 80–85 mmHg [ 82 – 84 ]. 
Currently, there is not enough evidence of benefi ts of lower blood pressure thresholds 
in diabetes, and the present recommendation is a clinic blood pressure target of 
<140/80 mmHg [ 5 ]. Ambulatory blood pressure monitoring seems to provide better 
cardiovascular risk stratifi cation than clinic blood pressures in type 2 diabetes, with 
lower blood pressure targets, and should be performed whenever available [ 85 ]. 

 The renin-angiotensin system inhibitors may be particularly benefi cial in initial 
hypertension treatment in patients with diabetes. They may have effects in athero-
genesis prevention and renal protection beyond blood pressure lowering [ 86 ]. 
Although some studies have shown superiority of renin-angiotensin system antago-
nists in reducing cardiovascular risk over other antihypertensive drug classes in 
patients with diabetes [ 87 – 89 ], a meta-analysis demonstrated no signifi cant differ-
ences among antihypertensive drugs in improving patient prognosis, suggesting that 
the blood pressure reduction is the most important effect of these medications [ 90 ]. 
Indeed, most diabetic patients with hypertension will need multiple drug therapies 
to achieve blood pressure targets and commonly will present resistant hypertension, 
but renin-angiotensin system antagonists remain the cornerstone of antihyperten-
sive drug treatment in patients with diabetes [ 5 ].  

16.5.3     Dyslipidemia 

 Diabetic patients have an increased prevalence of lipid abnormalities that augments 
their already high cardiovascular risk. Several interventions may help to achieve 
lipid level targets, such as physical activity, diet changes, and weight loss. Many 
clinical trials demonstrated a reduction in cardiovascular risk, both in primary and 
secondary prevention, with statins use in patients with diabetes [ 91 – 97 ]. A meta- 
analysis in diabetes, including 14 randomized trials of statins, confi rmed a reduction 
of global and vascular mortality [ 98 ]. LDL-cholesterol shall be <100 mg/dl 
(2.6 mmol/L) in patients without manifest cardiovascular disease and <70 mg/dl 
(1.8 mmol/L) in those patients with clinical cardiovascular disease [ 5 ,  99 ]. As in 
nondiabetic individuals, the benefi cial effects of statins are greater in diabetic 
patients with higher baseline risk [ 5 ]. 

 The combination of low HDL-cholesterol and high triglycerides is the most com-
mon dyslipidemia in type 2 diabetes. There are few studies investigating if treating 
these lipid abnormalities reduces cardiovascular outcomes. A study using gemfi bro-
zil, demonstrated a reduction in cardiovascular risk, in a subgroup analysis of dia-
betic patients [ 100 ]. However, a study performed in diabetic patients using fenofi brate 
did not demonstrate reduction in cardiovascular risk [ 101 ]. Therefore, unless there 
are severe hypertriglyceridemia (>1,000 mg/dl) and consequently an increased risk 
pancreatitis, the target should be reducing LDL-cholesterol with high-intensity statin 
treatment, because there is not suffi cient evidence for benefi ts of HDL-cholesterol or 
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triglycerides treatment as there is for statins [ 5 ]. Also, there is no current evidence 
that supports the association of statins with fi brates to reduce cardiovascular risk in 
diabetes [ 102 ,  103 ]. The association of statins with fi brates increases the risk of aug-
ment of aminotransferases, myositis, and rhabdomyolysis, particularly in patients 
with renal failure. This risk seems to be higher with gemfi brozil [ 104 ].  

16.5.4     Antiplatelet Treatment 

 Aspirin was demonstrated to reduce cardiovascular mortality in patients with previ-
ous myocardial infarction and stroke (secondary prevention) [ 105 ]. Its benefi cial 
effect is less clear in primary prevention [ 106 ,  107 ]. Aspirin is currently recom-
mended (75–162 mg) in diabetic patients with a history of cardiovascular disease 
for secondary prevention. For primary prevention, they are recommended for type 1 
or type 2 diabetes at increased cardiovascular risk (10-year risk of event greater than 
10 %). This includes men >50 years or women >60 years and patients who have at 
least one major risk factor (family history of cardiovascular disease, hypertension, 
dyslipidemia, smoking, or albuminuria) [ 108 ]. In diabetic patients with cardiovas-
cular disease with contraindication to aspirin use, clopidogrel 75 mg should be 
used. In patients with acute coronary syndromes, double antiplatelet therapy is rec-
ommended for at least 1 year [ 105 ].  

16.5.5     Smoking Cessation 

 Studies support a causal relation between cigarette smoking and increased health 
risks [ 109 ]. Diabetic patients who are smokers should be counseled and helped to 
stop smoking together with the other therapeutic measures [ 5 ].   

    Conclusions 
 Currently, treatment is based on the control of the risk factors that begin the vascu-
lopathy, by keeping strict glycemic, lipid, and blood pressures control, in conjunc-
tion with regular physical activity, changes in diet habits, weight control, and 
pharmacological interventions. In a near future, we hope basic research on the 
mechanisms of vascular disease may provide data to discover new therapeutic 
interventions that can further reduce the diabetic vascular disease burden and 
improve its prognosis.     
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  17      Obesity and Metabolic Syndrome 

             Isabel     Ferreira     

         Obesity, in particular central obesity, is a major risk factor for cardiovascular disease 
(CVD) [ 1 ]. A great portion of the adverse impact of (central) obesity on cardiovascu-
lar health may be explained through related haemodynamic and metabolic mediators 
such as blood pressure (BP), cholesterol and glucose [ 2 ]. These risk factors tend to 
cluster within individuals forming the metabolic syndrome (MetS) [ 3 ]. Obesity and/or 
MetS-related adverse changes in the arterial wall provide a structural and functional 
background for clinical events such as myocardial infarction, stroke and peripheral 
artery disease, all known to occur at higher rates in these conditions [ 4 – 7 ]. This chapter 
revises the current epidemiological evidence around the adverse effects that (central) 
obesity and the MetS may exert on large artery properties, particularly, arterial stiffen-
ing. Focus is put on evidence derived, whenever available, from representative pro-
spective observational and intervention studies conducted over the last decade. 

17.1     Body Fatness/Fat Distribution and Arterial Stiffness: 
An Early Phenomenon 

    Many studies have shown that higher levels of body fatness, in particular, a central 
pattern of fat distribution, are associated with arterial stiffness (reviewed in [ 6 ,  8 ]). 
These primarily cross-sectional studies may be fairly summarised into two key 
observations: fi rstly, deleterious adaptations related to increased adiposity seem to 
occur across all age categories [ 9 – 11 ]; secondly, such adaptations are observed with 
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higher levels of adiposity even when within the ranges of normal weight and are 
thus not confi ned to obesity. Indeed, the increased levels of arterial stiffness observed 
already among children/adolescents [ 12 – 17 ] and young adults [ 9 ,  18 ,  19 ] suggest 
that higher levels of (central) adiposity do not need to be long lasting to have delete-
rious effects on the arterial system. In addition, the fact that higher levels of (central) 
adiposity at young(er) ages are associated with higher arterial stiffness later in life 
[ 18 ,  20 – 22 ] and that a favourable change in obesity status from childhood to adult-
hood is associated with less arterial stiffness in adulthood [ 23 ] emphasise the impor-
tance of healthy lifestyle promotion early in life. The strong tracking of (central) 
obesity throughout the life course [ 20 ] further corroborates this need because early 
and cumulative exposures to adverse levels of (central) body fatness may hamper 
considerable and sustainable improvements in arterial properties resulting from 
interventions targeting obese adults, given that such interventions will invariably be 
much shorter than a person’s lifetime.  

17.2     Do Changes in Body Fatness Affect Arterial Stiffness? 

 The extent to which changes in body fatness affect changes in arterial stiffness 
remains unclear because most of the longitudinal (observational or intervention) 
studies available thus far have been restricted to the appreciation of the impact of 
changes in body weight, which does not discern fat from lean body mass. Indeed, 
some observational studies have shown that increases in weight were associated 
with increases in arterial stiffness among young and healthy [ 24 ] and overweight 
middle-aged adults [ 25 ]. Several small intervention studies, all confi ned to individu-
als with obesity or diabetes, have shown that weight loss led to arterial de-stiffening 
[ 26 – 30 ]. More recent and larger randomised controlled trials (RCTs) confi rmed the 
benefi cial effects of weight loss attained by means of behavioural interventions (diet 
and/or exercise) among nondiabetic overweight/obese individuals with (e.g. the 
ENCORE study [ 31 ]) or without hypertension (e.g. the SAVE trial [ 32 ,  33 ]). 
Assuming that the weight loss attained indeed refl ected reductions in body fatness, 
these fi ndings support the view that body fatness may impact on arterial stiffness 
independently, at least in part, of related changes in BP. Still, it remains that arterial 
adaptations related to weight changes do not clarify the extent to which any of the 
favourable effects observed could be attributed to reductions in specifi c types of fat 
depots (e.g.  visceral  vs.  subcutaneous ) and/or its distribution (e.g.  central  vs. 
 peripheral ) or even be attenuated by concomitant loss of muscle mass. 

17.2.1     Visceral Fat as Main Determinant of Arterial Stiffness 

 Abdominal visceral fat is thought to be more strongly associated with arterial stiff-
ness than abdominal subcutaneous fat [ 34 – 37 ]. In an important proof of concept 
study, and despite its small sample and highly experimental setting, Orr et al .  indeed 
showed that abdominal visceral (VAT), not subcutaneous adipose tissue (SAT), was 
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associated with the increases in arterial stiffness resulting from 5 kg weight gain 
induced by overfeeding nonobese young adults for 6–8 weeks [ 38 ]. In addition, in a 
recent study in which the biopsies from visceral (greater omentum) and subcutane-
ous (abdominal) white adipose tissue samples were obtained from obese subjects 
scheduled for bariatric surgery, the visceral fat cell size (i.e. volume), but not num-
ber, was strongly associated with arterial stiffness, whereas no such association was 
found with SAT (volume or number) [ 39 ]. It must be mentioned that recent studies 
suggest that the adverse effect of VAT on arterial stiffness (as on metabolic distur-
bances relating central obesity to poorer cardiovascular outcome) may not only be 
due to the effects of omental hypertrophy of adipose tissue but also due to adipose 
tissue accumulating specifi cally around the epicardium [ 40 – 42 ] and/or in the liver 
(a typical feature of non-alcoholic fatty liver disease) [ 43 – 45 ]. Because this evi-
dence derives from cross-sectional studies, the interrelations, relative contributions 
and specifi c pathobiological mechanisms through which these fat depots may 
impact on general and local arterial stiffening, and haemodynamic factors still need 
to be further investigated in prospective studies.  

17.2.2     The Beneficial Role of Peripheral Fat on Arterial Stiffness 

 Studies examining the role of the whole-body fat distribution on arterial stiffness 
rather than of central fatness only have unveiled a complex scenario: in contrast to 
central fat (i.e. that accumulated in the trunk/abdominal areas), higher levels of 
peripheral fat mass (i.e. that accumulated in the limbs and thus stored mainly sub-
cutaneously) may have an independent  favourable  impact on arterial stiffness [ 19 , 
 46 ,  47 ]. Indeed, the different lipolytic activity of the two fat regions/tissues provides 
biological support for their opposite effects on arterial stiffness. These ‘dysfunc-
tional’ [ 1 ] vs. ‘functional’ [ 48 ] effects of fat could explain why, in general, central 
fat estimates correlate more strongly with health outcomes than estimates of total 
body fatness. As such, adverse changes in  body fat distribution  may occur with age-
ing (i.e. increases in central accompanied by decreases in peripheral fat mass) with-
out being detected by appreciable changes in total body weight or body mass index 
(BMI), though both contributing, additively, to accelerated arterial stiffening. This 
hypothesis was tested in the  Amsterdam Growth and Health Longitudinal Study , in 
a fi rst study to have examined in detail, how naturally occurring changes in body fat 
and its distribution (assessed by dual x-ray absorptiometry) correlated with changes 
in arterial stiffness indexed by a large set of valid estimates throughout the arterial 
tree [ 49 ]. The study    had three key fi ndings: fi rst, throughout the 6-year longitudinal 
study (between the ages of 36 and 42), greater levels of central fat were  adversely  
associated with carotid, femoral and aortic stiffness, whereas greater levels of 
peripheral fat were  favourably  associated with these stiffness estimates; these asso-
ciations refl ected the more ‘chronic’ (deleterious) effects of persistent adverse fat 
distribution over time. Second   , increases in trunk fat were  adversely  associated with 
6-year changes in carotid and aortic, though not femoral, stiffness, whereas increases 
in peripheral fat were  favourably  associated with changes in these stiffness 
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estimates; these observations suggested a more ‘acute’ component to the deleterious 
effects of changes in body fat distribution on arterial stiffness of predominantly 
elastic arterial segments. Finally, the detrimental effects of  increases  in central fat 
and  decreases  in peripheral fat on arterial stiffness were independent of one another 
and concomitant changes in lean mass and other risk factors (including mean BP) 
and were accompanied by only minor increases in body weight [ 49 ]. Noteworthy, 
increases in trunk but decreases in peripheral fat mass formed a relatively prevalent 
phenotype (one third of the study population) that displayed the steepest rates of 
progression in carotid and aortic stiffness (Fig.  16.1a, b ,  respectively ) despite 
changes in BMI that ranged within the limits assigned to normal weight (Fig.  16.1c ). 
This phenotype is consistent with the existence of a relative prevalent subgroup of 
individuals at the population level designated as ‘metabolically obese but normal 
weight’, who are often characterised by elevated visceral adiposity (despite a BMI 
<25) and a more atherogenic lipid and/or glucose metabolism profi le and who thus 
may be at a particular high risk for metabolic and arterial disease and in need of 
appropriate screening and preventive measures [ 50 ,  51 ].   

17.2.3     The Role of Muscle Mass: The Need for Comprehensive 
Whole-Body Composition Studies 

 Adopting a whole-body composition (i.e. examining also the independent contribution 
of muscle mass in addition to body fat) rather than a body fat/fat distribution- only 
model has revealed that also appendicular muscle mass may be an independent 
benefi cial determinant of arterial stiffness, particularly though not confi ned to 
the elderly [ 19 ,  46 ,  49 ,  52 – 55 ]. Currently, there is a great concern about the 
cardiometabolic consequences of the increasing prevalence of (central) obesity and 
sarcopenia (i.e. the degenerative loss of skeletal muscle mass and strength) associ-
ated with ageing, especially when occurring in combination – i.e.  sarcopenic obe-
sity  [ 56 ]. 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 [ 19 ,  46 ,  52 –
 55 ]. It is possible that the relationship is not causal in the sense that higher muscle 
mass may simply refl ect higher (lifelong) physical activity and/or less sedentary 
habits, better nutrient intake status and/or better glucose uptake/insulin sensitivity, 
all of which protect against arterial stiffness [ 57 – 61 ]. Alternatively, arterial stiffness 
may promote sarcopenia by reducing limb blood fl ow and inducing rarefaction and 

  Fig. 17.1    Comparisons of ( a ) changes in carotid Young’s elastic modulus (cYEM), ( b ) changes 
in carotid-femoral pulse wave velocity (cfPWV) and ( c ) baseline and follow-up body mass index 
(BMI), between different phenotypes of change in body fat distribution as observed in a 6-year 
follow-up from the  Amsterdam Growth and Health Longitudinal Study . 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. [ 49 ] with permission from the American Society of Nutrition)       
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dysfunction in the microcirculation, thereby affecting muscle contraction and ulti-
mately leading to muscle mass rarefaction. This hypothesis was supported by a 
recent prospective study from the  Health ,  Aging and Body Composition Study , 
showing that older individuals 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, physical activity, smoking, total fat mass, 
low-grade infl ammation, peripheral artery disease and CHD status [ 62 ]. Further 
longitudinal and intervention studies are needed to clarify the role of muscle mass 
on arterial stiffening (or vice versa), if any. Nevertheless, the existence of a link 
between muscle mass and arterial stiffness retains relevant clinical implications 
because it stresses the need to carefully monitor and secure that weight-loss inter-
ventions do not occur at the expense of muscle mass, particularly among the elderly.   

17.3     Metabolic Syndrome and Arterial Stiffness: 
An Early Phenomenon 

 Increased arterial stiffness has been consistently reported in individuals with the 
MetS or with increasing clustered load or number of traits of the MetS (reviewed 
in [ 7 ]). Like for (central) fatness, a major force underlying the MetS risk factor 
clustering, such adverse arterial changes have been shown across all ages [ 63 ,  64 ], 
including young children and adolescents, with [ 65 ] or without overt obesity [ 12 , 
 66 ], and young [ 67 – 71 ] and older adults [ 72 ], including those treated [ 73 ] or 
untreated for hypertension [ 74 ,  75 ]. The increased arterial stiffness in the MetS 
thus seems to be caused by subtle metabolic abnormalities that characterise predia-
betic states but not necessarily fully developed diabetes. In addition, the recent 
fi ndings from  the Cardiovascular Risk in Young Finns Study  showing higher levels 
of arterial stiffness among young adults who had the MetS during youth but also of 
arterial stiffness reduced to levels similar to those who had never had the MetS 
throughout the life course among those who, by adulthood, recovered from the 
MetS [ 76 ], support the potential reversibility of the adverse effects of the MetS if 
prevented/targeted early in life.  

17.4     Do Changes in Metabolic Syndrome Status 
Affect Arterial Stiffness? 

 Confi rming the suggestions derived from cross-sectional observations showing that 
the increases in arterial stiffness with advancing age were accentuated in the pres-
ence of the MetS [ 68 ,  64 ], recent prospective cohort studies have shown that indi-
viduals with the MetS not only have higher arterial stiffness at baseline but also 
display  steeper  increases in arterial stiffness with ageing as compared with those 
without the MetS [ 70 ,  77 – 80 ]. In addition, analyses of the impact of changes in 
MetS status among young [ 80 ,  81 ] and middle-aged [ 82 ] adults showed that those 
with incident and persistent MetS over the course of time displayed the steepest 
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increases in arterial stiffness as compared with their peers who remained MetS-free 
throughout. Importantly, increases in arterial stiffness with ageing among those who 
recovered from the MetS tended to be somewhat less steep than those with persis-
tent MetS [ 80 ] or even comparable to those who remained MetS-free throughout 
[ 82 ,  81 ]. An important observation in one of these longitudinal studies was that the 
MetS-related increase in carotid stiffness seemed to have preceded structural and 
local haemodynamic changes consistent with maladaptive (outward) carotid remod-
elling, an important process that may explain the increase risk of stroke in individu-
als with the MetS [ 80 ]. Taken together, the longitudinal data reviewed above [ 70 , 
 76 – 82 ] demonstrate  accelerated arterial stiffening and maladaptive remodelling , 
which may explain, at least in part, the increased CVD risk in individuals with the 
MetS [ 7 ]. These fi ndings also emphasise the importance 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. 

17.4.1     Specific Clusters of the Metabolic Syndrome’s 
Traits and Arterial Stiffness 

 It is important to stress that the association between the MetS and arterial stiffness 
seems not only to be attributable to elevated BP, one of its most common traits and 
a main determinant of arterial stiffness. Indeed, in addition to (and independently 
of) elevated BP, (central) obesity and increased glucose levels are traits often associ-
ated with arterial stiffness [ 70 ,  72 ,  80 ,  83 ], whereas dyslipidaemia (as ascertained 
by elevated triglycerides and/or decreased HDL cholesterol) has been less or not 
consistently so. The clustering of central obesity, increased glucose levels and BP 
appears to be the most prevalent across several populations in the western world 
[ 64 ,  84 ,  83 ], and this phenotype is not only associated with the highest arterial stiff-
ness levels [ 64 ,  83 ] but also with the greatest mortality risk [ 84 ].   

17.5     Pathobiological Mechanisms Linking (Central) Obesity 
and the Metabolic Syndrome to Arterial Stiffening 

 The adverse association of the critical axis (central) obesity - MetS with arterial stiff-
ness raises important questions about the potential underlying molecular processes. 
These may include some of the effects central obesity and related insulin resistance 
are known to exert at the vascular wall level, for instance, through infl ammatory reac-
tions, endothelial dysfunction and sympathetic activation [ 34 ,  32 ,  85 ]. These abnor-
malities are interrelated and affect vascular tone and stimulate vascular smooth muscle 
cell proliferation. In addition, changes in the type or structure of elastin and/or colla-
gen 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 [ 7 ]. Several of these putative medi-
ators are thus likely to account for the obesity- or MetS-related increases in arterial 
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stiffness, but currently we have only fragments of insight among a likely large set of 
players involved [ 5 ]. Teasing apart their individual contribution and/or identifi cation 
of predominant operative pathways may provide key information for tailored inter-
ventions aiming at the treatment of arterial stiffening and related cardiovascular 
 sequelae  [ 6 ]. A comprehensive analysis of these issues in the context of representative 
prospective cohort studies or RCTs is still lacking and thus most warranted.  

17.6     Summary 

 In this chapter, recent epidemiological evidence pertaining to the role of (central) 
obesity and the MetS on arterial stiffness was reviewed. Reinforced by recent pro-
spective data, there is convincing evidence that these interrelated risk factors 
increase arterial stiffness, a mechanism that may explain the associated higher CVD 
risk. However, there is still relatively few data on (1) the molecular basis of greater 
arterial stiffness associated with these risk factors, (2) the prognostic signifi cance of 
arterial stiffness indices in individuals with these risk factors and (3) the extent to 
which intervention on these risk factors improves cardiovascular outcome through 
benefi cial impact on arterial stiffness. Given the high and increasing prevalence of 
obesity and the MetS, these questions constitute an important research agenda.     
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  18      Systemic Vasculitides 

             Dylan     V.     Miller       and     C.     Taylor     Duncan     

18.1             Introduction/Overview 

 In this chapter, we will give a brief overview of the systemic vasculitides, excluding 
those directly caused by an infective agent. Systemic vasculitis is defi ned as wide-
spread vascular infl ammation, which may be a primary condition or consequent to 
another pathologic process. The vasculitides are a heterogenous group of diseases 
with poorly understood pathophysiology, making their classifi cation a somewhat 
artifi cial and arbitrary attempt to segment entities along what is likely a continuous 
spectrum. In this chapter, we will examine systemic vasculitis syndromes according 
to the predominant size of the vessels it affects using the recently revised Chapel 
Hill Consensus Conference Nomenclature of Vasculitides standards [ 1 ]. 

 Classifying vasculitides according to the type of affected vessel is clinically con-
venient, but also refl ects differences in pathogenic mechanisms, since each division 
of the vascular tree has unique tissue architecture, cellular constituents, and dynamic 
physiology. The large vessels, namely, the aorta and its primary branches, are elastic 
arteries. These vessels function to accommodate the stroke volume from each ven-
tricular contraction and then, by elastic recoil, maintain perfusion during diastole. 
Their structure refl ects their highly elastic nature, being comprised almost entirely 
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by redundant layers of elastic tissue with intervening smooth muscle. Their thick 
walls require the presence of a rich network of vasa vasorum. The medium vessels 
are muscular arteries, most of which are named anatomically. These vessels experi-
ence pulsatile fl ow and have some elasticity, but also can dilate and constrict to 
modulate fl ow to downstream vascular beds. Their structure refl ects these functions, 
being comprised of a thick muscular medial layer bounded by two distinct elastic 
lamellae. The small vessels include the remainder of the vessels – the arterioles, 
capillaries, venules, and veins (paradoxically including the larger named veins as 
well). This is a diverse group of vascular structures, but all lack a substantial medial 
smooth muscle and elastic component in comparison to the large- and medium- 
sized vessels. Tissue-level differences in the various divisions of the vascular tree 
likely account for differences in their observed pathology.  

18.2     Large-Vessel Vasculitis 

18.2.1     Giant Cell Arteritis 

 Giant cell arteritis (GCA), or temporal arteritis, largely affects the ascending aorta 
and extracranial branches of the carotid artery. This systemic vasculitis syndrome is 
characterized by segmental involvement of these vessels by granulomatous infl am-
mation where histiocytes and T lymphocytes predominate. In the aorta, the infl am-
mation leads to a loss of elastic tissue and progressive aneurysmal dilatation with 
risk of rupture. In smaller artery branches, the infl ammation leads to progressive 
luminal occlusion and downstream ischemia. 

18.2.1.1     Epidemiology 
 GCA is the most common of the systemic vasculitides with an incidence ranging 
from 1 in 100,000 individuals to 17.0 in 100,000 [ 2 ]. Affected patients are generally 
white (Scandinavian or other northern European ancestry) and 60 years or older. 
Women are affected two to three times more than men [ 3 ]. Approximately 50–75 % 
of patients are also affected by polymyalgia rheumatica, lending credence to an 
autoimmune hypothesis for this disease.  

18.2.1.2     Pathology/Pathophysiology 
 GCA primarily affects the extracranial branches of the carotid arteries and less 
frequently the aorta and its proximal branches, particularly the subclavian artery. 
As noted previously, the pathologic fi ndings in GCA include focal segments of 
granulomatous infl ammation, often with skip areas of uninvolved artery. The term 
“granulomatous” refl ects the predominance of histiocytes in the infl ammatory 
milieu, including the occasional presence of the namesake multinucleated giant 
cell (Fig.  18.1 ). Despite the name, these giant cells are not always observed in 
GCA. While the term “granulomatous” is apt, true well-formed granulomas are not 
typically seen. Infl ammation is associated with damage and destruction of elastic 
tissue. In the aorta, this leads to a pattern of vertical wrinkling that has been referred 
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to as having a “tree bark” appearance (Fig.  18.2 ). The pathophysiology is still 
being elucidated, but likely involves a loss of self-tolerance to antigens in the elas-
tic artery walls and/or vasa vasorum due to senescence of the aging immune sys-
tem. The apparent conundrum of discrete involvement of the largest artery as well 
as very peripheral branches has led to speculation that the aortic disease may be 
secondary to adventitial vasa vasorum involvement since these vessels are closer in 
caliber to the temporal artery.    

a b

c d

  Fig. 18.1    Giant cell arteritis. ( a ) Low-power photomicrograph of aortitis due to giant cell arteritis 
with large-vessel involvement. In the middle of the aortic media ( arrows ) is a band of acellular 
collapsed elastic tissue surrounded by an infl ammatory infi ltrate. ( b ) Low-power photomicrograph 
of a temporal artery biopsy involved by giant cell arteritis. There is transmural infl ammation, 
resulting in luminal narrowing. ( c ) Higher-power photomicrograph of the aortic wall seen in ( a ). 
The infl ammation is rich in histiocytes and lymphocytes and includes multinucleated giant cells 
( arrows ). ( d ) Higher-power photomicrograph of the temporal artery wall seen in ( b ). The infl am-
mation is mixed but rich in histiocytes and lymphocytes and includes multinucleated giant cells 
( arrows )       
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18.2.1.3     Presentation/Diagnosis 
 GCA is a clinical diagnosis, incorporating both symptoms and laboratory markers 
of infl ammation. The gold standard for diagnosis remains temporal artery biopsy. 
Patients typically present with symptoms such as unilateral headache, fatigue, fever, 
jaw pain, myalgias, and diaphoresis [ 4 ]. High morbidity may occur from permanent 
vision loss due to infl ammation of the ophthalmic artery. Additionally, there is a 
markedly increased risk of ascending aortic aneurysms and aortic rupture in patients 
diagnosed with GCA [ 5 ].  

18.2.1.4     Treatment 
 Treatment consists of a long course of high-dose corticosteroids. Treatment is often 
started empirically, before biopsy results, as vision may be at risk (retinal artery 
occlusion) if treatment is delayed [ 6 ].   

18.2.2     Takayasu Arteritis 

 Takayasu arteritis is a chronic granulomatous infl ammatory disease of unknown 
etiology that affects the aorta and its primary branches, but not the small carotid 
artery branches. It is also distinguished from GCA in that it almost exclusively 
affects younger women, often of Asian ancestry [ 7 ]. 

18.2.2.1     Epidemiology 
 Takayasu arteritis has an estimated incidence of 1.2/1,000,000–2.6/1,000,000 indi-
viduals annually. It is a disease of adolescents and young adults. While the diagnos-
tic age criterion is <50 years of age [ 2 ], the great majority have signs or symptoms 
decades before age 50.  

18.2.2.2     Pathology/Pathophysiology 
 Like GCA, Takayasu arteritis is characterized by focal granulomatous infl ammation 
of the large vessels. Unlike GCA, the adventitial infl ammation is typically more 
impressive than medial infl ammation (Fig.  18.3 ). Neutrophils and areas of necrosis 
may be seen as well. The etiology and pathogenesis are not well understood, 

  Fig. 18.2    Giant cell arteritis. 
An opened surgical resection 
specimen from a patient with 
ascending aortic aneurysm 
due to giant cell arteritis with 
large-vessel involvement. 
Note the linear wrinkles that 
have been described as 
having a “tree bark” 
appearance. These result 
from scar replacement of 
elastic tissue in the aortic 
wall       
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although the apparent aggressiveness of this disease suggests a more active T-cell- 
mediated process with acute infl ammation, followed by necrosis, neovasculariza-
tion, intimal proliferation with smooth muscle integration, and fi nally giant cell 
formation in the remodeled vessel walls [ 7 ].   

18.2.2.3     Presentation/Diagnosis 
 Aortitis with ascending aortic aneurysm is the most common presentation. The 
affected aortic branches (subclavian, carotid, renal, mesenteric) are prone to obstruc-
tive stenosis, so Takayasu arteritis is also known as “pulseless disease.” Patients 
initially present with systemic symptoms such as fevers, chills, malaise, diaphore-
sis, myalgias, anorexia, and weight loss. Patients often progress to vascular compli-
cations such as stenosis, occlusions, and cerebrovascular events. Diagnostic criteria 
have been delineated by both the American College of Rheumatology and the 
Ishikawa Criteria.  

  Fig. 18.3    Takayasu arteritis. Low-power photomicrograph of an aortic wall removed from a 
patient with Takayasu arteritis showing infl ammation throughout the wall. The media is demar-
cated by a ({) symbol. Most of the wall thickness is a result of adventitial infl ammation and fi bro-
sis. Multinucleated giant cells ( arrows ) can be seen even at low magnifi cation       
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18.2.2.4    Treatment 
 Treatment for Takayasu arteritis generally consists of a long course of immunosup-
pression with corticosteroids and additional immunomodulatory agents depending 
on disease severity and acuity [ 8 ].    

18.3     Medium-Vessel Vasculitis 

18.3.1     Polyarteritis Nodosa 

 Polyarteritis nodosa (PAN) is the prototypic medium-vessel vasculitis, showing 
transmural necrotizing arteritis of medium-sized arteries. It is not associated with 
antineutrophilic cytoplasmic antibodies (ANCAs). Arterioles, capillaries, venules, 
and glomeruli are spared. Additionally, the current defi nition of PAN excludes 
hepatitis B-associated vasculitis, a specifi c disease once considered a variant of 
PAN [ 1 ,  9 ]. 

18.3.1.1    Epidemiology 
 PAN is a relatively uncommon disease, occurring in an estimated 4–9/1,000,000 
individuals [ 10 ]. Previous estimates were much higher prior to reclassifi cation of 
the disease to exclude hepatitis B-associated vasculitis.  

18.3.1.2    Pathology/Pathophysiology 
 PAN is a systemic, transmural necrotizing vasculitis of the medium-sized 
 vessels. The transmural vessel wall damage leads to pseudoaneurysm (contained 
rupture) formation in the affected vessels. The size of the pseudoaneurysms is 
many times greater than the adjacent vessel diameter and they often thrombose, 
leading to the appearance of nodules, hence “nodosa” (Fig.  18.4 ). The majority 
of cases affect the kidneys, gastrointestinal tract, and skin [ 11 ]. CNS involve-
ment is rare. Temporal variability (both recent and old lesions present at the 
time of diagnosis) is a hallmark of PAN. The etiology of PAN is unknown. 
Innate and humoral immunity likely participate given the rapid and destructive 
nature of the immune response. A large portion of previous PAN diagnoses were 
likely hepatitis B-associated vasculitis, confounding much of the previous 
research on PAN [ 12 ].   

18.3.1.3    Presentation/Diagnosis 
 Patients often present with specifi c signs and symptoms due to ischemic or infl am-
matory damage to specifi c organs [ 9 ]. Additionally, constitutional symptoms are 
common with fevers, myalgias, skin lesions, and abdominal pain [ 13 ].  

18.3.1.4    Treatment 
 Treatment of PAN involves high-dose corticosteroids with the addition of cyclo-
phosphamide and other cytotoxic agents for more severe cases [ 14 ].   
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18.3.2     Kawasaki Disease 

 Kawasaki disease (KD) is an arteritis predominantly involving medium and small 
arteries. It is associated with mucocutaneous lymph node syndrome. 

a

b

  Fig. 18.4    Polyarteritis 
nodosa. ( a ) Mesenteric artery 
angiogram in a patient with 
polyarteritis nodosa showing 
multiple nodular 
pseudoaneurysms ( arrows ). 
( b ) Low-power 
photomicrograph of a 
pseudoaneurysm in 
polyarteritis nodosa. The 
collapsed elastic laminae 
represent the former true 
lumen; the  arrow  indicates 
the aneurysm formed by 
contained rupture of the 
native artery       
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18.3.2.1    Epidemiology 
 KD is most common in infants and young children although its sequelae are life-
long. KD incidence in the United States is approximately 17–20/100,000 individu-
als; however, it is signifi cantly more common in East Asians with an incidence of 
approximately 220/100,000 [ 15 ]. In the developed world, as rheumatic heart disease 
has declined in recent decades, KD has become the leading cause of acquired car-
diovascular disease in children [ 16 ].  

18.3.2.2    Pathology/Pathophysiology 
 The etiology of KD is still unknown. A growing body of evidence indicates autoim-
mune reactivity to viral proteins (mimicry) infl uenced by a genetic predisposition 
[ 17 ]. The most important consequence of KD is acquired cardiovascular disease due 
to coronary artery vasculitis with pseudoaneurysm formation (Fig.  18.5 ). The vas-
cular lesions consist of a transmural infl ammation with eventual accumulation mac-
rophages and IgA plasma cells [ 18 ]. Severe damage to all layers of the arterial wall 
occurs, weakening the wall and leading to pseudoaneurysm formation in a fashion 
similar to PAN [ 19 ].   

  Fig. 18.5    Kawasaki disease. 
Right coronary artery 
angiogram showing a 
pseudoaneurysm in an adult 
patient who had Kawasaki 
disease as a child       
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18.3.2.3    Presentation/Diagnosis 
 KD is a clinical diagnosis based on these criteria: (1) fever for 5 or more days, (2) 
bilateral conjunctival congestion, (3) changes in the lips and oral cavity, (4) poly-
morphous exanthema, (5) changes in peripheral extremities including erythema or 
desquamation, and (6) acute non-purulent cervical lymphadenopathy [ 20 ]. Coronary 
pseudoaneurysms may not be present in the early phases of illness and coronary 
arteritis may not be apparent until later on.  

18.3.2.4    Treatment 
 Treatment consists of high-dose intravenous immunoglobulin [ 21 ]. Prompt treatment 
decreases the likelihood of progression to coronary artery abnormalities. A variety of 
other immunomodulatory treatments have been attempted with varied success. High-
dose intravenous immunoglobulin remains the fi rst-line treatment [ 22 ].    

18.4     Small-Vessel Vasculitis 

18.4.1     ANCA Associated 

18.4.1.1    Granulomatosis with Polyangiitis (Wegener’s) 
 Granulomatosis with polyangiitis (GPA) also termed “Wegener’s granulomatosis” 
is a necrotizing vasculitis of the respiratory tract and small- to medium-sized ves-
sels. Renal involvement is common. 

   Epidemiology 
 GPA is a relatively uncommon systemic vasculitis with an estimated prevalence of 
3/100,000 [ 23 ]. Mean age of diagnosis is approximately 50 years old with no clear 
sex predilection [ 24 ].  

   Pathology/Pathophysiology 
 Like PAN and KD, the infl ammation in GPA and the other small-vessel vasculitis 
syndromes is acute and necrotizing. Small-vessel vasculitis typically manifests in 
capillary-sized vessels, particularly in the renal glomerulus and alveolar capillaries 
of the lung. GPA has three major pathologic features: necrotizing granulomas of the 
respiratory tract, granulomatous necrotizing vasculitis of small (and medium) ves-
sels, and necrotizing crescentic glomerulonephritis [ 25 ] (Fig.  18.6 ).   

   Presentation/Diagnosis 
 Patients often present with respiratory complaints, both lower and upper respiratory 
tract. This includes nasal septum ulceration, subglottic stenosis, hemoptysis, pneu-
monias, and eye irritation. The so-called pulmonary-renal syndrome is the combina-
tion of these signs and symptoms with glomerulonephritis [ 24 ]. GPA is a clinical 
diagnosis with two or more of the following criteria to be met: nasal or oral infl am-
mation, abnormal chest imaging, hematuria, and granulomatous infl ammation on a 
biopsy specimen [ 26 ]. Antibodies against the neutrophil cytoplasmic protein 
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protease 3 (PR3) can be detected in the serum. In mouse neutrophil staining assays, 
this autoantibody yields a cytoplasmic staining pattern (c-ANCA) (Fig.  18.7 ).   

   Treatment 
 Treatment for GPA generally consists of a long course of cyclophosphamide and 
prednisone [ 27 ]. GPA portended an extremely high mortality prior to development 
of effective treatment strategies (mean survival of less than 5 months and a 2-year 
mortality of 93 % [ 27 ,  28 ]). This is no longer the case, although GPA can have 
relapsing-remitting nature with up to 50 % recurrence despite aggressive treatment. 
There is still signifi cant disease morbidity as well [ 28 ,  29 ].   

  Fig. 18.6    Granulomatosis with polyangiitis. High-power photomicrograph of a glomerulus 
affected by necrotizing crescentic glomerulonephritis in a patient with positive PR3/c-ANCA. Residual 
intact glomerular capillaries are seen in the lower left ( arrow ). The rest of Bowman’s space is occu-
pied by proliferating parietal epithelial cells, leukocytes, and organizing fi brin       
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18.4.1.2     Eosinophilic Granulomatosis with Polyangiitis 
(Churg-Strauss Syndrome) 

 Eosinophilic granulomatosis with polyangiitis (EGPA), formerly Churg-Strauss 
syndrome, is a necrotizing granulomatous small-vessel vasculitis with extensive 
eosinophilia that is associated with asthma [ 1 ]. 

   Epidemiology 
 EGPA typically develops in asthmatic patients in their fi fth decade of life, and recent 
data indicate 5-year survival at greater than 90 % with appropriate therapy [ 30 ]. 
Epidemiologic data varies widely regarding EGPA with incidence reports ranging 
between 0.5 per million and 70 per million individuals [ 31 ], depending on the 
population.  

   Pathology/Pathophysiology 
 EGPA is a systemic vasculitis affecting small to medium vessels and is associated 
with asthma and eosinophilia. Necrotizing vasculitis with eosinophilia and a vari-
able granulomatous component is found on histologic examination of affected tis-
sues (e.g., lung and kidney) [ 32 ]. Lesions are often found in the upper airways, 
heart, skin, and neurovascular bundles as well. Antibodies directed against the neu-
trophil cytoplasmic protein myeloperoxidase (MPO) can be detected in the serum. 
In mouse neutrophil staining assays, this autoantibody yields a perinuclear staining 
pattern (p-ANCA). MPO-ANCA is detected in ~40 % of cases and indicates a worse 
prognosis [ 33 ] when present. The etiology is not well understood, but the associa-
tion with asthma suggests a common underlying immune mechanism.  

   Presentation/Diagnosis 
 Patients almost always have preexisting asthma or develop adult-onset asthma. 
Patients then begin to experience systemic symptoms such as fevers, malaise, 
anorexia, and weight loss. Additional symptoms affecting the sinuses and upper 
respiratory system are frequent [ 34 ]. Diagnosis is made when a patient presents 
with a history of asthma, eosinophilia, and systemic vasculitis [ 35 ].  

ANCA testing
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  Fig. 18.7    Antineutrophil 
cytoplasmic antibody testing. 
( Abbreviations :  ANCA  
antineutrophil cytoplasmic 
antibody,  PR3  proteinase 3, 
 MPO  myeloperoxidase,  GPA  
granulomatosis with 
polyangiitis,  EGPA  
eosinophilic granulomatosis 
with polyangiitis,  MPA  
microscopic polyangiitis)       
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   Treatment 
 Treatment for EGPA consists of a long course of corticosteroids with or without the 
addition of cyclophosphamide depending upon disease severity [ 36 ].   

18.4.1.3    Microscopic Polyangiitis 
 Microscopic polyangiitis (MPA) is an uncommon necrotizing vasculitis affecting 
small vessels. Like GPA and EGPA, MPA is pauci-immune process. While ANCA 
may be detectable in serum, no bound antibody or immune complexes are demon-
strated by tissue pathology techniques [ 1 ]. This is because antibody-mediated neu-
trophil damage occurs in the peripheral circulation, and the dying neutrophils lodge 
in the capillary beds (especially renal and pulmonary capillaries) and release their 
toxic contents. Antibody and immune complexes are absent in the tissue by immu-
nofl uorescence techniques at this stage of the disease. 

   Epidemiology 
 MPA is a relatively uncommon vasculitis, with prevalence estimates ranging from 
2.7 to 94 cases per million individuals in Europe [ 37 ,  38 ]. Typical age of onset is in 
the fi fth decade of life with no sex predilection [ 39 ].  

   Pathology/Pathophysiology 
 MPA is an ANCA-associated vasculitis with approximately 75 % of patients dis-
playing p/MPO-ANCA in the serum [ 38 ]. One of the hallmarks of MPA is rapidly 
progressive glomerulonephritis, with corresponding crescentic glomerulonephritis 
on histologic examination [ 39 ]. Renal fi ndings are indistinguishable from the other 
ANCA-associated vasculitides (GPA and EGPA). Pulmonary capillaritis may also 
be seen and often progresses to mild to moderate alveolar hemorrhage. Palpable 
purpura may develop, due to leukocytoclastic vasculitis on histologic examination 
of skin biopsies [ 40 ]. No more is known about the etiology of this syndrome than 
for the other ANCA-associated diseases.  

   Presentation/Diagnosis 
 Patients typically initially present with systemic symptoms, such as fever or weight 
loss, and a multitude of vague complaints that often delay diagnosis [ 41 ]. As the dis-
ease progresses, glomerulonephritis and pulmonary symptoms, such as shortness of 
breath and hemoptysis, develop [ 38 ]. Abdominal pain, peripheral neuropathy, and 
skin lesions are common [ 39 ].  

   Treatment 
 Treatment for MPA consists of a long course of corticosteroids with or without the addi-
tion of cyclophosphamide or other similar agents depending upon disease severity [ 38 ]. 
The 5-year survival rate is approximately 75 % with appropriate treatment [ 39 ,  41 ].    
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18.4.2     Autoantibody or Immune Complex Associated 

18.4.2.1    Anti-GBM (Goodpasture’s) 
 Anti-glomerular basement membrane (GBM) disease, or Goodpasture’s syndrome, 
is a small-vessel vasculitis caused by direct binding of anti-GBM autoantibodies, 
primarily affecting the kidneys and/or lungs [ 1 ]. 

   Epidemiology 
 Anti-GBM disease is very rare with an estimated prevalence of one case per one 
million individuals [ 42 ]. Men are affected slightly more than women and individu-
als with toxic pulmonary exposures such as smoking, cocaine, or inhaled solvents 
may have an increased risk of developing the disease [ 42 ,  43 ].  

   Pathology/Pathophysiology 
 The pathophysiology is better understood than for most of the small-vessel vasculi-
tides. Autoantibodies are developed against type IV collagenous epitopes in base-
ment membranes. These autoantibodies bind the basement membrane of the 
glomerular and pulmonary alveolar capillaries. Complement is activating by bound 
antibody and resulting cascade of cytotoxic and chemotactic events leads to signifi -
cant vascular infl ammation and destruction [ 44 ]. Crescentic glomerulonephritis is 
the hallmark lesion in the kidney and neutrophilic alveolitis is seen in the lung. 
Unlike the ANCA-mediated diseases, these patterns are accompanied by bright lin-
ear staining of basement membranes using immunofl uorescence methods to detect 
bound immunoglobulin [ 45 ].  

   Presentation/Diagnosis 
 Patients typically present with shortness of breath, fatigue, hemoptysis, and hema-
turia with rapidly progressive nephritis [ 43 ]. Detecting anti-GBM autoantibodies in 
the serum is confi rmatory [ 44 ].  

   Treatment 
 Treatment consists of plasmapheresis to remove the anti-GBM antibody and a long 
course of corticosteroids with or without the addition of cytotoxic agents depending 
upon disease severity [ 43 ,  46 ].   

18.4.2.2    IgA Vasculitis (Henoch-Schönlein) 
 IgA vasculitis (IGAV) (including Henoch-Schönlein purpura) is an IgA-mediated 
small-vessel vasculitis [ 1 ]. Henoch-Schönlein purpura is a sub-variant of IGAV 
with a specifi c prototypical presentation that includes systemic manifestations in the 
skin, kidneys, and intestinal tract. 

18 Systemic Vasculitides



262

   Epidemiology 
 IGAV is the most common childhood vasculitis and one of the most common vascu-
litides in general. Its incidence is approximately 20 per 100,000 individuals. Ninety 
percent of patients are under the age of 10 with a male predominance of 2:1 [ 47 ].  

   Pathology/Pathophysiology 
 On histologic and immunopathologic examination, IgA immune deposits in vessel 
walls are seen with associated infl ammation [ 48 ,  49 ]. Biopsy specimens of the typi-
cal palpable purpuric skin lesions show a leukocytoclastic vasculitis with prominent 
neutrophils, fi brinoid necrosis, and extravasation of capillary contents [ 48 ,  49 ] 
(Fig.  18.8 ). Patients are noted to have increased plasma levels of IgA and IgA 
immune complexes [ 50 ].   

  Fig. 18.8    Leukocytoclastic vasculitis. High-power photomicrograph of a small cutaneous vessel 
showing neutrophil-rich infl ammation with fi brinoid necrosis and extravasation of red and white 
blood cells       
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   Presentation/Diagnosis 
 Patients typically present with palpable purpura on the lower extremities, arthral-
gias, abdominal pain, and occasional gastrointestinal bleeding [ 50 ]. Palpable pur-
pura is present in almost all adult cases of IGAV/Henoch-Schönlein purpura [ 51 ].  

   Treatment 
 Treatment for IGAV is generally supportive [ 52 ,  53 ]. While short-term benefi t may 
be seen in active disease and more severe Henoch-Schönlein purpura, studies of 
long-term corticosteroids have consistently shown little benefi t [ 50 ,  54 ,  55 ]. In chil-
dren, there is signifi cant morbidity from permanent renal disease in a small subset 
of patients, but IGAV is typically a self-limiting disease with very low mortality [ 50 ,  54 ]. 
IGAV in adults, while much less common, has a worse prognosis with approxi-
mately 80 % of patients developing chronic kidney disease and 25 % mortality in 
some studies [ 51 ].     

18.5     Variable-Vessel Vasculitis 

18.5.1     Behcet’s Disease 

 Intro/Etiology: Behcet’s disease is a variable-vessel vasculitis (involving any size 
vessel, though small vessels are the most frequently involved) causing a variety of 
vascular pathologies in addition to recurrent oral and genital ulcers and diffuse 
infl ammatory lesions [ 1 ]. 

 Epidemiology: A wide range of prevalence fi gures have been reported for 
Behcet’s, ranging from 1 to over 400 per 1,000,000. This disease is most common 
among patients with Mediterranean or Asian ancestry. 

 Pathology/Pathophysiology: Histology of the cutaneous/mucosal lesions in 
Behcet’s shows leukocytoclastic vasculitis, fi brinoid necrosis of small vessels with 
abundant neutrophils. The etiology is largely unknown. 

 Presentation/Diagnosis: Although patients may have diffuse systemic symptoms 
including fatigue, weight loss, and fevers, infl ammatory ophthalmic processes are 
often the initial diagnostic symptom in BD [ 56 ]. BD is a clinical diagnosis that 
requires oral ulcerations plus any two of eye lesions, skin lesions, positive pathergy 
test, or genital ulcerations [ 57 ,  58 ]. 

 Treatment: The most appropriate therapy for Behcet’s disease varies according to 
severity. For cutaneous/mucosal ulcers, topical steroids may be suffi cient. For more 
systemic involvement, more aggressive immunosuppression may be warranted.   

18.6     Other Vasculitis Syndromes 

 This chapter does not exhaustively cover of all described vasculitis syndromes. The 
small-vessel vasculitis syndromes in particular comprise a long and growing list 
including systemic lupus erythematosus, rheumatoid arthritis-associated 

18 Systemic Vasculitides



264

vasculitis, sarcoid vasculitis, cryoglobulinemic vasculitis, hypocomplementemic 
urticarial vasculitis, and vasculitides associated with hepatitis B, hepatitis C, and 
certain drugs and as a paraneoplastic syndrome associated with a number of malig-
nancies. Additional medium- and large-vessel vasculitis syndromes include Cogan 
syndrome, ankylosing spondylitis-associated vasculitis, and IgG4-related fi brosing 
disease. There are also a number of organ-confi ned (nonsystemic) forms of vascu-
litis, including cutaneous leukocytoclastic angiitis, primary CNS vasculitis, and 
isolated aortitis.  

    Conclusions 
 Systemic vasculitis syndromes represent a wide and varied array of entities, the 
great majority of which are poorly understood in terms of their underlying patho-
genic mechanisms and most appropriate and effective therapies. Further investi-
gation at the bench and bedside is needed to illuminate these and improve the 
care of patients living with and dying from these diseases.     
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  19      Marfan Syndrome and Related Heritable 
Thoracic Aortic Aneurysms 
and Dissections 

             Julie     De Backer       and     Marjolijn     Renard     

         In this chapter, we wish to provide an overview and address a number of recent 
developments regarding aetiology, clinical aspects and treatment of heritable tho-
racic aortic disease. We want to focus on monogenetic disorders related to aortic 
aneurysms which are admittedly rare but provide a unique basis for the study of 
underlying pathogenetic pathways in the complex disease process of aneurysm for-
mation. Understanding these pathomechanisms may lead to the identifi cation of 
new treatment targets and improved management. 

 Within this group of disease entities, Marfan syndrome is considered as a paradigm 
entity, and many insights are derived from the study of clinical, genetic and animal 
models for Marfan syndrome. We will therefore provide a detailed overview of the 
various aspects of Marfan syndrome and end with an overview of related syndromes. 

19.1     Marfan Syndrome 

19.1.1     Definitions and Diagnosis 

 Marfan syndrome (MFS) is an inherited connective tissue disorder, caused by muta-
tions in the fi brillin-1 gene ( FBN1 ) [ 1 ], affecting approximately 1 in 5,000 individu-
als with no gender, ethnic or racial predilection. 
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 Marfan syndrome is diagnosed on the basis of distinct clinical criteria defi ned in 
the revised Ghent nosology [ 2 ] in which aortic root dilatation and ectopia lentis are 
the cardinal clinical features (Fig.  19.1 ). Genetic testing of the  FBN1  gene, although 
not mandatory, has greater weight in the diagnostic assessment when compared to 
the previous nosology. 

 In the absence of a family history of MFS, the diagnosis is confi rmed when:

    1.    Ao ( Z  ≥ 2) + EL = MFS   
   2.    Ao ( Z  ≥ 2) + FBN1 = MFS   
   3.    Ao ( Z  ≥ 2) + Syst (≥7 pts) = MFS   
   4.    EL + FBN1 with known Ao = MFS    

with Ao ( Z  ≥ 2) as aortic root dilatation, defi ned as a diameter of the aorta at the level 
of the sinuses of Valsalva exceeding two standard deviations ( Z  ≥ 2) above the mean; 
EL as ectopia lentis; Syst as systemic score, consisting of a list of features in different 
organ systems (see reference); and FBN1 as documented mutation in the  FBN1  gene. 

 In the presence of a family history (FH), criteria are slightly less strict:

    5.    EL + FH of MFS (as defi ned above) = MFS   
   6.    Syst (≥7 pts) + FH of MFS (as defi ned above) = MFS   
   7.    Ao ( Z  ≥ 2 in adults,  Z  ≥ 3 in children) + FH of MFS (as defi ned above) = MFS     

a

c

b

  Fig. 19.1    Main clinical features of Marfan syndrome. ( a ) Aortic root dilatation; ( b ) ectopia lentis; 
( c ) skeletal abnormalities       
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 MFS shows virtually complete penetrance but the clinical spectrum is highly 
variable, even within families. Modifi ers of the clinical severity are largely unknown. 
Up to 30 % of cases are due to new dominant mutations. 

 To date, there are no reproducible genotype-phenotype correlations in MFS 
with the exception of the neonatal form being caused by mutations in the middle 
region of the gene (exons 24–32) [ 3 ]. Neonatal Marfan syndrome is the most 
severe form of the disorder, with death occurring early in life, often during the 
fi rst year.  

19.1.2     Clinical Cardiovascular Manifestations 

19.1.2.1     Aortic Disease 
 Most of the morbidity and mortality associated with MFS is related to the cardio-
vascular manifestations. The most common lesion is aortic root dilatation leading to 
aneurysm formation, which can be complicated by aortic dissection or rupture. It is 
estimated that aortic root dilatation is present in >80 % of adult MFS patients [ 1 ]. In 
surgical series, up to one-third of MFS patients present with aortic dissection, 
mainly Stanford type A dissection, indicating the persisting defi ciency of timely 
diagnosis and adequate risk estimation [ 4 ]. 

 The predilection for the ascending aorta to dilate is a result of both structural and 
local haemodynamic factors. Both the aortic root and the proximal part of the pul-
monary artery are derived from the neural crest, whereas the more distal arterial 
structures stem from the mesodermis. It has been demonstrated that the elastic fi bre 
content is higher in the ascending aorta than in any other region of the arterial tree [ 5 ]. 
Diseases such as MFS affecting elastic fi bre integrity will therefore manifest more 
easily in this region. Furthermore, it is primarily the ascending portion of the aorta 
which is subjected to the repetitive stress of left ventricular ejection, eventually 
resulting in progressive dilatation [ 6 ,  7 ]. Since pressures in the aorta are signifi -
cantly higher than in the pulmonary artery, dilatation will be more pronounced at 
the aortic root. Pulmonary artery dilatation occurs commonly in MFS but does not 
carry the same risk of dissection [ 8 – 10 ]. 

 Up to now, complications in the descending aorta are limited to a minority of 
MFS patients, but the incidence of descending thoracic aortic dissection may 
increase since medical and surgical treatments of ascending aortic complications 
have signifi cantly improved, hence leaving the descending aorta at risk [ 11 ,  12 ]. 
Marfan syndrome patients having thoraco-abdominal aortic aneurysm/dissection as 
a presenting manifestation are reported in a few case reports [ 13 ,  14 ], and it is 
notable that dissection in the descending part of the aorta is independent of the 
diameter of the ascending aorta [ 15 ]. Other data on the descending aorta in MFS 
patients are found in surgical reports describing the occurrence of primary or sec-
ondary complications in the descending aorta necessitating surgical intervention. 
Eight to fi fteen percent of Marfan patients require initial surgery in the descending 
aorta [ 4 ,  11 ]. Patients with initial type B aortic dissection are at a signifi cant higher 
risk for re-intervention (86 % for previous type B dissection versus 42 % for previ-
ous type A dissection). The majority of re-interventions are required in patients with 
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previous dissection (48 % versus 11 % re-intervention in the patients presenting 
with aortic aneurysm) [ 4 ]. 

 Altered anatomical features in the aorta of MFS patients, such as dilatation 
and/or dissection, are accompanied by functional impairment of the vessel, as 
refl ected in increased aortic stiffness in MFS patients. Abnormal elastic proper-
ties – pulse wave velocity and local aortic distensibility – are not confi ned to the 
ascending aorta but are also detected in the normal-sized, more distal parts of the 
vessel [ 16 ,  17 ], and this as well in patients having previously undergone aortic 
root surgery as in unoperated MFS patients [ 18 ]. Interestingly, aortic stiffness 
seems to be an early marker of aortic disease as patients without thoracic aortic 
dilatation already demonstrate signifi cant decreased aortic distensibility at proxi-
mal as well as distal levels of the aorta [ 17 ]. Local distensibility of the descending 
thoracic aorta appeared to be an independent predictor of progressive descending 
aortic dilatation [ 19 ].  

19.1.2.2     Mitral Valve Prolapse 
 Mitral valve prolapse is another common cardiovascular complication of the 
Marfan syndrome occurring in up to 80 % of patients [ 10 ,  20 ,  21 ]. It is unclear 
whether the prevalence of MVP is increasing with age. In a large paediatric cohort, 
MVP occurred more commonly in females, but this female preponderance was not 
confi rmed in adult series. A recent study showed that MFS patients have an 
increased risk of 28 % for MV-related clinical events at a younger age (endocardi-
tis, surgery and heart failure) versus 13 % in idiopathic MVP [ 22 ]. Five to twelve 
percent of MFS patients will require mitral valve surgery as a primary cardiovas-
cular intervention [ 23 ].  

19.1.2.3     Cardiomyopathy and Arrhythmias 
 Although not commonly acknowledged in MFS, dilated cardiomyopathy, 
beyond that explained by aortic or mitral valve regurgitation, seems to occur 
with a higher prevalence, suggesting a role for the extracellular matrix protein 
fi brillin-1 in the myocardium. Signifi cant LV dilatation and dysfunction leading 
to heart failure and necessitating heart transplantation has been described in a 
few cases and seems to be a very rare complication. Subclinical myocardial 
dysfunction on the other hand has been reported in larger subsets of MFS 
patients of various ages by several independent research groups [ 24 – 29 ], and 
mildly increased LV dimensions have been demonstrated in a subset of patients 
with MFS [ 30 ]. A study assessing genotype- phenotype correlations indicated 
that LV dilatation was more frequently observed in patients with a non-missense 
FBN1 mutation [ 31 ]. 

 A feature that is closely related to ventricular dysfunction in MFS is an increased 
risk for adverse arrhythmogenic events as evidenced by several groups [ 32 – 34 ]. 
Hoffmann and co-workers found an association with increased NT-proBNP 
levels [ 33 ].    
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19.1.3     Aetiology and Pathophysiology 

 The pleiotropic clinical manifestations observed in MFS strongly suggested that the 
causal factor for the disease had to be found in a widespread tissue component such 
as the connective tissue. Applying monoclonal antibody studies in mice, Hollister, 
Sakai and their co-workers discovered a putative candidate, localized to numerous 
tissues including the aortic media and ciliary zonule, with the fi brils visualized 
termed fi brillin [ 35 ]. Fibrillin fi brils are a part of the 10 nm elastin-associated micro-
fi brils. Immunohistochemical studies were the fi rst to suggest that fi brillin is impli-
cated in MFS [ 36 ]. The ultimate proof had to await the discovery of the gene encoding 
fi brillin (the fi brillin-1 gene,  FBN1 ) and subsequent genetic linkage and mutation 
studies [ 37 ,  38 ]. To date more than 1,000 different mutations have been identifi ed 
throughout the gene. Most mutations are unique to that individual or family. 

 The histological hallmark in the aorta of Marfan syndrome is the so-called cystic 
medial degeneration, with degeneration of the elastic fi bres, irregular hypertrophy 
and apoptosis of vascular smooth muscle cells and increased basophilic ground sub-
stance within cell-depleted areas. 

 Conventional knowledge held that aneurysm formation in MFS results from an 
inherent structural weakness of connective tissues. Studies in different mouse mod-
els for MFS have extended this knowledge by demonstrating that fi brillin-1 also 
plays an important functional role in regulating transforming growth factor-beta 
(TGFβ) bioavailability. TGFβ is a multifunctional peptide that controls prolifera-
tion, differentiation and other functions in many cell types. Sakai and co-workers 
demonstrated that fi brillin-1 is homologous to the family of latent TGFβ-binding 
proteins (LTBPs), which serve to hold TGFβ in an inactive complex in various tis-
sues, including the extracellular matrix [ 39 ], and it was known that fi brillin-1 binds 
TGFβ and LTBPs [ 40 – 42 ]. Increased TGFβ signalling has been demonstrated in 
several tissues in MFS patients. 

 More recent studies by Charbonneau and colleagues demonstrated that an  Fbn1  
mouse in which the LTBP binding site was deleted ( Fbn1   H1Δ  ) did not present fea-
tures of MFS [ 43 ]. Hence, instead of reduced TGFβ sequestration, mutant microfi -
brils probably infl uence TGFβ activation in a different way. More recent reports 
now suggest that this increased signalling is the result of a fi nal common pathway 
in the disease process and that the role of the TGFβ signalling pathway may vary 
during the dynamic transition from aortic aneurysm predisposition to end-stage dis-
ease, such as dissection [ 44 ]. A recent and very interesting hypothesis states that in 
case of loss of extracellular matrix integrity by mutated microfi brils, mesenchymal 
cells, such as fi broblasts or smooth muscle cells, detect the defective matrix and 
respond by repairing the failed matrix through the generation of active TGFβ and 
production of the required activators of latent TGFβ as part of the repair process 
[ 45 ]. Other mechanisms such as mitochondrial dysfunction and compromised 
VSMC differentiation may also play an important role. A schematic overview of the 
pathogenesis is provided in Fig.  19.2 .  
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  Fig. 19.2    Pathogenic mechanism of Marfan syndrome. ( a ) TGFβ signalling in healthy individu-
als. ( b ) Fragmented microfi bres lead to a damaged ECM and initiate repair responses producing 
more ( enhanced arrows ) ECM constituents, SLCs and LLCs together with their activators; subse-
quently, enhanced ( bold arrows ) signalling through canonical ( purple ) and non-canonical ( green ) 
TGFβ signalling results in changes in target gene expression in MFS patients       

 The processes occurring in the aortic ECM due to mutated  FBN1  are further infl u-
enced by altered haemodynamic stress in the aorta. As such, mechano- transduction 
of haemodynamic stress further exacerbates the tissue-related activation of vascular 
smooth muscle cells, matrix metalloproteinases and TGFβ.  

19.1.4     Management and Treatment of Marfan Syndrome 

 The pleiotropic nature of Marfan disease implies a multidisciplinary approach and 
appropriate treatment, involving among others ophthalmologists, physiotherapists, 
orthopaedic surgeons, cardiologists and cardiac surgeons. In this chapter, we will 
focus on the treatment of aortic disease, which mainly determines life expectancy in 
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MFS and has been a main clinical and research focus for many decades. Improved 
diagnosis and better medical and surgical treatment have already resulted in a spec-
tacular increase in life expectancy of more than 30 years [ 46 ] – no other cardiovas-
cular disease has seen a similar improvement. The cornerstone of adequate 
management in MFS is correct and timely diagnosis, necessitating adequate educa-
tion of all involved healthcare workers and correct echocardiographic assessment of 
the aortic dimensions by (paediatric) cardiologists according to established guide-
lines [ 47 ]. CT or MRI can be used in case of insuffi cient visualization of the ascend-
ing aorta by echocardiography. Once the diagnosis is confi rmed, a fi rst reassessment 
of the aortic dimension is recommended after 6 months to assess evolutionary 
changes. Further follow-up is guided by the diameter, evolution, underlying diagno-
sis and family history. Stable diameters <45 mm in MFS patients without a family 
history of dissection require yearly follow-up. Biannual controls are recommended 
in all other cases. Despite rigorous follow-up and adherence to the guidelines, some 
MFS patients will still succumb to (fatal) aortic dissection, indicating the need for 
improved risk stratifi cation. Ongoing studies are identifying potential circulating 
biomarkers, including fi brillin-1 fragments, which may be used in conjunction with 
imaging data to better identify patients at risk for aortic dissection [ 48 ]. 

 The ultimate goal for the treatment of aortic complications in MFS is to obtain a 
reduction in the occurrence rate of (fatal) aortic dissection, and it is beyond any 
doubt that – up to now – prophylactic aortic root surgery is the most successful 
preventive intervention. Refi nements of surgical techniques, mainly with the intro-
duction of valve-sparing procedures, have led to excellent short- and middle-term 
results and have obviated the need for chronic use of anticoagulants [ 49 ]. Surgery is 
routinely recommended in MFS patients when the diameter of the aortic root attains 
50 mm. A reduced threshold of 45 mm is warranted in cases of rapid growth (>0.2-
0.5 cm/year), cases with a positive family history of aortic dissection and/or signifi -
cant aortic valve regurgitation and in women with desire of pregnancy [ 50 ,  51 ]. 

 Since aortic surgery is inherently associated with a (small) risk for complications 
and a prolonged rehabilitation period, attempts have been made to at least postpone 
the need for surgery. Ultimately, arresting aortic growth and, conceptually, interfer-
ence with the underlying genetic defect are deemed to be the ideal solution, which 
is – alas – not (yet) feasible at the moment. 

 Slowing down aortic root growth may be achieved through reducing haemody-
namic stress on the proximal aorta. The fi rst report on the use of β-blockers in MFS 
dates from 1971 indicating that reduction in the rate of increase in aortic pressure 
over time (d P /d t ) was more effective than could be explained by reduction of blood 
pressure alone [ 52 ]. Subsequent small studies with β-blockers in turkeys that are 
prone to aortic dissection and in uncontrolled human studies of MFS had varying 
results [ 53 ,  54 ]. 

 Since then, no less than 1,583 Marfan patients have been included in at least 19 
different trials since the late 1970s [ 6 ,  53 ,  55 – 71 ]. Only one trial, showing a reduc-
tion in aortic root growth with propranolol, had a placebo-controlled randomized 
design [ 57 ]. Many other trials have confi rmed the effect of β-blockers on aortic 
growth, and in some trials, benefi cial effects on the elastic properties of the aorta 
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have been reported [ 58 ]. This notwithstanding, the benefi cial effect of β-blockers 
has not been consistent in all studies. Differences in the populations studied, in the 
drug types and dosage and in the study design, render the interpretation and com-
parison of these trials particularly challenging. 

 Another aspect that remains elusive despite the numerous trials is the timing of 
initiation of treatment – some advocate treatment as soon as the diagnosis is made 
while others suggest to wait until some dilatation has occurred. 

 Alternatives for β-blockers have been suggested and studied in small series. 
 Calcium channel blockers have been investigated in a very small study [ 59 ], 

showing similar results as β-blockers. ACE inhibitors (ACEIs) were postulated to 
have therapeutic value in MFS because of their potential ability to block apoptotic 
pathways through inhibition of the AT2 receptor. An open-label, nonrandomized 
trial of ACEIs versus β-blockers in MFS showed apparent therapeutic value for 
ACEIs in terms of reduced aortic stiffness and smaller increases in aortic root diam-
eter [ 61 ]. Another randomized trial of perindopril versus placebo in MFS revealed 
improved biomechanical properties of the aorta, slower aortic root growth and lower 
levels of circulating TGFβ [ 64 ]. 

 A seemingly major breakthrough in the search for improved medical treatment 
in MFS patients was achieved with the documentation of the involvement of the 
TGFβ pathway in the process of aneurysm formation. This led to the insight that 
interference with TGFβ signalling may have a benefi cial impact on aortic growth. 
Losartan, an ARB with known TGFβ-inhibiting potential, was tested in a mouse 
model for MFS showing normalization of aortic root growth and restoration of 
elastic fi bre fragmentation [ 72 ]. Human trials published so far may suggest a ben-
efi cial effect of the combination of beta-blocker with losartan treatment [ 67 ,  70 ]. 
Very recently, the results of a large randomized trial in a young (1mo-25y) MFS 
cohort, conducted by the Pediatric Heart Network comparing Atenolol and 
Losartan were published showing no difference in aortic root growth rate between 
both groups [ 73 ].   

19.2     Associated Thoracic Aortic Aneurysm Syndromes 

 Some patients and families do present with thoracic aortic disease but do not fulfi l the 
diagnostic criteria for MFS and/or present with other clinical features that do not fi t 
within the MFS spectrum. Moreover, since the more widespread availability of molec-
ular genetic testing in MFS, it became clear that subgroups of patients and families 
exist that do not carry an  FBN1  mutation, suggesting the involvement of other genes. 

 Over the past decade, it has indeed been evidenced that heritable thoracic aortic 
disease (H-TAD) is genetically heterogeneous with a dozen genes being identifi ed 
so far [ 74 ]. Most of these genetic conditions transmit as an autosomal dominant 
trait. Genes may be subdivided in three major categories: (1) genes involved in the 
extracellular matrix ( FBN1 ,  COL3A1 ,  FBNL4 ), (2) genes involved in the TGFβ 
pathway ( TGFBR1  and  TGFBR2 ,  SMAD3 ,  TGFβ2 ,  SKI ) and (3) genes involved in 
the vascular smooth muscle cell apparatus ( ACTA2 ,  MYLK ,  MYH11 ,  PRKG1 ). 
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 For most of these genes, both syndromic and non-syndromic disease entities 
have been described. Though some clinical features may be highly discriminative 
(e.g. lens luxation for MFS), there is substantial clinical overlap between these 
genetic entities. Molecular genetic testing is a helpful additional tool in many cases, 
not only for diagnostic purposes but also because medical management may vary 
according to the underlying condition. 

 The main clinical entities with their respective genes and clinical features are 
listed in Table  19.1 . A brief description of the most notable clinical entities in the 
context of arterial disease is provided below.

   The identifi cation of new genes in H-TAD has offered important new opportuni-
ties for the diagnosis and gene-tailored management of patients and families. In 
addition, these new genes have offered us unique new insights into the pathogenesis 
of aneurysmal disease. Identifi cation of mutations in the various components of the 
ECM, the TGFβ pathway and the contractile unit of vascular smooth muscle cells 
provide the ultimate proof for their involvement into the process of aneurysm for-
mation as described above. 

19.2.1     Loeys-Dietz Syndrome 

 Loeys-Dietz syndrome (LDS) is caused by mutations in either of the transforming 
growth factor-beta receptor genes ( TGFBR1  and  TGFBR2 ). In its most typical form, 
LDS is characterized by aortic aneurysms and dissections, widespread arterial tor-
tuosity/aneurysms, bifi d uvula and hypertelorism (wide-spaced eyes) [ 76 ]. 

 The cardiovascular lesions in LDS are more widespread, extending beyond the 
aorta, and may have a more aggressive course than in MFS with a higher annual 
increase in aortic root diameter in at least a subset of patients [ 77 ]. The expression 
of the disease is highly variable though, both between and within families. Milder 
presentations and even non-penetrance has been observed [ 90 ]. Larger-scale pro-
spective registries are required to gain more insight into the course and presentation 
of the disease. Since aortic dissection has been reported in patients with aortic diam-
eters well below conventional surgical thresholds, aortic root surgery in LDS is 
recommended at a diameter of 43–45 mm [ 50 ]. 

 Williams et al. demonstrated that surgical outcome in LDS patients is good [ 91 ]. 
 In view of the extent of cardiovascular lesions in LDS, more extended vascular 

studies such as MR angiography or CT scanning with 3D reconstruction from 
the head to the pelvis are required for the detection of distal aortic/arterial 
complications.  

19.2.2     Aneurysm-Osteoarthritis Syndrome 

 Aneurysm-osteoarthritis syndrome (AOS) is caused by mutations in the  SMAD3  
gene [ 78 ]. Since many patients with AOS present some degree of osteoarthritis, this 
feature is regarded as a discriminating feature. Aneurysms, dissections and 

19 Marfan Syndrome and Related Heritable Thoracic Aortic Aneurysms



276

    Ta
b

le
 1

9
.1

  
  Sc

he
m

at
ic

 o
ve

rv
ie

w
 o

f 
sy

nd
ro

m
ic

 a
nd

 n
on

-s
yn

dr
om

ic
 T

A
A

D
 (

th
or

ac
ic

 a
or

tic
 a

ne
ur

ys
m

 a
nd

 d
is

se
ct

io
ns

)   

 D
is

or
de

r 
 G

en
e(

s)
 

 M
ai

n 
ca

rd
io

va
sc

ul
ar

 f
ea

tu
re

s 
 A

dd
iti

on
al

 c
lin

ic
al

 f
ea

tu
re

s 

  Sy
nd

ro
m

ic
 H

 - T
A

D
  

 M
ar

fa
n 

[ 1
 ,  2

 ,  3
7 ]

 
  F

B
N

1  
  A

or
ti

c 
ro

ot
 a

ne
ur

ys
m

 , a
or

tic
 d

is
se

ct
io

n,
 

m
itr

al
 v

al
ve

 p
ro

la
ps

e,
 m

ai
n 

pu
lm

on
ar

y 
ar

te
ry

 d
ila

ta
tio

n,
 v

en
tr

ic
ul

ar
 d

ys
fu

nc
tio

n 

  L
en

s 
lu

xa
ti

on
 , s

ke
le

ta
l f

ea
tu

re
s 

(a
ra

ch
no

da
ct

yl
ia

, p
ec

tu
s 

de
fo

rm
ity

, s
co

lio
si

s,
 fl 

at
 f

ee
t, 

in
cr

ea
se

d 
ar

m
 s

pa
n,

 
do

lic
ho

ce
ph

al
ia

) 

 V
as

cu
la

r 
E

hl
er

s-
D

an
lo

s 
[ 7

5 ]
 

  C
O

L
3A

1  
  A

or
ti

c 
an

d 
m

aj
or

 b
ra

nc
hi

ng
 v

es
se

l 
di

ss
ec

ti
on

 / r
up

tu
re

 ,  o
ft

en
 w

it
ho

ut
 

pr
ec

ed
in

g 
di

la
ta

ti
on

  

  T
hi

n ,
  t

ra
ns

lu
ce

nt
 s

ki
n ,

 
 dy

st
ro

ph
ic

 s
ca

rs
 ,  f

ac
ia

l 
ch

ar
ac

te
ri

st
ic

s  
(M

ad
on

na
 f

ac
e,

 
th

in
 li

ps
, d

ee
p-

se
t e

ye
s)

 

 T
G

Fβ
-r

el
at

ed
 

va
sc

ul
op

at
hi

es
 

 L
oe

ys
-D

ie
tz

 [
 76

 ,  7
7 ]

 
  TG

F
B

R
1 /

 TG
F

B
R

2  
  A

or
ti

c 
ro

ot
 a

ne
ur

ys
m

 , a
or

tic
 d

is
se

ct
io

n,
 

ar
te

ri
al

 a
ne

ur
ys

m
s 

an
d 

di
ss

ec
tio

ns
, 

 ar
te

ri
al

 t
or

tu
os

it
y ,

 m
itr

al
 v

al
ve

 
pr

ol
ap

se
, c

on
ge

ni
ta

l c
ar

di
ac

 
m

al
fo

rm
at

io
ns

 

  B
ifi 

d 
uv

ul
a /

 cl
ef

t 
pa

la
te

 , 
 hy

pe
rt

el
or

is
m

 , p
ec

tu
s 

ab
no

rm
al

iti
es

, s
co

lio
si

s,
 c

lu
b 

fe
et

 

 A
ne

ur
ys

m
- 

os
te

oa
rt

hr
iti

s 
[ 7

8 ,
  7

9 ]
 

  SM
A

D
3  

  A
or

ti
c 

ro
ot

 a
ne

ur
ys

m
 , a

or
tic

 d
is

se
ct

io
n,

 
ar

te
ri

al
 a

ne
ur

ys
m

s 
an

d 
di

ss
ec

tio
ns

, 
 ar

te
ri

al
 t

or
tu

os
it

y ,
 m

itr
al

 v
al

ve
 

pr
ol

ap
se

, c
on

ge
ni

ta
l c

ar
di

ac
 

m
al

fo
rm

at
io

ns
 

  O
st

eo
ar

th
ri

ti
s ,

 s
of

t s
ki

n,
 fl 

at
 

fe
et

, s
co

lio
si

s,
 r

ec
ur

re
nt

 h
er

ni
as

, 
hy

pe
rt

el
or

is
m

, p
ec

tu
s 

ab
no

rm
al

iti
es

 

  TG
F

β2
  [

 80
 ,  8

1 ]
 

  TG
F

β2
  

  A
or

ti
c 

ro
ot

 a
ne

ur
ys

m
 , a

or
tic

 d
is

se
ct

io
n,

 
ar

te
ri

al
 a

ne
ur

ys
m

s 
an

d 
di

ss
ec

tio
ns

, 
 ar

te
ri

al
 t

or
tu

os
it

y ,
  m

it
ra

l v
al

ve
 

pr
ol

ap
se

 , c
on

ge
ni

ta
l c

ar
di

ac
 

m
al

fo
rm

at
io

ns
 

 C
lu

b 
fe

et
, s

of
t t

ra
ns

lu
ce

nt
 s

ki
n 

 Sh
pr

in
tz

en
-G

ol
db

er
g 

sy
nd

ro
m

e 
[ 8

2 ,
  8

3 ]
 

  SK
I  

  M
ild

 a
or

ti
c 

ro
ot

 d
ila

ta
ti

on
 , m

itr
al

 v
al

ve
 

pr
ol

ap
se

 
 C

ra
ni

os
yn

os
to

si
s,

 d
is

tin
ct

iv
e 

cr
an

io
fa

ci
al

 f
ea

tu
re

s,
 s

ke
le

ta
l 

ch
an

ge
s,

 n
eu

ro
lo

gi
c 

ab
no

rm
al

iti
es

, m
ild

-t
o-

 m
od

er
at

e 
in

te
lle

ct
ua

l d
is

ab
ili

ty
 

J. De Backer and M. Renard



277

  N
on

 - s
yn

dr
om

ic
 H

 - T
A

D
  

 Fa
m

ili
al

 th
or

ac
ic

 a
or

tic
 a

ne
ur

ys
m

 s
yn

dr
om

e 
(F

TA
A

) 
[ 8

4 –
 88

 ] 
  TG

F
B

R
1 /

 TG
F

B
R

2  
( 3

 – 5
  %

) 
 T

ho
ra

ci
c 

ao
rt

ic
 a

ne
ur

ys
m

/d
is

se
ct

io
n 

 L
ac

k 
of

 s
yn

dr
om

ic
 f

ea
tu

re
s 

  A
C

TA
2  

( 1
0 –

 14
  %

) 
 T

ho
ra

ci
c 

ao
rt

ic
 a

ne
ur

ys
m

/d
is

se
ct

io
n,

 
B

A
V

 c
er

eb
ro

va
sc

ul
ar

 d
is

ea
se

, c
or

on
ar

y 
ar

te
ry

 d
is

ea
se

 

 L
ac

k 
of

 m
ar

fa
no

id
 s

ke
le

ta
l 

fe
at

ur
es

,  l
iv

ed
o 

re
ti

cu
la

ri
s ,

  ir
is

 
fl o

cc
ul

i  
  M

Y
L

K
  

 T
ho

ra
ci

c 
ao

rt
ic

 a
ne

ur
ys

m
/d

is
se

ct
io

n 
 G

as
tr

oi
nt

es
tin

al
 a

bn
or

m
al

iti
es

 

  SM
A

D
3  

( 2
  %

) 
 In

tr
ac

ra
ni

al
 a

nd
 o

th
er

 a
rt

er
ia

l a
ne

ur
ys

m
s 

  TG
F

   β    2
  

  M
it

ra
l v

al
ve

 p
ro

la
ps

e  
  P

R
K

G
1  

 T
ho

ra
ci

c 
ao

rt
ic

 a
ne

ur
ys

m
/d

is
se

ct
io

n,
 

ar
te

ri
al

 a
ne

ur
ys

m
s 

an
d 

di
ss

ec
tio

ns
, 

ar
te

ri
al

 to
rt

uo
si

ty
 

 FT
A

A
 w

ith
 p

at
en

t d
uc

tu
s 

ar
te

ri
os

us
 (

PD
A

) 
[ 1

 ,  8
9 ]

 
  M

Y
H

11
  

  P
at

en
t 

du
ct

us
 a

rt
er

io
su

s  

  D
is

tin
ct

iv
e 

fe
at

ur
es

 a
re

 in
di

ca
te

d 
in

 b
ol

d  

19 Marfan Syndrome and Related Heritable Thoracic Aortic Aneurysms



278

tortuosity throughout the arterial tree are the main cardiovascular features. Arterial 
aneurysms may be very large with a predilection for visceral arteries and are often 
a presenting symptom [ 79 ,  92 ,  93 ]. An illustration is provided in Fig.  19.3 .   

  Fig. 19.3    Illustration of vascular anomalies in patients with LDS ( left and right - upper panel ) and 
with aneurysm-osteoarthritis syndrome ( right lower panel )       
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19.2.3     Aortic Aneurysms Caused by TGFβ2 Mutations 

 Mutations in the TGFβ2 ligand were recently identifi ed in patients presenting with 
a phenotype showing some overlap with the abovementioned syndromic TAA enti-
ties [ 80 ,  81 ]. Aortic dilatation may result in type A aortic dissection at diameters 
below classic surgical thresholds. We found signifi cant mitral valve disease, possi-
bly a signature feature that may direct molecular analyses [ 94 ].  

19.2.4     Vascular Ehlers-Danlos Syndrome (EDS) 

 Vascular EDS, caused by mutations in the collagen type 3 gene ( COL3A1 ), is a 
severe vascular connective tissue disorder clinically characterized by joint hyper-
mobility, skin abnormalities (cigarette paper scars, easy bruising, soft velvety skin), 
fragility of intestinal and genito-urinary organs and vascular fragility leading to 
dissection or rupture of medium to large muscular arteries. 

 Typically in vascular EDS, dissections often occur without preceding dilatation/
aneurysm formation. In a retrospective study, about half of the arterial complica-
tions in vascular EDS involved the thoracic or abdominal arteries, and the rest were 
divided equally between the head, the neck and the limbs [ 75 ]. 

 Prophylactic treatment with celiprolol, a β1-adrenoceptor antagonist with β2 
agonistic properties, is recommended based on the benefi cial results in a random-
ized multicentre trial [ 95 ]. 

 Surgical treatment of vascular lesions in vascular EDS is hazardous with a 
reported incidence of fatal complications during or immediately after vascular sur-
gery at around 45 % [ 96 ]. 

 Some authors advise not pursuing any additional investigation or surveillance, 
because a conservative approach will be adopted irrespectively and undue anxiety 
would be created [ 97 ]. Others recommend non-invasive cardiovascular imaging 
with echocardiography and vascular CT/MRI [ 96 ].  

19.2.5     Non-syndromic Thoracic Aortic Aneurysms 
and Dissections (TAAD) 

 Non-syndromic TAAD is genetically heterogeneous with at least seven genes being 
identifi ed so far. Genes include  TGFBR1 ,  TGFBR2 ,  ACTA2 ,  MYH11 ,  MYLK , 
 SMAD3  and  PRKG1 . These genes account for disease in only 20 % of TAAD fami-
lies, indicating that more genes are to be determined. 

 By defi nition, the entity of non-syndromic TAAD is restricted to those cases 
presenting with “isolated” TAAD – as opposed to the known syndromes such as 
MFS and LDS. In practice, many reported families also exhibit some mild addi-
tional clinical features as listed in Table  19.1 .      
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20Arterial Alterations in Hypertension

Gino Seravalle, Guido Grassi, and Giuseppe Mancia

The hemodynamics of the circulation in humans display two important characteris-
tics. First, the heart is beating, and therefore blood flow and blood pressure are 
characterized by pulsatile changes. Second, blood circulates via heterogeneous con-
duits progressively narrowing. Along this circuit the initial pulsatile pressure and 
flow become a continuous flow and pressure within the microcirculation.

The arterial tree consists of the aorta and large arteries (macrocirculation, elastic 
arteries), microcirculation (small arteries and arterioles; muscular arteries), and 
capillaries [1, 2]. The chapter will analyze the characteristics of the first two 
 compartments and the changes associated with pathophysiological conditions.
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20.1  Large Arteries: Structure and Physiology

Large arteries are close to the heart, and changes in flow, hydrostatic pressure, and 
diameter differ considerably [3]. The considerable variations in these parameters 
emphasize the importance of the tools developed to evaluate the physical proper-
ties of large arteries. The pressure wave that travels along conduit arteries increases 
from central to peripheral large arteries. In contrast the amplitude of the flow 
wave is more important in large than in peripheral arteries [4]. The relationship 
diameter/pressure is curvilinear because of the heterogeneous composition and 
properties of the arterial wall, which is different in central (elastic) and peripheral 
(muscular) arteries [5]. The profile of the pulse pressure wave varies from the 
thoracic aorta to peripheral vessels. In order to understand the profile of pulse 
pressure recordings, it is necessary to recognize the major physical components 
[6]. After ventricular contraction, an ejection wave travels from the heart to 
peripheral smaller vessels. Then, a reflection wave travels in the opposite direc-
tions after rebuttal at different potential sites of wave reflection. Determinants of 
the two critical components of the pressure curve are of physiological importance: 
the ejection wave is determined by the ventricular contractile force and by arterial 
stiffness, whereas the reflection component develops according to the bulk of dis-
tal reflection sites, in addition to arterial stiffness. Both ejection and reflection 
curves become superimposed under normal physiological conditions, but the 
breakdown of the two components may reveal several abnormalities of contour 
and suggest pathophysiological events originating from opposite directions [7] 
(Fig. 20.1). Both the shape and the amplitude of pulse pressure waves are influ-
enced by the site within the arterial tree at which pressure measurements are 
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Fig. 20.1 Blood pressure curve in the ascending aorta with its forward and backward compo-
nents. Augmentation pressure is the difference between systolic blood pressure and the peak of the 
forward wave and represents the additional systolic blood pressure increase in the ascending aorta 
due to wave reflections
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made. In peripheral arteries, close to the reflection sites, the incident and the 
reflected waves are in phase and produce an additive effect; conversely, in the 
ascending aorta and central arteries, the waves are not in phase. The return of  
the reflected wave is usually delayed to a degree that is dependent on the length of 
the arterial path and the pulse wave velocity (PWV) and is influenced by age. In 
mild and older individuals, the PWV increases, the reflecting sites appear to be 
closer to the ascending aorta, and the timing of the reflected waves is more closely 
in phase with the incident waves in the central region thus inducing an amplifica-
tion of aortic and left ventricular pressures during systole and a reducing aortic 
pressure during diastole [3, 8–10] (Fig. 20.2).

20.1.1  Hemodynamic Patterns of Large Arteries: Methods 
of Measurement

The compliance, distensibility, or stiffness of an artery expresses the volume con-
tained in the vasculature as a function of a given transmural pressure over a given 
physiological range [3, 11] (Table 20.1).

Measurement of large artery stiffness is of particular interest in the evaluation of 
the functions of large arteries. Many approaches have been applied to quantify stiff-
ness. Frequently these approaches represent approximations due to the heterogene-
ity of the matrix composition, orientation, and smooth muscle types of the arterial 
wall and variability of arterial wall at different locations [5, 12]. As shown in 
Table 20.1 a consensus agreement has been established on the terminology used in 
the literature to describe large-artery stiffness and on the reproducible noninvasive 
methodology to use [13].

Augmentation
pressure

Aortic BP curves Aortic Peripheral

a b
Young Old

Amplification

Invasive
Non invasive

Fig. 20.2 (a) Physiological aspects of pulsatile blood pressure curves according to age: young 
(left) and old (right) subjects. (b) Difference between central and peripheral blood pressure curves: 
invasive (back waveform) or noninvasive (front waveform)
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Three major noninvasive methodologies are available for (a) estimation of artery 
diameter and distending pressure, (b) analysis of the arterial pulse pressure, and (c) 
measurement of pulse transit time.

Estimation of artery diameter and distending pressures can be achieved noninva-
sively and expressing these parameters as distensibility and compliance (change in 
diameter caused by a given change in pressure), Peterson’s elastic modulus (pres-
sure change divided by the ratio of the change in diameter), and Young’s modulus 
(longitudinal force per unit area divided by extension per unit area) [14].

The analysis of arterial pulse pressure involves computerized recording of arterial 
pressure, arterial diameter, and flow velocity using tonometry, echography, and Doppler 
techniques and application of three- or four-electrical Windkessel model [15].

The third noninvasive method of evaluating artery stiffness is based on the mea-
surement of pulse transit time [16]. The pulse wave velocity (PWV) analysis involves 
measurement of arterial pulse transit time between two recording sites on the skin 
surface. The PWV can be related to the elastic modulus of the arterial wall by a math-
ematical relationship which involves blood density and arterial geometry.

20.2  Microcirculation

The microcirculatory network represents that part of vascular district in which the 
major part of energy dissipation in order to overcome resistance occurs, and it 
includes small arteries (diameter 100–300 μm) and arterioles (diameter <100 μm) 
[17]. Small arteries contribute for about 30–50 % of precapillary blood pressure 
drop, although an additional 30 % drop occurs at the arteriolar level with a distribu-
tion of resistance that varies among different vascular beds [18]. We can say that the 
principal function of the microcirculation is to optimize nutrient and oxygen supply 

Table 20.1 Indices of arterial stiffness

Index Definition

Elastic modulus The pressure (P) step required for 100 % stretch from resting diameter 
(D) at fixed vessel length: (ΔP·D)/ΔD (mmHg)

Arterial 
distensibility

Relative diameter or area change for a pressure increment (inverse of 
elastic modulus): ΔD/(ΔP·D) (mmHg−1)

Arterial 
compliance

Absolute diameter or area change for a given pressure step at fixed vessel 
length: ΔD/ΔP (cm/mmHg) or (cm2/mmHg)

Volume elastic 
modulus

P step required for 100 % increase in volume (V) and no change in 
length: ΔP/(ΔV/V) (mmHg) ≡ ΔP/(ΔD/D) (mmHg)

Young’s modulus Elastic modulus per unit area, the pressure step per cm2 required for 
100 % stretch from resting length (h is the wall thickness): ΔP·D/(ΔD·h) 
(mmHg/cm)

Pulse wave 
velocity

Speed of the pulse along an arterial segment: distance/Δt (cm/s)

Stiffness index Ratio of logarithm (systolic/diastolic pressures) to (relative change in 
diameter): β ≡ −ln s d s d dP / P / D D / D( ) ( )
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within the tissues in response to variations of demand and to minimize large fluctua-
tions of hydrostatic pressure in the capillaries. Nevertheless it seems that the pulsatile 
behavior of blood pressure at the level of the small arteries has important functional 
consequences. First, pulsatility and myogenic tone are inversely related, implying 
that conduit arteries have no myogenic tone [19]. Second, the shear stress generated 
by each pulse wave excites release of endothelial nitric oxide, contributing to the 
degree of vasodilatation [20]. This allows forward progression of the pulse volume 
more distally and a change in reflection sites [21]. Thus the architectural design of 
the distal vascular tree has an influence on pulse pressure beyond the Windkessel 
(compliance/resistance) paradigm and implies a major role of wave reflections. The 
pulsatility of pressure exposes arteries in vivo to pulsed perfusion. The implication is 
that arteries are simultaneously exposed to phasic and static shear stress and stretch 
that activate different signal transduction pathways. Pressure oscillations elicit sus-
tained afferent vasoconstriction, and the magnitude of the responses depends exclu-
sively on the peak pressure [20, 22, 23]. It has been also shown that pulsed perfusion 
generates substantially different responses in endothelial nitric oxide synthesis, pro-
tein phosphorylation, and oxidative stress signaling [24].

Microvascular beds and their functional structure are maintained by processes 
named angioadaptation [25] (Fig. 20.3). New vessels are generated by two different 
modes: sprouting and splitting [26–28]. With the establishment of blood flow, control 
of vascular development is increasingly taken over by feedback signals derived from 
vascular function including blood flow (shear stress) and blood pressure (circumfer-
ential wall stress) in addition to those derived from the metabolic state of the tissue 
[29, 30]. This allows elimination of vessels which are functionally inadequate by the 
process of pruning and adjustment of vessel properties (diameter, wall thickness) by 
remodeling. For angioadaptations, responses of endothelial cells to shear stress by 
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Fig. 20.3 Mechanisms of angioadaptation. The number of vessels is changed by the process of 
angiogenesis and pruning, while the vessel diameter and wall thickness are affected by remodeling
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the activation of a number of signal transduction pathways are crucial [31–36]. As a 
result of angioadaptation, the properties of vascular beds are determined by the inter-
play between vascular and cellular reactions to hemodynamic and molecular signals 
and the functional implications of these reactions, constituting a complex feedback 
system. Pathophysiological changes of vascular response may lead to vascular mal-
adaptation, e.g., inward remodeling and rarefaction in hypertension.

20.2.1  Evaluation of Structural and Functional Patterns 
of Microcirculation

The methods for the evaluation of microvascular structural and functional charac-
teristics available in humans are relatively few: histology, plethysmography, wire 
and pressure myography, and scanning laser Doppler flowmetry.

Histological approaches are charged with substantial pitfalls, due to the artifacts 
introduced by fixation, staining, and dehydration [17].

Plethysmography has been one of the first methods used in the evaluation of 
forearm blood flow and vascular resistance. The plethysmographic technique needs 
the occlusion of the brachial artery of the dominant arm, through the inflation of a 
sphygmomanometric bladder up to 300 mmHg for 13 min and then a dynamic exer-
cise (20–30 handgrips against resistance). The arterial occlusion is rapidly removed, 
while venous occlusion is maintained (around 60 mmHg of pressure in the sphyg-
momanometric bladder). Arterial flow is measured every 10 s for 3 min by a mer-
cury strain gauge, which evaluates the increased volume of the forearm. In the 
absence of venous backward flow, the increased forearm volume is proportional to 
the arterial flow. The mean blood pressure divided by the maximum arterial flow 
allows the calculation of minimum vascular resistance [37].

The methodological approach that had the widest application is represented by 
the wire or pressure micromyography, as it allows a reliable evaluation of structural 
changes within the vascular wall and of functional aspects as well. Wire micro-
myography was developed by Mulvany and Halpern in the 1970s [38], and it was 
applied in several vascular districts (mesenteric, cerebral, coronary, renal, femoral) 
of different animal models. This technique was also used for the evaluation of mor-
phology and function of small arteries obtained from biopsies of the subcutaneous 
tissue from the gluteal or anterior abdominal region, in normotensive as well as in 
hypertensive patients [39, 40]. Technically, small artery segments (diameter 100–
300 μm), obtained by dissection and made free of periadventitial fat tissue, are can-
nulated with stainless steel wires and mounted on a micromyograph paying attention 
to preserve the endothelium. A mechanical stretch may be applied through a micro-
metric screw, while a force transducer records the passive tension developed. 
Adding various substances to the bath, such as norepinephrine, potassium, and sero-
tonin, it is possible to measure the contractile responses of the vessels. Subsequently 
the vessel, in a relaxed condition, is transferred on the stage of an immersion lens 
microscope, and through a micrometric ocular the wall thickness and the internal 
diameter are evaluated and cross-sectional areas and volumes calculated. The most 
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relevant and useful parameter obtained with this approach is the tunica media/inter-
nal lumen ratio that it appears independent from the vessel’s dimensions [41].

An alternative to the wire micromyography is represented by perfusion-pressure 
micromyography. With this approach, isolated vessels are mounted in a pressurized 
myograph chamber and slipped into two glass microcannulae, connected to a perfu-
sion system that allows a constant intraluminal pressure of 60 mmHg. Morphology 
of the vessels is evaluated by computer-assisted video analyzers. Vessels may be 
analyzed at a constant pressure or constant flow. Pressure micromyography allows 
a better evaluation of functional responses [42].

To avoid the invasiveness of these two methods, the interest of researchers was 
focused, in the last decade, on the retinal vascular district, as it represents the only 
microvascular bed that may be directly viewed with relatively simple approaches, 
such as an ophthalmoscope or a slit lamp [43]. One of the first attempts to precisely 
quantify structural alterations of retinal microcirculation was made by Wong et al. 
[44]. By means of an automated computerized method, they calculated the ratio 
between the arteriolar and venular external diameters (arterial-to-venular ratio, 
AVR) in circular segments of the retina. An additional approach was proposed by 
Hughes et al. [45] which demonstrated the possibility to quantify topological 
changes in retinal vascular architecture by means of a dedicated software. Harazny 
et al. [46, 47] proposed a method based on the association between confocal mea-
surement of the external diameter of retinal arterioles and an evaluation of the inter-
nal diameter with a laser Doppler technique, with a comparison between the two 
images made by a dedicated software.

20.3  Arterial Changes in Pathophysiological Conditions

Hypertension is associated with important changes in the cross-sectional architec-
ture (diameter and structure) of the arterial wall, influencing the quantitative (com-
pliance and distensibility) or qualitative (stiffness) properties.

Hypertension enhances the arterial stiffening, and a chronic elevation of arterial 
pressure is accompanied by a reduction in overall arterial distensibility [48–50]. 
However, the effects of chronic blood pressure elevations on the mechanical properties 
of arteries of different structure and size are more complex. It has been shown that, 
compared to the values seen in normotensives, carotid and radial artery distensibilities 
were reduced in subjects with isolated systolic hypertension. This was not the case, 
however, in subjects with systo-diastolic hypertension in whom the reduction only 
involved carotid arterial distensibility [51]. Thus, alterations of arterial distensibility 
are not always uniform throughout the arterial tree. Several studies have also focused 
their attention on the functional factors modulating arterial distensibility in the absence 
of structural alterations. For example, it has been shown the radial artery distensibility 
can vary considerably in women throughout the menstrual cycle [52].

In the past, DBP was considered as the better guide to determine the severity of 
hypertension. Epidemiological studies have then directed attention to SBP as a 
more adequate for CV risk, and it has been shown that increased PP is an 
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independent CV risk factor [53, 54]. Increased PP appears to be the most powerful 
measure available to identify those hypertensive patients at greatest risk for subse-
quent myocardial infarction [55, 56]. Because ventricular ejection and arterial stiff-
ness are the main determinants of PP and because ventricular ejection tends to 
decrease with age, the question has arisen of whether pulse wave velocity, a classic 
marker of arterial stiffness, might be an independent predictor of CV mortality in 
subjects with hypertension. Calculation of CV risk using Framingham equations 
[57] indicates that in these subjects the 10-year CV mortality rate consistently 
increases with the increase in aortic PWV. After adjustment for age and other con-
founding variables, PWV is the best theoretical predictor of CV mortality.

The damaging effect of local pulse pressure has been well demonstrated on large 
and small arteries. Elevated pulse pressure can stimulate hypertrophy, remodeling 
(increase media: lumen ratio), or rarefaction in the microcirculation, leading to 
increased resistance to mean flow and a vascular reserve worsening which may have 
important clinical consequences. Several studies showed a close relationship 
between microvascular damage in the heart, brain, kidney, and retina and either PP 
or arterial stiffness. Significant relationships have been demonstrated between bra-
chial PP, arterial stiffness and carotid stiffness, and several target organ damages. 
Several papers have shown a close relationship with glomerular filtration rate and 
microalbuminuria [58–60], with white matter lesions or cognitive function [61, 62], 
with myocardial ischemia [63–65] (Fig. 20.4), and with retinal arteriolar narrowing 
[46, 66, 67].

In the last decade, with the progress of retinal imaging techniques, a number of 
observational studies were conducted to characterize the different abnormalities 
encountered and to determine the factors contributing to their onset. The main find-
ings were the association between retinal arteriolar narrowing and the presence of 
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hypertension or risk of hypertension onset [68–72]. The increase in retinal venular 
diameter has not been proven to be linked with hypertension, while a correlation 
was found with the presence of diabetes, obesity, metabolic disorders, smoking, 
inflammatory markers, endothelial dysfunction, and atherosclerotic markers  
[73, 74]. The relationship between these abnormalities and cardiovascular risk was 
also studied in a number of longitudinal studies [75]. The main findings were the 
increased risk of cardiovascular morbidity and mortality predominantly in individu-
als <75 years old, correlation with cerebral white matter lesions detected by MRI, 
increased risk of stroke, and deterioration in cognitive function [76]. Concerning 
coronary artery disease, the MESA study [77] showed a correlation between the 
presence of reduced arteriolar caliber and coronary calcifications as observed by CT 
scan. The association between retinal microvascular abnormalities and the inci-
dence of coronary artery disease, heart failure, and cardiovascular mortality has 
been observed in several prospective studies [44, 78, 79].

It needs to be mentioned the findings observed in two different pathophysiologi-
cal conditions, such as obesity and diabetes, associated, with or without the hyper-
tensive state, with an increased morbidity and mortality rate. Obesity is characterized 
by vascular alterations that involve not only large- and medium-sized arteries [80], 
but they extend also to the microcirculation as well [81]. The hypertrophic remod-
eling of the vessel wall is associated with a marked impairment in endothelium-
dependent vasodilatation but with a preserved wall stiffness, presumably because 
the tunica media content of collagen/elastin is not markedly altered. In this condi-
tion neural (sympathetic activation) and metabolic (insulin, leptin, adipokines, 
tumor necrosis factor) factors seem to be the major candidates for the development 
and progression of vascular hypertrophy and endothelial dysfunction [81].

Similar observations can be reported in patients affected by diabetes mellitus.  
A marked alteration in small artery structure, an increase in media cross-sectional 
area (suggesting the presence of hypertrophic remodeling), a correlation between 
plasma insulin levels and media-to-lumen ratio of subcutaneous small arteries, and 
an impairment in myogenic response  are present in diabetic patients [82, 83].  
A functional and structural capillary rarefaction can also be observed in diabetic 
patients [84]. These alterations favor the target organ damage, particularly at the 
level of the eyes,  kidneys, nerves, and heart. Several studies have clearly shown 
that these microvascular alterations in diabetic patients are associated with a sig-
nificant increase in cardiovascular morbidity and mortality; diabetic retinopathy is 
associated with 1.7-fold increased risk and nephropathy with 2.0-fold increased 
risk [85].
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21.1             Introduction 

 Chronic kidney disease (CKD) is a signifi cant public health concern [ 1 ]. CKD is asso-
ciated with a markedly increased risk of cardiovascular disease (CVD) [ 2 ,  3 ]. 
Cardiovascular complications are the major cause of the enhanced morbidity and mor-
tality in patients with CKD and in particular in end-stage renal disease (ESRD) [ 4 – 6 ]. 

 Similar fi ndings have been reported in the pediatric age group. Cardiovascular mor-
bidity and even mortality seem to be enhanced among children and adolescents with 
CKD and ESRD, despite much lower exposure to classical risk factors for atheroscle-
rosis such as hypertension, dyslipidemia, diabetes mellitus, and smoking [ 7 ,  8 ]. 

 These observations suggest that different pathophysiologic mechanisms appear to 
be involved in the arteriopathy of CKD and ESRD in pediatric and adult age groups [ 7 ]. 

 The aims of this chapter are to: (1) defi ne the clinical characteristics and risk 
profi le in CKD and (2) discuss the spectrum of cardiovascular disorders associated 
with renal functional impairment and the pathophysiologic mechanisms underlying 
renovascular associations.  

21.2     Chronic Kidney Disease 

21.2.1     Definition 

 CKD encompasses a large group of heterogeneous disorders which affect the struc-
ture and function of the kidney. Current defi nitions of CKD include the presence of 
markers of kidney damage (albuminuria, abnormalities of urinary sediment, 
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imaging tests, and/or biopsy) and impaired function [rising serum creatinine levels, 
decreased glomerular fi ltration rate (GFR ≤60 ml/min/1.73 m 2 ), and low urine out-
put] for over 3 months [ 9 ,  10 ]. Based on these criteria, it has been estimated that the 
population prevalence of CKD is 10–15 % worldwide [ 9 ,  10 ].  

21.2.2     Classification and Staging 

 The aim of this section is not an extensive discussion of the classifi cation and 
 staging of CKD but to present an overview of the salient features which characterize 
each stage of CKD. 

 According to the National Kidney Foundation (NKF) guidelines, the stage of 
CKD is defi ned by the level of GFR, with higher stages representing lower GFR 
levels and/or by the presence of markers of CKD damage [ 9 ]. 

21.2.2.1     Levels of GFR (Table  21.1 ) 
      GFR ≥90 ml/min/1.73 m 2  
 Individuals with GFR ≥90 ml/min/1.73 m 2  may or may not have CKD depending 
on the presence of evidence of kidney damage. Those with this level of renal func-
tion with or without hypertension and no markers of kidney damage are considered 
to have no CKD, although an elevation of BP may predispose to adverse renal and 
cardiovascular outcomes [ 9 ]. However, GFR ≥90 ml/min/1.73 m 2  with markers of 
kidney damage are considered to have CKD and are classifi ed as stage 1.  

   GFR = 60–89 ml/min/1.73 m 2  
 Individuals with GFR = 60–89 ml/min/1.73 m 2  are classifi ed as stage 2 and may or 
may not have CKD. Such levels of GFR are frequently observed at extremes of age 
(infants and elderly). Whether such GFR levels without markers of kidney damage 
suggest CKD is unclear. However there is no defi nite evidence of increased risk of 
progression to CKD and or cardiovascular events in such individuals [ 9 ].  

   GFR <60 ml/min/1.73 m 2  
 All individuals with a GFR <60 ml/min/1.73 m 2  for over 3 months are classifi ed as 
having CKD independent of the presence of kidney damage [ 9 ]. These individuals, 
who have lost over 50 % of their renal function, appear to be at increased risk of 
cardiovascular complications [ 9 ]. 

 Decreasing levels of GFR are classifi ed as stages 3, 4, and 5 depending on the 
level of renal function (refer to Table  21.1 ). Such patients are at increased risk of 
progression to ESRD and cardiovascular events [ 9 ,  10 ].   

21.2.2.2     Kidney Damage 
 Presence of markers of kidney damage which include albuminuria, abnormal urine 
sediment, or imaging tests and kidney biopsy fi ndings is classifi ed as CKD, inde-
pendent of the level of GFR [ 9 ] (Table  21.1 ).  
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21.2.2.3     Renovascular Associations 
 The advent of adequate renal replacement therapy (dialysis and renal transplanta-
tion) over the past several decades has been associated with increased life span of 
patients with end-stage renal disease (ESRD). As those patients survive longer, they 
tend to develop and die of cardiovascular disease [ 11 ,  12 ]. 

 Compared to the general population, the mortality rate from CVD is 500-fold 
higher in younger patients on dialysis and fi ve times greater among older patients 
[ 11 ,  12 ]. 

 The increased risk of poor cardiovascular outcome is not limited to patients with 
ESRD. Patients with early CKD are more likely to die from cardiovascular comor-
bidities than to progress to ESRD [ 13 ,  14 ]. Similarly, patients with reduced GFR 
tend to die from cardiovascular disease than to develop ESRD [ 13 ,  14 ].    

21.3     Spectrum of Vascular Diseases in Adults 

21.3.1     Renovascular Associations 

 The pathophysiologic mechanisms of the exclusively elevated cardiovascular 
morbidity and mortality in CKD/ESRD have not been completely elucidated. 
Patients with CKD have a high burden of cardiovascular risk factors [ 15 ,  16 ]. 
They share both traditional and uremia-related risk factors [ 15 ,  16 ]. As a 
result, CKD populations display a wide spectrum of vascular pathologies [ 12 , 
 17 ]. The kidney appears to act as a perceiver and modulator of cardiovascular 
disease [ 18 ]. 

 Among various system/organ disorders, renal functional impairment is unique in 
that it involves almost every segment of the cardiovascular system. Vascular changes 
involve both the macrocirculation and microcirculation [ 12 ,  17 ] (Fig.  21.1 ).

     Table 21.1    Classifi cation/staging of chronic kidney disease modifi ed from National Kidney 
Foundation guidelines [ 10 ]   

 Stage  GFR (ml/min/1.73 m 2 )  HT  Kidney damage  CKD  CVD risk 

 Glomerular fi ltration rates 

 1  ≥90  +  0  0  ± 

 ≥90  ±  +  +  + 

 2  60–89  0  0  ±  ± 

 60–89  ±  +  +  + 

 3  30–59  ±  +  +  + 

 4  15–29  +  +  +  + 

 5  <15  +  +  +  + 

 Presence of kidney damage classifi ed as CKD irrespective of GFR level 

   HT  hypertension,  CKD  chronic kidney disease,  CVD  cardiovascular disease,  GFR  glomerular fi l-
tration rate  
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21.3.2        Macrovascular Diseases 

21.3.2.1     Atherosclerosis 
 Atherosclerosis which refers to an intimal disease, more frequent in CKD/ESRD than 
in nonrenal populations, is characterized by the presence of plaques and occlusive 
vascular lesions [ 12 ,  18 ,  19 ]. Calcifi cations, when present, involve the intima [ 18 ,  19 ]. 
However, in CKD, the atherosclerotic lesions have a distinct morphology. They are 
frequently calcifi ed with a relatively increased media thickness, whereas in the  general 
population, they are fi broatheromatous with thickening of the intima [ 18 ,  19 ]. 

 Intimal calcifi cation is observed in older patients with a clinical history of 
 atherosclerotic complications and even before the initiation of dialysis therapy [ 20 ]. 
In contrast, medial calcifi cation occurs more frequently in young and middle-aged 
patients with CKD, and its severity increases with the degree of uremia-related 
 cardiovascular risk profi le [ 20 ,  21 ]. 

 In CKD, as in the general population, traditional cardiovascular risk factors have 
been postulated to initiate the atherosclerotic process [ 5 ,  11 ]. Among these factors, 

Chronic Kidney
Disease

Arteriosclerosis

Microvascular
Angiopathy

Atherosclerosis

Endothelial
Dysfunction

Angiogenesis

Capillary Rarefaction

Resistance Vessels
Remodeling

  Fig. 21.1    Spectrum of vascular disease in chronic kidney disease       

 

A.E. Berbari et al.



303

dyslipidemia appears to be a major determinant [ 22 – 24 ]. However the atherogenic 
dyslipidemia pattern, which is characterized by increased triglycerides, low high- 
density lipoprotein cholesterol (HDL-C), and normal or near-normal total serum 
cholesterol levels, plays a critical role in the pathogenesis of the atherosclerotic pro-
cess only in patients with mild renal functional impairment [ 25 ,  26 ]. In contrast, in 
patients with more severe renal functional impairment, the atherogenic dyslipidemia 
pattern becomes a weaker predictor of atherosclerosis and cardiovascular disease 
[ 25 ,  26 ]. In moderate to severe renal insuffi ciency, there appears to be no relationship 
between renal function and progression of the atherosclerotic process [ 27 ]. No dif-
ference in atheroma plaque volume and growth could be demonstrated in patients 
with GFR >60 ml/min/1.73 m 2  versus those with GFR <60 ml/min/1.73 m 2 . These 
observations suggest that in more severe renal functional impairment, pathobiologic 
processes other than or in addition to the known traditional factors may be involved 
in the initiation and progression of cardiovascular disease [ 26 – 28 ]. 

 Atherosclerotic lesions tend to be patchy in distribution along the length of the 
artery and more frequent in the CKD population and tend to be more occlusive 
[ 25 – 28 ]. Clinical presentations include ischemic heart disease (angina, myocardial 
infarction, and sudden cardiac death), cerebrovascular disorders, and heart failure 
[ 25 ,  26 ].  

21.3.2.2     Arteriosclerosis 
 Arteriosclerosis is a frequent vascular lesion in CKD/ESRD. It is defi ned as  hardening 
or stiffening of the arteries, particularly the elastic arteries (aorta/major branches and 
common carotid artery), and is characterized by increased luminal diameter, media 
thickness, and extracellular matrix, destruction of the elastic lamellae, and extensive 
medial calcifi cation [ 20 ,  21 ,  29 ,  30 ]. These structural modifi cations, often referred to 
as remodeling, reduce elasticity and compliance and increase stiffness of the elastic 
arteries, impairing the cushion function and capacity to smooth out the pulsatile fl ow 
associated with intermittent ventricular ejection [ 29 ,  30 ]. 

 Arterial aging impaired renal function and elevated BP levels are the major 
determinants of increased arterial stiffness [ 29 ]. 

 Factors that link arterial stiffness to renal function have not been completely 
elucidated. Disturbed mineral metabolism associated with renal functional impair-
ment has been postulated to account for remodeling process [ 20 ,  28 ]. In CKD/
ESRD, the mineral metabolism, characterized by hyperphosphatemia, increased 
calcium phosphorous product, hyperparathyroidism, and reduced 1,25 vitamin 
D(OH) 25, appears to induce medial calcifi cation and arterial stiffening [ 20 ,  28 , 
 31 – 33 ]. However the relationship between increased arterial stiffness and renal 
function is not limited to patients with substantially impaired renal function and 
ESRD. An inverse relationship between arterial stiffness and renal function has 
been reported in a group of never-treated individuals with mild renal insuffi ciency 
(serum creatinine ≥1.47 mg/dl) and normal or mildly elevated BP levels [ 34 ]. It has 
been postulated that in such individuals changes in serum phosphate levels, although 
still within the normal reference range, may trigger arterial calcifi cation and cause 
increased arterial stiffness [ 34 ]. 
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 Ejection of left ventricular stroke volume into stiff elastic arteries results in an 
increase in amplitude of the systolic and a decrease in diastolic blood pressures, 
enhanced pulse wave velocity and early return of the refl ected pulse wave into late 
systole, and a wide pulse pressure [ 35 ,  36 ]. Clinically, these alterations in arterial 
function are associated with isolated systolic hypertension, left ventricular hypertro-
phy, coronary hypoperfusion, and damage to highly perfused target organs such as 
the brain and the kidneys. These patients are prone to develop coronary events, heart 
failure, impaired cognitive function and dementia, and renal dysfunction [ 35 ,  36 ].  

21.3.2.3     Vascular Diseases in ESRD/Uremia 
 Patients on renal replacement therapy often exhibit both atherosclerosis and arterio-
sclerosis. Both lesions are more severe and more widespread. A signifi cantly higher 
prevalence of calcifi ed plaques has been reported in the common carotid artery [ 23 , 
 24 ,  28 ,  29 ,  37 ]. 

 The arteriosclerotic changes which involve the large central elastic arteries are 
characterized by luminal dilatation, increased intima-media thickness, and signifi -
cant increase in arterial stiffness. In uremic patients, the altered arterial stiffness 
appears to be more apparent in younger than in older individuals, since aging may 
mask the uremia-related elevation in the wall properties of the vessel [ 7 ,  28 ,  29 ]. 

 The high incidence of cardiovascular events in dialyzed and uremic patients has 
been attributed to the severe macrovascular disease in this population [ 37 ,  38 ].  

21.3.2.4     Calcific Uremic Arteriolopathy/Calciphylaxis 
 Calcifi c uremic arteriolopathy (CUA), also known as calciphylaxis, is a rare life- 
threatening microvascular calcifi c disorder which affects predominantly adult 
patients with ESRD and uremia or with CKD [ 39 ,  40 ]. It is characterized both by 
specifi c histopathologic fi ndings and clinical presentation. Histopathologic fi ndings 
include media calcifi cation of the small- and medium-sized vessels, extravascular 
calcifi cation, intimal proliferation, microthrombus formation, epidermal ulceration, 
and subdermal and dermal necrosis [ 39 ]. The obliterative vasculopathy also involves 
both venules and capillaries [ 39 ]. The clinical manifestations are characterized by 
painful, violaceous, mottled skin lesions which may progress to tissue necrosis, 
nonhealing ulcers, and gangrene, possibly leading to amputation, sepsis, and/or 
death [ 39 ]. Multiple risk factors, such as female gender, diabetes, obesity, warfarin 
use, hyperphosphatemia, hyperparathyroidism, use of calcium-containing phos-
phate binders, and severe CKD, have been postulated to act as pathophysiologic 
factors [ 39 – 41 ]. The prognosis of CUA is poor, being determined by the underlying 
cardiovascular disease [ 39 ,  40 ].  

21.3.2.5    Uremic Cardiomyopathy 
 Cardiovascular disease (CVD), the leading cause of mortality in patients with end- 
stage renal disease (ESRD), accounts for over 40 % of all deaths [ 42 ]. Of all of these 
various complications, heart failure, often referred to as uremic cardiomyopathy, 
appears to be the most frequent [ 43 – 46 ]. 

 The pathophysiologic mechanism of uremic cardiomyopathy has not been com-
pletely elucidated. In contrast to the general population, the contribution of 
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atherosclerotic coronary artery disease is less important in CKD [ 43 – 46 ]. In an 
autopsy study of 94 uremic patients dying from heart failure, presence of coronary 
heart disease was absent to minimal in 40 % [ 42 ]. 

 Hemodynamic, structural, and uremia-related humoral and metabolic factors 
have been postulated to account for uremic cardiomyopathy. With worsening 
renal function and onset of heart failure, uremic patients often exhibit hyperten-
sion, anemia, and overactive circulation associated with the creation of an arte-
riovenous fi stula in those on hemodialysis treatment, increased arterial stiffening, 
left ventricular hypertrophy, and dilatation resulting from pressure and volume 
overload [ 45 ,  46 ]. Structural changes in autopsied uremic hearts include intracar-
diac coronary artery thickening, decreased myocardial capillary density, 
increased myocardial fi brosis, and inhibition of apoptosis in hearts of experimen-
tal uremic animals [ 42 – 46 ]. Clinically these patients present heart failure resis-
tant to therapy, evidence of myocardial ischemia and arrhythmias, and sudden 
cardiac death [ 45 ].   

21.3.3     Microvascular Diseases 

21.3.3.1    Impairment of Endothelial Function 
 Endothelial dysfunction, a major determinant of cardiovascular disease, is fre-
quently reported in CKD/ESRD [ 47 ]. 

 Endothelial function is assessed by dilatation of the brachial artery in response to 
hyperemia or administration of sublingual glyceryl trinitrate (nitroglycerine) [ 48 ]. 
Maximal brachial artery dilatation to hyperemia assesses endothelium-dependent 
vasodilatation while the response to nitroglycerine evaluates the endothelium- 
independent vascular function [ 48 ]. 

 In CKD, the endothelium-dependent vasodilatation is defective, while the 
endothelium   - independent vascular function remains intact [ 48 ]. 

 In CKD, impairment of endothelial function has been reported even in mild 
decrease in renal function and becomes progressively severe with further deteriora-
tion in renal function [ 48 ]. 

 Several factors have been implicated in the pathophysiology of endothelial func-
tion in CKD [ 47 – 50 ]: (1) impaired nitric oxide release or bioavailability due to 
accumulation and elevation of asymmetric dimethylarginine (ADMA) levels, (2) 
oxidative stress associated with accumulation of oxidative stress markers, (3) acti-
vation of renin-angiotensin system which induces oxidative stress, (4) chronic 
infl ammation, (5) homocysteinemia, (6) hyperuricemia, (7) dyslipidemia, and (8) 
defi ciency of endothelial progenitor cells.  

21.3.3.2     Remodeling of the Resistance Arteries and Capillary 
Rarefaction 

 Changes in the structural properties of the microcirculation have been docu-
mented in CKD and ESRD. These structural modifications are characterized 
by remodeling of the resistance arteries and arterioles and capillary 
rarefaction. 
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   Remodeling of the Small Arteries/Arterioles 
 Remodeling of the small arteries and arterioles is characterized by increased wall 
thickness, luminal narrowing, and increased wall/lumen ratio [ 51 ]. These structural 
features may be associated with a reduced wall cross-sectional area in eutrophic 
remodeling and increased wall cross-sectional area in hypertrophic remodeling [ 51 ]. 

 Although both types of these structural alterations are often associated with 
hypertension, they have been reported also in CKD/ESRD [ 51 ]. In a model of 
uremic hypertension in rats, systemic resistance arteries (cremasteric and mesen-
teric) exhibited inward eutrophic remodeling while the cerebral arteries were 
spared [ 51 ]. Similar observations were made in normotensive rats with renal 
 failure [ 52 ]. In these animals, intramyocardial arterioles were thickened although 
their BP was not elevated [ 52 ]. These observations suggest that renal functional 
impairment may provoke remodeling of resistance arteries even in the absence of 
hypertension [ 51 – 54 ].  

   Capillary Rarefaction 
 Capillary rarefaction defi ned as a reduction in the number or length of capillaries or 
both appears to be a histopathologic feature of advanced renal functional impair-
ment [ 54 – 56 ]. In experimental animals, in addition to the intramyocardial arteriolar 
wall thickening, capillary rarefaction has been reported in experimental uremic ani-
mals [ 55 ]. These changes were independent of BP levels [ 55 ]. 

 Similar histopathologic fi ndings involving the microcirculation have been 
reported in patients with uremic cardiomyopathy [ 43 ]. 

 The altered morphologic features of renal functional impairment and uremia 
have been attributed to uremia-related factors or to cross talk between the macrocir-
culation and microcirculation [ 37 ,  38 ].     

21.4     Chronic Kidney Disease in Pediatric and Young Adults 

21.4.1     Epidemiology 

 As in adults, the life expectancy of pediatric, adolescent, and young adult patients 
with CKD is signifi cantly shortened [ 8 ,  58 ,  59 ]. Several studies have indicated that 
in the United States, children on dialysis live 40–60 years less than their nonrenal 
counterparts [ 8 ,  58 ,  59 ]. Similarly, the mortality of young adults (aged 25–34 years) 
on dialysis is 700-fold higher than in age-related subjects in the general population 
[ 8 ,  58 – 60 ]. Analysis of data from Australia and New Zealand Dialysis and Transplant 
Registry has also demonstrated that in all children and adolescents who were 
20 years of age or younger at the initiation of renal replacement therapy, mortality 
rates were 30 times higher than in age-matched individuals in the general popula-
tion [ 8 ,  58 – 60 ]. 

 The United States Renal Data System (USRDS) Annual Data Report revealed a 
persistently elevated mortality rate from cardiovascular causes in children on 
chronic dialysis [ 55 ]. Cardiac death is the second most common cause of death 
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among pediatric patients with ESRD, accounting for 25 % of those deaths [ 58 ]. 
Cardiac death rates varied in an inconsistent pattern in the various age groups 
although the youngest age groups (<5 years) had the highest rate, accounting for 
about 10 % [ 8 ,  59 ,  60 ]. In all age groups, cardiac arrest was the most common cause 
of death followed by arrhythmias, cardiomyopathy, other cardiac disorders, and 
myocardial infarction [ 8 ,  59 ,  60 ].  

21.4.2     Spectrum of Cardiovascular Disease 

 Cardiovascular disease is an important determinant of premature death in the pedi-
atric CKD population [ 8 ,  59 ,  60 ]. It is due to three separate, although interrelated, 
disease processes: (a) atherosclerosis, (b) arteriosclerosis, and (c) myocardial 
 disease [ 8 ,  60 ]. However, myocardial consequences of atherosclerosis barely exist 
in children [ 61 ]. 

21.4.2.1    Arteriosclerosis and Atherosclerosis 
 Both atherosclerosis and arteriosclerosis characterize the arterial damage in CKD in 
pediatric and young adult populations [ 8 ,  60 – 63 ]. In both lesions, vascular wall 
calcifi cation is a major feature involving the tunica intima in atherosclerosis and 
tunica media in arteriosclerosis [ 60 ,  65 ]. 

 Calcifi c arteriopathy is an active process and is regulated by mineral, metabolic, 
mechanical, infectious, and infl ammatory infl uences [ 39 ]. An altered mineral 
metabolism, characterized by high serum phosphorous levels, elevated calcium 
phosphate product, and an imbalance between promoters and inhibitors of serum 
calcium phosphate complex uptake and precipitation in the vascular wall, has been 
identifi ed as a major determinant of vascular calcifi cation [ 60 ,  63 ]. 

 Healthy children have phosphorous and calcium above the reference values and 
have a calcium/phosphate product above the recommended value (>55 mg 2 /dl 2 ) [ 60 , 
 63 ]. However, crystallization is prevented by inhibitors [ 60 ]. Several studies have 
demonstrated that in CKD and ESRD, the concentration of circulatory inhibitors 
such as fetuin-A and osteoprotegerin is reduced [ 64 ]. The reduced concentration of 
fetuin-A, a highly potent inhibitor of calcium phosphate complex formation, may 
favor arterial calcifi cation [ 64 ,  65 ]. 

 Atherosclerosis and arteriosclerosis represent two arterial lesions exhibiting dif-
ferent histopathologic cardiovascular risk factors, clinical manifestation profi le, and 
age of onset of CKD. 

 Atherosclerotic lesions are characteristically intimal and patchy, associated 
with formation of occlusive plaques, dependent on the presence of traditional risk 
factors [ 58 ,  60 ]. Patients often present signs of decreased perfusion of target 
organs [ 62 ]. On the other hand, arteriosclerosis is a diffuse process, involving 
both intima and media of the vessel wall, resulting from a disturbed mineral 
metabolism [ 60 ]. Clinical manifestations are related to stiffening of the wall of 
elastic arteries [ 62 ,  64 ]. In pediatric CKD, arteriosclerosis can occur in the absence 
of atherosclerosis [ 66 ]. 
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 In pediatric CKD patients, younger than 20 years of age, arteriosclerosis appears 
to be the initial arteriopathy which develops during the course of progressive decline 
in renal function [ 60 ]. Evidence of atherosclerosis lesions are often absent as these 
children have no traditional cardiovascular risk factors [ 60 ,  66 ]. 

 However, with increasing age and appearance of traditional risk factors, young 
adult patients with childhood CKD exhibit evidence of atherosclerotic lesions in 
coronary and carotid arteries and occlusive cardiovascular events [ 66 ,  67 ]. 

 These observations suggest that in pediatric CKD, cardiovascular pathology is 
bimodal. In patients younger than 20 years of age, both the uremia-related risk fac-
tors and absence of traditional risk factors promote the development of arterioscle-
rosis and stiffening of the central elastic arteries. With increasing age in young adult 
patients with childhood CKD, the traditional cardiovascular risk factors become 
prominent [ 60 ,  61 ,  63 ]. Presence of both types of risk factors favors the develop-
ment of the two types of arterial lesions and their associated clinical manifestation 
[ 60 ,  61 ,  63 ,  66 ,  67 ].  

21.4.2.2    Cardiomyopathy 
 With advancing renal failure and ESRD, the uremia-related factors become promi-
nent, leading to dilated especially hypertrophic cardiomyopathy. Macroscopic and 
microscopic structural abnormalities include fi brosis and cellular hypertrophy 
which predispose to electrical instability and arrhythmia which is the leading cause 
of death in CKD pediatric patients [ 8 ,  63 ]. In addition, the severe left ventricular 
hypertrophy which frequently occurs in children on prolonged dialysis may predis-
pose to coronary microvascular disease, favoring treatment-resistant congestive 
heart failure [ 68 ]. 

 Cardiomyopathy is a terminal myocardial disorder in CKD pediatric patients and 
carries an ominous prognosis [ 68 ].  

21.4.2.3    Endothelial Dysfunction 
 Endothelial dysfunction as determined by impaired fl ow-mediated dilatation is fre-
quently present in children with advanced renal failure [ 63 ,  69 ]. As in adult CKD, 
several factors have been postulated to account for impaired endothelial function in 
pediatric and young adult CKD [ 70 ]. 

 Although well established in severe CKD/ESRD, it is unclear whether impair-
ment of endothelial function occurs in early stages of pediatric CKD.    

21.5     Renovascular Continuum 

 Children, adolescents, and adults are prone to develop CKD with its adverse cardio-
vascular outcome [ 57 ,  58 ]. However the natural history of the vasculopathy is dif-
ferent in these various age groups. In pediatric CKD/ESRD, the pathophysiologic 
mechanisms of the vascular disease is related to both the presence of uremia-related 
and absence of traditional risk factors leading to the development of arteriosclerosis 
and cardiomyopathy [ 63 ] (Fig.  21.2 ). With increasing age and appearance of 
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traditional risk factors in young adults, atherosclerosis becomes a prominent feature 
of the vasculopathy [ 61 ]. In the elderly CKD patients, age-related disease of the 
elastic arteries plays an increasing role in the development and progression of car-
diovascular disease [ 11 ,  12 ] (Fig.  21.2 ).

       Conclusion 
 Chronic kidney disease is characterized by the presence and interplay of tradi-
tional and uremia-related risk factors, a wide spectrum of vascular pathologies, 
and a markedly elevated cardiovascular morbidity and mortality. The initial vas-
cular lesion appears to be age related, with children and adolescents exhibiting 
arteriosclerosis and cardiomyopathy, while in their older counterparts, both 
 atherosclerosis and arteriosclerosis become more dominant.     
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  22      Pulmonary Arterial Hypertension 
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22.1            Introduction 

 Pulmonary    arterial hypertension (PAH) is a debilitating disease characterized by 
progressive adverse remodeling of the resistance pulmonary arteries, ultimately 
leading to right ventricular (RV) failure and death [ 1 ]. It is defi ned by increases in 
pulmonary arterial pressures (PAP), pulmonary vascular resistance (PVR), and ulti-
mately, right ventricular failure. The fi eld of PAH has made remarkable progress in 
the last two decades with understanding in the pathogenesis and improvements in 
therapeutic and prognostic tools. In this chapter, we will review the defi nition, 
pathogenesis, epidemiology, clinical presentation, management, and prognostica-
tion of PAH in the current era.  

22.2     Definition and Classification 

 Pulmonary hypertension (PH) is defi ned as mean PAP ≥25 mmHg at rest. The most 
recent World Health Organization (WHO) classifi cation has categorized PH into 
fi ve different groups based on the underlying mechanism (Table  22.1 ). WHO group 

mailto:dupre007@umn.edu


314

   Table 22.1    Updated 2013 clinical classifi cation of pulmonary hypertension   

 1. Pulmonary arterial hypertension (PAH) 

   1. Idiopathic PAH 

   2. Heritable PAH 

   1.2.1 BMPR2 

   1.2.2 ALK-1, ENG, SMAD9, CAV1, KCNK3 

   1.2.3 Unknown 

   1.3 Drug and toxin induced 

   1.4 Associated with 

   1.4.1 Connective tissue disease 

   1.4.2 HIV infection 

   1.4.3 Portal hypertension 

   1.4.4 Congenital heart diseases 

   1.4.5 Schistosomiasis 

   1′ Pulmonary venoocclusive disease and/or pulmonary capillary hemangiomatosis 

   1  Persistent pulmonary hypertension of the newborn (PPHN) 

 2. Pulmonary hypertension due to left heart disease 

   1. Left ventricular systolic dysfunction 

   2. Left ventricular diastolic dysfunction 

   3. Valvular disease 

   4. Congenital/acquired left heart infl ow/outfl ow tract obstruction and congenital 
cardiomyopathies 

 3. Pulmonary hypertension due to lung diseases and/or hypoxia 

   1. Chronic obstructive pulmonary disease 

   2. Interstitial lung disease 

   3. Other pulmonary diseases with mixed restrictive and obstructive pattern 

   4. Sleep-disordered breathing 

   5. Alveolar hypoventilation disorders 

   6. Chronic exposure to high altitude 

   7. Developmental lung diseases 

 4. Chronic thromboembolic pulmonary hypertension (CTEPH) 

 5. Pulmonary hypertension with unclear multifactorial mechanisms 

   1. Hematologic disorders: chronic hemolytic anemia, myeloproliferative disorders, splenectomy 

   2. Systemic disorders: sarcoidosis, pulmonary histiocytosis, lymphangioleiomyomatosis 

   3. Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders 

   4. Others: tumoral obstruction, fi brosing mediastinitis, chronic renal failure, segmental PH 

  Adapted with permission from Simonneau et al. [ 72 ] 
  BMPR  bone morphogenetic protein receptor,  ALK  activin receptor-like kinase,  ENG  endoglin, 
 Smad  mothers against decapentaplegic,  CAV  caveolin,  KCNK3  potassium channel superfamily K 
member-3,  HIV  human immunodefi ciency virus, and  CTEPH  chronic thromboembolic pulmonary 
hypertension  

I PH or PAH is defi ned as mean PAP ≥25 mmHg, pulmonary capillary wedge pres-
sure (PCWP) <15 mmHg, and PVR ≥3 Wood units. PAH includes a group of disor-
ders that share similar pulmonary vascular pathophysiological mechanisms and 
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clinical characteristics. PAH can be idiopathic, hereditable, or associated with other 
conditions such as connective tissue disease, congenital heart disease, portal hyper-
tension, HIV infection, anorexigen exposure, or schistosomiasis.

22.3        Pathology 

22.3.1     The Pulmonary Vasculature 

 PAH predominantly affects the small resistance pulmonary arteries, character-
ized by intimal hyperplasia, medial hypertrophy, adventitial proliferation, in 
situ thrombosis, and infl ammation (Fig.  22.1 ) [ 2 ]. Plexiform arteriopathy, which 
refers to capillary-like, angioproliferative vascular channels within the lumina 
of small muscular arteries, is the pathognomonic histopathological lesion of 

a

Plexiform lesion Pulmonary artery
+ intimal fibrosis

Pulmonary artery
+ medial hypertrophy

c

b

Pulmonary artery
(normal)

  Fig. 22.1    Histopathological changes of the pulmonary vasculature in pulmonary arterial hyper-
tension. ( a ) A small branch of pulmonary artery with severe medial hypertrophy and mild intimal 
fi brosis causing severe luminal obstruction (hematoxylin-eosin stain, original magnifi cation ×20). 
( b ) A characteristic plexiform lesion surrounded by dilated, thin-walled vessels (hematoxylin-
eosin stain, original magnifi cation ×4). ( c ) Immunofl uorescent staining for proliferating cell 
nuclear antigen ( PNCA ) ( red ) indicative of ongoing vascular proliferation. The bright staining 
( green ) is smooth muscle actin. The staining of the pulmonary vasculature from another patient 
who died without pulmonary vascular disease is shown for comparison as a normal control. 
Staining for PNCA is absent in the normal control.  PAH  pulmonary arterial hypertension 
(Reproduced with permission from the American College of Chest Physicians [ 2 ])       
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PAH [ 2 ]. Plexiform lesions often appear at branch points, frequently have fi brin 
thrombi within the lumen, and have varying channel diameter, giving them a 
disordered appearance.   

22.3.2     The Right Ventricle (RV) 

 The chronic elevation in RV afterload due to increased PVR induces right ventricu-
lar hypertrophy (RVH), which can be either adaptive or maladaptive (Fig.  22.2 ). 
Adaptive RVH, characterized by concentric hypertrophy with minimal eccentric 
dilatation and fi brosis, maintains normal ejection fraction, cardiac output, and fi ll-
ing pressures [ 2 ]. However, in contrast, maladaptive RVH illustrates eccentric dila-
tation, increased fi brosis, and capillary rarefaction with reduction in ejection fraction 
and cardiac output and elevation in fi lling pressures [ 2 ,  3 ]. At a metabolic level, 
maladaptive RVH is characterized by increased aerobic glycolysis and glutaminoly-
sis [ 4 ]. In addition, maladaptive RVH is associated with increased sympathetic acti-
vation and downregulation of α, β, and dopaminergic receptors in the RV myocytes 
[ 5 ]. Some patients, especially those with congenital heart disease associated PAH, 
remain stable with adaptive RVH for a prolonged period. However, in contrast, cer-
tain PAH patients, specifi cally those with scleroderma-associated PAH, develop 
maladaptive RVH relatively early, leading to RV failure and death [ 6 ]. The mecha-
nisms that switch the adaptive, compensatory hypertrophy of the RV to maladaptive 

Adaptive RVH Maladaptive RVH

a b

  Fig. 22.2    Adaptive vs. maladaptive right ventricular hypertrophy in pulmonary arterial hyperten-
sion. ( a ) Adaptive right ventricular hypertrophy ( RVH ) characterized by concentric hypertrophy and 
minimal dilatation. ( b ) Maladaptive right ventricular hypertrophy characterized by eccentric dilata-
tion.  RV  right ventricle,  RVH  right ventricular hypertrophy (Reproduced with permission from the 
American College of Chest Physicians [ 2 ])       
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RV dilatation and ultimately RV failure are unclear and are under investigation [ 5 ,  7 ]. 
Long-term outcomes in PAH are largely determined by the response of the RV to the 
increased afterload [ 8 ].    

22.4     Pathogenesis 

 The pathogenesis of PAH likely involves multiple pathways rather than a single 
mechanism [ 1 ]. First, there is endothelial dysfunction characterized by an imbal-
ance of vasoactive and vasodilator substances in the small pulmonary arteries. There 
is increased production of thromboxane and decreased synthesis of prostacyclin. 
Thromboxane is a potent vasoconstrictor and activates proliferation of platelets, 
whereas prostacyclin is a potent vasodilator, inhibits smooth muscle proliferation, 
and has antiplatelet properties [ 1 ]. In addition, there is an increased level of endo-
thelin, which is a strong vasoconstrictor and stimulates pulmonary artery smooth 
muscle proliferation [ 1 ]. Furthermore, there is a decreased level of nitric oxide, 
which is a potent vasodilator, inhibits smooth muscle proliferation, and inhibits 
platelet activation. Other vasoactive substances that have been implicated in the 
pathogenesis of PAH include serotonin and vasoactive intestinal polypeptide. 

 Second, there are several changes in the pulmonary artery smooth muscle cells 
that favor increased proliferation and decreased apoptosis including inappropriate 
activation of transcription factors hypoxia-inducible factor (HIF)-1 alpha and 
nuclear factor of activated T cells (NFAT), decreased expression of voltage-gated 
potassium channels (e.g., Kv1.5 and Kv2.1), de novo expression of the antiapop-
totic protein survivin, and increased expression of transient receptor potential chan-
nels (TRPC) leading to calcium overload. Third, there increased activation of 
adventitial metalloproteinases, leading to adventitial remodeling. Finally, there are 
infl ammatory infi ltrates and activation of proinfl ammatory cytokines, suggesting 
that infl ammation may play a role in the pathogenesis of PAH [ 9 ]. 

 PAH can also be inherited. Approximately, 10 % of patients have hereditable 
PAH. Mutations in three genes involved in the transforming growth factor beta 
(TGF-ß) pathway, bone morphogenetic protein receptor (BMPR2), activin-like 
kinase, and endoglin have been identifi ed in patients with hereditable PAH [ 10 ]. 
BMPR2 regulates vascular smooth muscle cell growth by activating the intracellular 
pathways of SMAD and LIM kinase. Loss of function mutation of the BMPR2 gene 
leads to decreased activation of SMAD, ultimately leading to increased prolifera-
tion of pulmonary artery smooth muscle cells. Recently, mutations in caveolin-1 
and KCNK3 genes have also been identifi ed in patients with hereditable PAH with-
out mutations in genes encoding BMPR2 or other TGF-ß superfamily members 
[ 10 ]. Caveolin-1 is a membrane protein that forms caveolae, which are fl ask-shaped 
invaginations of the plasma membrane. Caveolae regulates membrane traffi cking, 
cell signaling, cholesterol homeostasis, and mechanotransduction [ 10 ]. KCNK3 
gene encodes a two-pore potassium channel expressed in pulmonary artery smooth 
muscle cells. This potassium channel modulates resting membrane potential, pul-
monary vascular tone, and hypoxic pulmonary vasoconstriction [ 10 ].  
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22.5     Epidemiology 

 The landmark NIH registry initiated in 1981 collected data prospectively from 32 
centers in the United States between 1981 and 1985 [ 11 ]. One hundred eighty seven 
patients with idiopathic PAH, hereditable PAH, or anorexigen-associated PAH were 
included in this registry. The mean age at the time of presentation was 36 ± 15 years, 
and female to male ratio was 1.7:1. The predominant race was white (85.4 %) fol-
lowed by African Americans (12.3 %) and Hispanics (2.3 %). The mean time inter-
val between onset of symptoms and diagnosis was 2 years. 

 Since there has been a considerable change in the understanding of the patho-
genesis and classifi cation of PAH in the last three decades, several contemporary 
PAH registries were developed to advance our knowledge on PAH epidemiology. 
Data from these contemporary PAH registries suggest that the epidemiology of 
PAH has changed signifi cantly in the current era [ 12 ]. PAH continues to remain as 
an orphan disease. The incidence and prevalence of PAH vary between 2–7.6 cases 
per million population and 10.6–26 cases per million population, respectively. In 
the contemporary PAH registries, nearly half of the patients had idiopathic or 
hereditable PAH, and the rest had associated PAH. The most common etiology of 
associated PAH is connective tissue disease followed by congenital heart disease 
[ 13 – 15 ]. Scleroderma is the most common connective tissue disease associated 
with PAH. The mean age of the patients with idiopathic or hereditable PAH enrolled 
in the contemporary registries is signifi cantly higher when compared to the NIH 
registry (45–65 years vs. 36 years). The female to male ratio continues to remain 
high in the contemporary PAH registries, especially in the US-based registries [ 12 , 
 16 ]. In the REVEAL registry, 72.8 % were Caucasians, 12.2 % were African 
Americans, 8.9 % were Hispanics, 3.3 % were Asians or Pacifi c Islanders, and 2.8 
were others or unknown [ 15 ]. 

 Unfortunately, despite increasing awareness of PAH, there is still a signifi cant 
delay between the onset of symptoms and the diagnosis of PAH. The mean interval 
between onset of symptoms and diagnosis of PAH in the contemporary registries 
ranged from 18 to 32 months (vs. 2 years in the NIH registry) [ 17 ,  18 ]. In the 
REVEAL registry, 20 % of patients had symptoms >2 years before diagnosis [ 18 ]. 
Unlike the NIH registry, patients in the contemporary registries have several comor-
bidities that include systemic hypertension, diabetes, coronary artery disease, and 
the metabolic syndrome.  

22.6     Clinical Manifestations 

 Dyspnea at rest or with exertion is the most common presenting symptom of 
PAH. Other symptoms include fatigue, chest pain or pressure with exertion, light-
headedness, dizziness, syncope, and fl uid retention. Typical physical exam fi ndings 
of PAH include elevated jugular venous distension with a prominent “A” wave; a 
palpable right ventricular heave; a loud pulmonic component of the second heart 
sound; a right-sided S4; a holosystolic murmur secondary to tricuspid regurgitation 
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and an early diastolic murmur, due to pulmonary regurgitation; and a right-sided S4. 
The presence of a prominent “V” wave in the jugular vein distension, a right-sided 
S3 gallop rhythm, hepatomegaly, ascites, and lower extremity edema may suggest 
underlying right heart failure.  

22.7     Diagnostic Evaluation 

 The classic chest x-ray fi ndings of PAH are prominent central pulmonary artery, 
decreased peripheral pulmonary vascular markings (vascular pruning), and reduced 
retrosternal space on a lateral projection suggestive of RVH [ 9 ]. The typical EKG 
fi ndings of PAH include right atrial enlargement, RVH with strain pattern, right axis 
deviation of the QRS complex, and QT interval prolongation. Both chest x-ray and 
EKG fi ndings are neither sensitive nor specifi c for the diagnosis of PAH [ 9 ]. 

 Transthoracic echocardiogram is the initial screening test of choice in patients 
suspected of having PAH based on history, physical examination, chest x-ray, and 
electrocardiogram or in patients with substrates, which increase the chances of pul-
monary vascular disease (connective tissue disease, portal hypertension, HIV infec-
tion, etc.) [ 9 ]. A Doppler-estimated systolic PAP >40 mmHg, the presence of right 
atrial enlargement, RV enlargement, and fl attened interventricular septum 
(D-shaped) should prompt further evaluation for PAH. Echocardiogram also helps 
to exclude other common cardiovascular causes of unexplained dyspnea including 
left ventricular systolic and diastolic dysfunction and valvular heart disease, which 
are commonly associated with PAH (WHO group 2 PAH). In patients suspected to 
have underlying congenital heart disease, a bubble study should be performed to 
identify intracardiac shunt. Transthoracic echocardiogram is a useful screening test; 
however, Doppler estimates of PAP can be inaccurate and should not be relied upon 
solely to make a defi nitive diagnosis of PAH. Doppler-based methods have been 
shown to either overestimate or underestimate systolic PAP by 10 mmHg in nearly 
half of the patients [ 19 ,  20 ]. 

 Echocardiographic fi ndings suggestive of PAH should prompt further thorough 
systematic evaluation to exclude other WHO categories of PH and to identify the 
presence of associated causes of PAH including congenital heart disease, connective 
tissue disease, portal hypertension, HIV infection, and exposure to anorexigen use. 
Idiopathic PAH should be a diagnosis of exclusion. 

 Pulmonary function test should be performed to exclude obstructive and restric-
tive lung disease, which are commonly associated with PH (WHO group 3). 
Although not sensitive or specifi c, a very low diffusion capacity for carbon monox-
ide would suggest PAH [ 21 ]. Overnight, polysomnography is recommended to 
exclude sleep-disordered breathing, which can lead to PH [ 22 ]. V/Q scan is the 
diagnostic test of choice for excluding chronic pulmonary thromboembolic disease 
(WHO group 4) [ 23 ]. A low or intermediate probability scan excludes chronic 
thromboembolic disease, whereas a high probability scan should prompt invasive 
pulmonary angiogram or CT angiogram of the chest for confi rmatory diagnosis. It 
is important to exclude chronic thromboembolic PH since it can be potentially cured 
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by surgical pulmonary thromboendarterectomy in suitable candidates. Although 
chest CT angiogram is highly sensitive and specifi c for diagnosis proximal pulmo-
nary embolism, it is less sensitive for excluding distal chronic thromboembolic dis-
ease compared to V/Q scan. Evaluation should also include testing to exclude 
common conditions associated with PAH. Patients should be tested for human 
immunodefi ciency virus (HIV) infection, antinuclear antibody to exclude connec-
tive tissue disease, and liver function tests to rule out portal hypertension. 

 Right heart catheterization is the gold standard test for diagnosing PAH [ 9 ]. It 
helps to confi rm the diagnosis, to assess the severity, and to test for acute vasodilator 
response. PAH is defi ned as mean PAP greater than 25 mmHg at rest with a PCWP 
≤15 mmHg and a PVR >3 Wood units. Accurate measurement of PCWP is crucial 
for the distinction of PAH (WHO group 1) from PH due to left heart disease (WHO 
group 2). A PCWP ≤15 mmHg excludes left heart disease. Left ventricular end- 
diastolic pressure should be measured if the accuracy of wedge pressure measure-
ment is questionable [ 24 ]. Cardiac output measured by thermodilution method 
correlates well with the Fick method even in the presence of severe tricuspid regur-
gitation and low cardiac output in patients with PAH [ 25 ]. Acute vasodilator chal-
lenge with inhaled nitric oxide, inhaled epoprostenol, or intravenous adenosine 
should be performed after confi rming the diagnosis of PAH, especially in patients 
with idiopathic PAH. A positive vasodilator response is defi ned as a fall in the mean 
PAP by 10 mmHg with an absolute value less than 40 mmHg and no change or 
increase in cardiac output. 

 Cardiac magnetic resonance imaging (CMRI) is the gold standard imaging 
modality for accurate and reproducible measurement of RV volumes, mass, and 
other markers of RV function. Patients with PAH typically have late gadolinium 
enhancement in the interventricular septum at the RV free-wall insertion sites, 
which has been associated with PAH severity and has been shown to be a univariate 
predictor of mortality [ 26 ].  

22.8     Treatment 

 Management of patients with PAH includes general supportive measures and PAH- 
specifi c vasodilator therapy. The goals of therapy are to decrease symptoms, improve 
hemodynamics, reduce hospitalizations, and ultimately prolong survival. 

22.8.1     General Supportive Measures 

 The general supportive treatment measures for PAH include supplemental nasal 
oxygen, diuretics as needed for right heart failure, and long-term anticoagulation 
with warfarin. A systematic review and meta-analysis based on two prospective and 
seven retrospective studies regarding warfarin in PAH suggest a survival benefi t 
[ 27 ]. Long-term anticoagulation is recommended mainly for patients with PAH, 
especially idiopathic PAH [ 9 ]. The target INR is 1.5–2.5. There is limited data to 
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support the role of digoxin for right ventricular failure from PAH. It is used in the 
presence of atrial arrhythmias.  

22.8.2     Calcium Channel Blockers 

 Calcium channel blockers are indicated in patients with idiopathic PAH who have a 
positive response during acute vasodilator testing at the time of diagnostic right 
heart catheterization. Compared to nonresponders, in prospective nonrandomized 
studies, patients with a positive vasodilator response had a sustained and signifi cant 
reduction in mean PAP on long-term oral calcium channel blocker therapy and a 
better prognosis [ 28 ,  29 ]. Only 5–10 % of patients with idiopathic PAH have a posi-
tive vasodilator response [ 13 ]. Patients treated with calcium channel blockers should 
be closely monitored for adequate response. The prevalence of responders in 
patients with associated PAH is very uncommon.  

22.8.3     PAH-Specific Vasodilator Therapies 

 Four classes of pulmonary vasodilator therapy have been approved for the treatment 
of PAH: phosphodiesterase-5A-inhibitors, endothelin receptor antagonists, soluble 
guanylyl cyclase stimulators, and prostanoids. These approved drugs act primarily 
on the three primary pathways implicated in the pathogenesis of PAH: the pros-
tanoid pathway, the endothelin pathway, and the nitric oxide pathway. 

22.8.3.1     Phosphodiesterase-5A-inhibitors (PDE5A-Inhibitors) 
 PDE5A-inhibitors increase cyclic guanine monophosphate (cGMP), by inhibiting its 
hydrolysis by the enzyme PDE-5, which has vasodilators, antiproliferative, and pro-
apoptotic effects. Currently, there are two oral PDE5A inhibitors, sildenafi l and 
tadalafi l approved for the treatment of PAH in patients with WHO functional class II 
or III symptoms. Sildenafi l was approved based on the SUPER-1 trial that randomized 
sildenafi l 20, 40, and 80 mg three times daily vs. placebo for 12 weeks in 278 patients 
with PAH [ 30 ]. Sildenafi l increased 6-min walk distance, improved functional class, 
reduced mean PAP, increased cardiac output, and decreased PVR. A long-term exten-
sion study reported sustained improvement in 6-min walk distance at 1 year in 229 
PAH patients treated with sildenafi l 80 mg three times daily [ 30 ]. Tadalafi l was 
approved based on the PHIRST trial that randomized 409 patients with PAH to pla-
cebo vs. 2.5, 10, 20, and 40 mg once daily [ 31 ]. In this trial, tadalafi l increased 6-min 
walk distance, improved time to clinical worsening, incidence of clinical worsening, 
and health-related quality of life. PHIRST 2, an uncontrolled 52-week extension 
study, showed sustained improvement in 6-min walk distance with tadalafi l [ 32 ].  

22.8.3.2     Endothelin Receptor Antagonists (ERA) 
 Bosentan, ambrisentan, and macitentan are the three ERAs that are currently approved 
as a fi rst-line therapy for PAH. Bosentan is a dual endothelin receptor antagonist that 
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blocks both the endothelin A and B receptors. BREATH 2 randomized 213 patients 
with PAH either to receive placebo or bosentan 62.5 mg twice daily for 4 weeks fol-
lowed by 125 mg twice daily or 250 mg twice daily for a minimum of 12 weeks. 
Bosentan increased 6-min walk distance, improved functional class, and increased 
time to clinical worsening [ 33 ]. Ambrisentan is a specifi c endothelin A receptor antag-
onists approved for PAH patients with WHO functional class II or III symptoms based 
on the ARIES 1 and ARIES 2 clinical trials [ 34 ]. ARIES 1 randomized 202 patients 
with PAH to placebo vs. 5 or 10 mg once daily dose of ambrisentan. ARIES 2 ran-
domized 102 patients with PAH to placebo vs. 2.5 or 5 mg once daily dose of ambris-
entan. Six-minute walk distance improved across all doses of ambrisentan with 
sustained benefi ts in a 48-week long-term extension study. Macitentan is a dual endo-
thelin receptor antagonist that was recently approved for use in PAH patients with 
WHO functional class II or III symptoms. Macitentan signifi cantly reduced morbidity 
and mortality in an event-driven long-term, placebo- controlled clinical trial [ 35 ].   

22.8.4     Soluble Guanylyl Cyclase Stimulators 

 Riociguat, a soluble guanylyl cyclase stimulator, increases cGMP by directly stimu-
lating the enzyme soluble guanylyl cyclase independent of nitric oxide. Increased 
cGMP causes vasodilatation and reduced infl ammation and thrombosis. In the 
PATENT trial, compared to placebo, riociguat improved 6-min walk distance, 
increased time to clinical worsening, and decreased both PVR and NT-proBNP lev-
els [ 36 ]. Riociguat is approved as a fi rst-line therapy in PAH patients with WHO 
functional II or III symptoms.  

22.8.5     Parenteral Prostanoids 

 Parental prostacyclin therapy remains the fi rst-line treatment for PAH patients with 
WHO functional classifi cation IV symptoms due to right ventricular failure. 
Epoprostenol improved exercise capacity, hemodynamics, quality of life, and 
delayed lung transplantation in PAH patients with functional class III/IV symptoms 
A [ 37 ]. Long-term observational studies have reported improved survival with epo-
prostenol treatment compared to historical controls and risk model predicted sur-
vival [ 38 ,  39 ]. Epoprostenol has a half-life of only 3–5 min, as it is very unstable at 
room temperature. Hence, it requires continuous intravenous infusion through cen-
tral venous catheter, portable pump, and ice packs to maintain the stability. In gen-
eral, only designated PAH centers with experienced physicians administer 
epoprostenol because of the complexity involved. Treprostinil is a tricyclic benzene 
prostacyclin analog. Its pharmacological properties are similar to epoprostenol but 
it has a longer half-life, and it is stable in room temperature, allowing it to be admin-
istered either by subcutaneous or intravenous routes and alleviating the need for ice 
packs. Treprostinil improved exercise capacity, hemodynamics, and long-term sur-
vival compared to survival predicted by the NIH equation [ 40 ,  41 ].  
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22.8.6     Inhaled Prostanoids 

 Iloprost is an inhalational prostacyclin approved for treatment of patients with PAH 
and WHO functional class III symptoms. Iloprost improved exercise capacity either 
as monotherapy or add on therapy to patients on background [ 42 ]. It has a much 
shorter half-life requiring six to nine times daily dosing. Treprostinil can also be 
administered by inhalation. In the TRIUMP study, inhaled treprostinil added on to 
patients with persistent symptoms on background sildenafi l or bosentan therapy 
improved exercise capacity and quality of life [ 43 ]. Unlike iloprost, inhaled trepro-
stinil is administered four times daily, which increases patient compliance.  

22.8.7     Oral Prostanoids 

 Treprostinil diolamine, a sustained release oral formulation of treprostinil, is 
approved in the United States as a fi rst-line therapy in PAH patients with WHO 
functional II and III symptoms. In the Freedom C trial, oral treprostinil improved 
exercise capacity in patients not on background therapy [ 44 ]. In the subsequent 
Freedom C2 trial, oral treprostinil added to background ERA and PDE5A-inhibtior 
therapy did not result in a statistically signifi cant improvement in exercise capacity 
[ 45 ]. Beraprost is an oral prostanoid approved for use only in Japan. It is currently 
under investigation in the United States.  

22.8.8     Combination Therapy 

 There is limited data on the role of combination therapy in PAH. In the PACES trial, 
addition of oral sildenafi l in patients who were having persistent or worsening 
symptoms on background intravenous epoprostenol therapy improved 6-min walk 
distance, hemodynamics, time to clinical worsening, and quality of life [ 46 ]. In the 
TRIUMP study, addition of inhaled treprostinil in symptomatic patients on back-
ground bosentan or sildenafi l improved 6-min walk distance and quality of life [ 43 ]. 
There are several ongoing clinical trials evaluating the role of various combination 
therapies including add-on therapy and upfront combination therapy. At present, 
upfront combination therapy at the time of diagnosis is still investigational.  

22.8.9     Lung Transplantation 

 Lung transplantation is a potential therapeutic option for patients with PAH who 
do not respond to pulmonary vasodilator therapy. There is no consensus on single 
lung transplant vs. double lung transplant. Donor lung reperfusion injury has 
been reported in patients with PAH patients who undergo single lung transplants. 
Patients with severe right ventricular failure may need combined heart-lung 
transplant [ 9 ].  
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22.8.10     Monitoring and Goal-Oriented Therapy 

 PAH patients should be followed every 3–6 months. During follow-up, patients are 
characterized into three categories based on the clinical symptoms and signs, non-
invasive evaluation, and invasive evaluation: stable and satisfactory, stable but not 
satisfactory, and unstable and deteriorating [ 47 ]. 

 Patients are considered stable and satisfactory when they have functional class I 
or II symptoms, no signs of right heart failure, normal or near normal NT-ProBNP, 
6-min walk distance >440 m, normal or near normal RV function and no pericardial 
effusion, and cardiac index >2.5 l/min and right atrial pressure <8 mmHg. Such 
patients need regular follow-up but no alteration in their therapy. A patient is con-
sidered stable but not satisfactory when they meet some but not all the above- 
mentioned criteria for stable and satisfactory. Such patients need reevaluation in a 
short time period or escalation of their therapy. Patients are considered unstable and 
deteriorating, if they have functional IV symptoms, signs of right heart failure, 
6-min walk distance <300 m, signifi cantly elevated NT-ProBNP, moderate-severely 
reduced RV function or presence of pericardial effusion, cardiac index <2 l/min/m 2  
or right atrial pressure >15 mmHg. These patients require escalation of PAH- specifi c 
therapy, usually institution of parental prostacyclin therapy.   

22.9     Prognosis 

22.9.1     Survival 

 In the original NIH registry from the 1980s, the estimated median survival was 
2.8 years with a 1-year survival of 68 %, 3-year survival of 48 %, and a 5-year sur-
vival of 34 % [ 48 ]. Although survival has improved in the contemporary PAH reg-
istries, it still remains low. In the contemporary PAH registries, 1-year survival in 
the incident population was 85–89 %. The 1-, 3-, and 5-year survival rates in the 
total cohort including both prevalent and incident PAH patient cohorts were 
85–87 %, 67–69 %, and 57–61 %, respectively [ 49 – 53 ]. The improvement in sur-
vival in PAH in the current era is attributed to increased awareness of PAH, greater 
use of long-term anticoagulation, and fi nally due to the availability of PAH-specifi c 
therapies. Two meta-analyses that evaluated the effect of PAH-specifi c therapy on 
short-term survival suggest a reduction in mortality when all treatment strategies are 
pooled together, but no individual class of drug produced a statistically signifi cant 
reduction in mortality [ 54 ,  55 ].  

22.9.2     Prognosticators in PAH 

 Prognostic factors play an important role in identifying high-risk PAH patients at 
baseline and at different time points in the disease course for making important 
clinical decision including initiation or escalation of PAH-specifi c vasodilator 
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therapies and lung transplant evaluation. Observational PAH registries and clinical 
trials have identifi ed several prognosticators in PAH including clinical, noninvasive 
imaging (echocardiography or cardiac MRI), and invasive hemodynamics parame-
ters along with several other biomarkers. Although there is no clear consensus on 
which variable best predicts survival in PAH, measures of functional capacity and 
right ventricular function have been consistently shown to predict long-term sur-
vival in PAH.  

22.9.3     Clinical Prognosticators 

 Age is an independent predictor of mortality in PAH [ 51 ]. Younger patients had a 
better survival when compared to older patients despite having more severe hemo-
dynamic impairment [ 17 ]. Female gender was associated with a better survival 
compared to male [ 51 ,  56 ]. Scleroderma-associated PAH had a worse survival com-
pared to idiopathic PAH likely due to maladaptive RV remodeling and intrinsic RV 
dysfunction [ 53 ]. Similarly, patients with portopulmonary hypertension, anorexigen- 
associated PAH, and hereditable PAH have a poor survival compared to those with 
idiopathic PAH [ 53 ]. In contrast, patients with PAH associated with congenital heart 
disease have a much better survival compared to idiopathic PAH probably due to 
chronic adaptive right ventricular hypertrophy [ 53 ].  

22.9.4     Prognostic Value of Functional Capacity 

 Measures of functional capacity, both subjective New York Heart Association 
(NYHA)/WHO functional class and exercise testing, are important prognostic fac-
tors in the management of PAH. Patients with WHO functional class I/II symptoms 
have been shown to have a better survival compared to those with WHO functional 
class III/IV symptoms [ 38 ,  50 ]. There is also clear survival discrimination between 
WHO functional class III and IV PAH patients even as early as at the time of initial 
diagnostic right heart catheterization [ 38 ,  50 ]. In addition, patients who have wors-
ening functional class overtime have poorer survival postworsening compared to 
those who have stable WHO functional class symptoms [ 57 ]. 

 Six-minute walk distance (6MWD), the most commonly used method for objec-
tive assessment of exercise capacity in PAH, predicts long-term outcomes. In the 
REVEAL registry, 6MWD greater than 440 m was associated with longer survival, 
whereas less than 165 m was associated with increased mortality [ 53 ]. In the French 
national registry, 6MWD was an independent predictor of mortality, albeit, the haz-
ards ratio was close to 1 (0.996; 95 % CI 0.993–0.995;  P  value 0.004) [ 51 ]. Six 
MWT is simple to perform and inexpensive, but it has several limitations. It is effort 
dependent and susceptible to motivational factors. It is less sensitive for detecting 
clinically meaningful change in less sick patients with WHO functional class I/II 
symptoms because of “ceiling effects.” A meta-analysis of PAH clinical trials found 
no association between change in 6MWD overtime with treatment and survival [ 58 ]. 
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 Treadmill exercise testing and cardiopulmonary exercise testing have also been 
evaluated as prognostic tools in PAH. Reduced exercise capacity on a Naughton- 
Balke exercise treadmill testing was independently associated with abnormal hemo-
dynamics and increased risk of death [ 59 ]. More importantly, exercise treadmill 
testing was able to risk stratify even less sick patients with WHO functional class I/
II symptoms in whom the prognostic value of 6MWT is limited. 

 Cardiopulmonary exercise testing is used less commonly in patients with 
PAH. Reduced aerobic capacity (VO2), reduced ventilatory effi ciency (VE/VCO2), 
hypoxemia, hypocapnia, and exercise-induced shunt predicts adverse outcomes in 
PAH patients [ 60 ].  

22.9.5     Noninvasive Imaging Prognosticators 

 Several echocardiographic measures predict outcomes in PAH. Tricuspid annular 
plane systolic excursion (TAPSE), a measure of RV longitudinal motion, refl ects 
RV systolic function. TAPSE <18 mm correlates with right heart remodeling and 
severe RV dysfunction and has been associated with poor 1- and 2-year survival 
[ 61 ]. PAH patients with TAPSE <18 mm had a 5.7-fold higher risk of death when 
compared to those with TAPSE >18 mmHg [ 61 ]. Tei index is a Doppler-derived 
measure of global RV function refl ecting both systolic and diastolic functions. It is 
defi ned as the sum of isovolumetric contraction and relaxation times divided by 
ejection time. Every 0.1 unit increase in Tei index increases the odds of adverse 
outcome by 1.3 folds. Both the presence and the severity of pericardial effusion on 
2D echocardiography have been shown to predict adverse outcomes in PAH [ 62 –
 64 ]. Other echocardiographic predictors of adverse outcomes in PAH include right 
atrial enlargement and interventricular septal displacement [ 63 ]. 

 CMRI measures of RV function have prognostic value in patients with PAH. RV 
stroke volume index ≤25 mL/m 2 , RV end-diastolic volume index ≥84 mL/m 2 , and 
LVEDV ≤40 mL/m 2  were associated with poor long-term survival in PAH [ 65 ]. In 
addition to the baseline measures, change in RVEF by cardiac MRI overtime has 
been shown to be a better predictor of long-term outcomes compared to invasively 
measured PVR [ 8 ]. Late gadolinium enhancement at the RV insertion point in the 
interventricular septum correlates with RV dilatation, reduced RVEF, severe hemo-
dynamics, and predicts time to clinical worsening [ 26 ].  

22.9.6     Invasive Hemodynamic Prognosticators 

 Invasive hemodynamic measures at the time of diagnosis and during follow-up 
assessment play a crucial role in risk-stratifying PAH patients. In the original 
NIH registry, mean right atrial pressure, cardiac index, and mean PAP were the 
independent predictors of mortality [ 48 ]. PAH patients with a positive acute 
vasodilator response had a signifi cantly better long-term survival compared to 
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those with no response [ 28 ,  39 ]. Invasive measures of right heart function, espe-
cially, mean right atrial pressure and cardiac index have been consistently shown 
to be an independent predictor of long-term adverse outcomes in PAH [ 49 ,  51 , 
 53 ]. Unlike in the NIH registry, mean PAP was not found to be an independent 
predictor of survival in the recent PAH registries. Some studies have associated 
low mean PAP with increased mortality, conceivably due to severe RV dysfunc-
tion and a low-fl ow state [ 39 ]. PVR [ 53 ], mixed venous oxygen saturation [ 65 ], 
pulmonary arterial compliance [ 66 ], and stroke volume are the other hemody-
namic parameters that have been demonstrated to predict long-term outcomes in 
patients with PAH.  

22.9.7     Biomarkers with Prognostic Value in PAH 

 Elevated plasma levels of BNP, NT-proBNP, and cardiac troponin T refl ect advanced 
disease and have been associated with increased mortality in PAH [ 67 ]. Other bio-
markers that have been shown to have negative prognostic value in PAH include 
serum uric acid, serum creatinine, diffusing capacity of lung for carbon monoxide, 
C-reactive protein, von Willebrand factor, and circulating angiopoietins [ 67 ].  

22.9.8     Survival Prediction Models in PAH 

 Survival prediction models help physicians to identify high-risk PAH patients to 
make evidence-based clinical decisions for optimization of treatment strategies. 
The NIH registry developed a regression equation to predict survival based on the 
baseline hemodynamics (mean right atrial pressure, cardiac index, and mean PAP) 
at the time of diagnosis [ 48 ]. This equation was used in many clinical trials to 
demonstrate long-term survival benefi t with a drug therapy in patients with PAH by 
comparing observed survival rates on a study drug versus survival rates predicted 
by the NIH equation [ 38 ,  40 ,  68 ,  69 ]. However, the NIH equation underestimates 
survival in the current era, and it is no longer valid [ 49 ]. As a result, several novel 
survival prediction models have been developed to estimate survival in PAH in the 
current era [ 49 ,  51 ,  53 ] (Table  22.2 ).

22.9.9        The French Model 

 The French equation was developed from 190 patients with idiopathic PAH, heredi-
table PAH, and anorexigen-associated PAH treated in France between 2002 and 
2006 [ 51 ]. Of the 190 patients, 56 were incident cases and 134 were prevalent cases 
diagnosed <3 years before enrolling in the registry. On multivariate analysis, gen-
der, cardiac output, and 6MWD were the independent predictors of mortality that 
were included in the model.  
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22.9.10     The Pulmonary Hypertension Connection (PHC) Model  

 The PHC equation was derived using exponential regression in 249 patients with 
idiopathic PAH, hereditable PAH, and anorexigen-associated PAH (both incident 
and prevalent cases) referred to a single US center [ 49 ]. Although mean PAP was 
not a univariate predictor of mortality, it was included a priori in the multivariate 
model along with the other univariate predictors. The fi nal model contained mean 
right atrial pressure, mean PAP, and cardiac index, similar to the NIH equation, 
however, with different coeffi cients. 

 The PHC and French equations have been validated in external cohorts [ 17 ,  70 ]. 
The French equation had a C-index of 0.57 for differentiating PAH patients who 
will die vs. those who will be alive. C-index was not calculated for the PHC model. 
Since there is a signifi cant survival difference between patients with idiopathic PAH 
vs. associated PAH, the utility of these equations in other WHO category I PAH 
patient cohorts is unclear at present and needs further validation in the future. The 
ability of these equations to predict survival at an individual patient level is not well 
studied [ 70 ], and it needs further testing before it can be reliably used as a manage-
ment tool in making clinical decision in an individual patient. However, the external 
validation of the PHC and the French equation justifi es its use for clinical trial 
cohort comparisons [ 70 ].  

   Table 22.2    Contemporary survival prediction equations in pulmonary arterial hypertension   

 Registry  Equation 

 French 
equation 

  P ; , , H A , ,t x y z = t x y z( ) ( ) ( )
 
   H( t ) = baseline survival = e( a  +  b · t ), where  a  and 

 b  are parameters estimated from the multivariate 
Cox proportional hazards model, and  t  is the 
time from diagnosis measured in years. 

 A( x , y , z ) = where  x  is the distance walked (m) at 
diagnosis,  y  = 1 if female,  y  = 0 if male, and  z  is 
the cardiac output (l/min) at diagnosis. 

 A( x , y , z ) = e(-( c · x  +  d · y  +  e · z ), where c, d, and e 
were parameters obtained from the Cox 
proportional hazards model 

 PHC   P A , ,t = e x y z t( ) ( )−
 
   P( t ) is the probability of survival,  t  is the time 

interval in years. 

 A( x , y , z ) = e(−1.270 − 0.0148 x  + 0.0402 y  
− 0.361z),  x  = mean pulmonary artery pressure, 
 y  = mean right atrial pressure,  z  = cardiac index 

 REVEAL   P year S Z1 0 1−( ) = ( ) ′( )exp β
 
   S0(1) is the baseline survivor function (0.9698), 

 Z ′ β  is the linear component, and β is the 
shrinkage coeffi cient (0.939) 

   PHC  pulmonary hypertension connections,  REVEAL  Registry to Evaluate Early and Long-Term 
PAH Disease Management  
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22.9.11     The REVEAL Model 

 The REVEAL equation was created using data from 2,716 PAH patients consecu-
tively enrolled in the REVEAL registry [ 53 ]. Unlike the PHC and French equation, 
patients with any WHO category I PAH were included in the REVEAL prediction 
model. The equation was generated using the 19 independent predictors of survival 
on the Cox proportional hazard multivariable model. REVEAL model predicts only 
1-year survival. The strengths of the REVEAL model include the large sample size 
of the derivation cohort, its applicability in WHO group I PAH as a whole, and its 
fl exibility to allow for individuals to be missing independent tests. The REVEAL 
model had a better discriminatory C-index of 0.77 compared to the French and the 
NIH model. It is also validated externally in other WHO category I PAH cohort with 
a good discriminatory power [ 52 ,  71 ].   

    Conclusion 
 Pulmonary arterial hypertension is becoming a serious health-economical major 
burden in our society. Diagnostic tools have facilitated the detection of PAH. The 
prognosis of this disease is often devastating. During the last decade, intensive 
research has contributed to the development of new medical therapy for PAH. Further 
research is needed in order to obtain more evidence-based medicine results, which 
can then be incorporated in the guidelines for diagnosis and treatment of PAH.     
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23.1             Macrovascular Disease 

     Transient Ischaemic Attack and Ischaemic Stroke 

23.1.1     Definition 

 Strokes are a heterogeneous group of disorders involving cerebral circulation that 
causes a sudden neurologic defi cit. Stroke can be ischaemic (80 %), typically result-
ing from thrombosis or embolism, or haemorrhagic (20 %), resulting from vascular 
rupture (e.g. subarachnoid or intracerebral haemorrhage) [ 1 ]. 

 The World Health Organization defi nes stroke as the sudden onset of focal neu-
rological signs, of presumed vascular origin, lasting longer than 24 h or causing 
death. After neuroradiological examinations (CT scan or MRI), stroke can be fur-
ther classifi ed as ischaemic or haemorrhagic. The term “brain attack” might also be 
used and seems appropriate to emphasise that stroke is a medical emergency. 

 Transient stroke symptoms (typically lasting <1 h) without evidence of acute 
cerebral infarction (based on diffusion-weighted MRI) are termed a transient isch-
aemic attack (TIA) [ 1 ].  

23.1.2     Clinical Manifestation 

 Initial symptoms occur suddenly. Generally, they include numbness, weakness or 
paralysis of the contralateral limbs and the face, aphasia, confusion, visual 
disturbances in one or both eyes and dizziness or loss of balance and coordination. 
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Neurologic defi cits refl ect the area of brain involved. Anterior circulation stroke 
typically causes unilateral symptoms. Posterior circulation stroke can cause unilat-
eral or bilateral defi cits and is more likely to affect consciousness, especially when 
the basilar artery is involved. 

 Various clinical classifi cation systems have been proposed for ischaemic stroke. 
The Oxford clinical classifi cation is often used because it is simple to apply and is 
of prognostic use. It describes four subtypes of stroke [ 2 ]:

    (i)    Total anterior circulation stroke (TACS) which includes one of the following: 
contralateral motor or sensory defi cit, homonymous hemianopia or higher cor-
tical dysfunction (e.g. aphasia, visuospatial disturbances, etc.)   

   (ii)    Partial anterior circulation stroke (PACS) which is characterised by two of fol-
lowing manifestations: contralateral motor or sensory defi cit, homonymous 
hemianopia or higher cortical dysfunction (e.g. aphasia, visuospatial distur-
bances, etc.)   

   (iii)    Posterior circulation stroke (POCS) characterised by one of the following: iso-
lated homonymous hemianopia, brainstem signs, or cerebellar ataxia   

   (iv)    Lacunar stroke (LACS) characterised by one of the following: pure motor defi -
cit, pure sensory defi cit or sensorimotor defi cit    

  It is important to rapidly distinguish stroke or TIA from one of the numerous 
conditions that resemble it (“stroke mimics”) to allow evidence-based treatment to 
be started early and to refer alternative conditions to the appropriate team. 

 Conditions that mimic stroke might be seizure, sepsis, toxic/metabolic accident 
(e.g. hypoglycaemia), space-occupying lesion, syncope, delirium, vestibular dis-
ease, mononeuropathy, migraine and functional symptoms [ 3 ].  

23.1.3     Mechanism 

 The underlying cause in most cerebral ischaemic events is embolic due to a cardiac 
source or atheroembolic due to arterial disease (atherosclerosis or arterial dissec-
tion), which can cause either in situ thrombosis or distal embolism. Other causes are 
represented by small-vessel diseases (see further on), haemodynamic changes 
(stroke due to hypoperfusion), or rarer causes such as infl ammation of cerebral ves-
sels, hyperviscosity, etc. 

 Among cardiac sources of emboli atrial fi brillation, mural thrombus and valvular 
heart disease are the commonest, and they typically involve the territory of the large 
intracerebral arteries, particularly the middle cerebral artery [ 1 ]. Atherosclerotic 
disease typically affects the extracranial internal carotid artery but also the vertebral 
and basilar arteries. Lacunar infarction results from occlusion of deep perforating 
arteries, which arise from both the anterior and posterior circulation, and supplies 
the white matter of the cerebral hemispheres and brainstem. 

 Once a cerebral artery is occluded, the perfusion of that cerebral area is 
diminished. 

 Inadequate blood fl ow in a single brain artery can often be compensated by an 
effi cient collateral system, particularly between the carotid and vertebral arteries via 
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anastomoses at the circle of Willis and, to a lesser extent, between leptomeningeal 
anastomoses of arteries supplying the surrounding brain tissue. However, anatomical 
differences in the circle of Willis and in the calibre of various collateral vessels, ath-
erosclerosis and other acquired arterial lesions can interfere with collateral fl ow, 
increasing the chance that a single arterial occlusion will cause brain ischaemia. The 
amount of perfusion defi cit is linked to the extent of damage [ 1 ,  4 ]. If it is mild, dam-
age proceeds slowly; thus, even if perfusion is 40 % of normal, 3–6 h may elapse 
before brain tissue is completely lost. However, if severe ischaemia (i.e. decrease in 
perfusion) persists >15–30 min, all the affected tissue is irreversibly damaged [ 5 ]. If 
tissues are ischaemic but not yet necrotic, promptly restoring blood fl ow may reduce 
or reverse injury. Intervention may be able to salvage the moderately ischaemic areas 
(penumbras) that often surround areas of severe ischaemia (these areas exist because 
of collateral fl ow). During ischaemic injury, several pathogenetic mechanisms play a 
role in neuronal loss. First of all, energy impairment produces cytotoxic oedema due 
to loss of ionic homeostasis (including intracellular Ca accumulation). Second, brain 
infl ammation takes place with release of mediators (e.g. IL-1B, tumour necrosis fac-
tor alpha) that contribute to microvascular thrombosis and free radicals release caus-
ing cell membrane damage. Moreover, excitatory neurotoxins (e.g. glutamate) and 
programmed cell death (apoptosis) contribute to the extension of brain lesion [ 6 ].  

23.1.4     Therapeutic Approach 

 Therapy for ischaemic stroke or TIA is based on multistep approach:

    (i)    Primary prevention. Indeed medical treatment of risk factors such as hyperten-
sion, diabetes, dyslipidemia, obesity, cigarette smoking, etc. plays a key role 
for the reduction of stroke incidence.   

   (ii)    Secondary prevention considering that relapse is not rare.   
   (iii)    Rehabilitation, is another cornerstone in stroke therapy.   
   (iv)    Therapeutic approaches during the acute phase of ischaemic event [ 8 ]:

    (a)    Reperfusion strategies (intravenous fi brinolytics and/or in selected cases 
mechanical removal of thrombus or ultrasound disruption of thrombus)   

   (b)    Admission to a stroke unit care   
   (c)    Antiplatelet agents (for patients not eligible to reperfusion strategies)    

      Figure  23.1  shows the fl ow chart for acute stroke management [ 7 ].   

23.1.4.1     Thrombolysis 

   Intravenous Fibrinolytic Therapy 
 Intravenous fi brinolytic therapy for acute stroke is widely accepted. The US FDA 
approved the use of intravenous recombinant tissue plasminogen activator (rtPA) in 
1996, in part on the basis of the results of the two-part NINDS rtPA Stroke Trial, in 
which 624 patients with ischaemic stroke were treated with placebo or intravenous 
rtPA (0.9 mg/kg IV, maximum 90 mg) within 3 h of symptom onset, with approxi-
mately one half treated within 90 min. From the trial it was clearly shown that the 
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major risk of intravenous rtPA treatment was symptomatic haemorrhage (sICH) and 
also that the earlier the treatment is initiated, the better the result. Indeed treatment 
with intravenous rtPA initiated within 90 min of symptom onset was associated with 
an OR of 2.11 (95 % CI, 1.33–3.55) for favourable outcome instead of 1.69 (95 % 
CI, 1.09–2.62) for patients treated within 90–180 min [ 9 ]. From these results it 
appears that stroke is an emergency and time is one of the key points for the best 
therapeutic approach. Among complications after rtPA administration, angioedema 
merits attention. It is estimated to occur in 1.3–5.1 % of all patients who receive 
intravenous rtPA treatment. Risk of angioedema is associated with concomitant use 
of angiotensin-converting enzyme inhibitor [ 10 ] and with infarctions that involve 
the insular and frontal cortex. 

 The largest community experience, the SITS-ISTR (Safe Implementation of 
Thrombolysis in Stroke-International Stroke Thrombolysis Register), reported on 
11,865 patients treated within 3 h of onset at 478 centres in 31 countries worldwide. 
The frequency of early neurological deterioration temporally associated with substan-
tial parenchymal haematoma after intravenous rtPA was 1.6 % (95 % CI, 1.4–1.8 %). 
The frequency of favourable outcome (combined mRS scores of 0, 1 and 2) at 90 days 
was 56.3 % (CI, 55.3–57.2 %) [ 11 ]. These fi ndings appear to confi rm the safety of 
intravenous rtPA within the 3-h window at sites that have an institutional commitment 
to acute stroke care. Finally since ECASS 3 trial in 2008 has demonstrated that 
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  Fig. 23.1    Flow chart for acute stroke management (Reproduced with permission from Goldstein [ 7 ])       
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patients treated with rtPA within 3–4.5 h had a more favourable outcome than with 
placebo (52.4 % vs. 45.2 %; odds ratio, 1.34; 95 % confi dence interval [CI], 1.02–
1.76;  P  = 0.04), rtPA use is now approved within 4.5 h from disease onset [ 12 ].  

   Endovascular Approach 
 The combination of pharmacological fi brinolysis and mechanical thrombectomy 
appears to have the highest rate of recanalisation without any difference in rate of 
intracranial haemorrhage. As the rate of recanalisation has increased, new chal-
lenges such as reocclusion, distal fragmentation and lack of clinical benefi t despite 
complete recanalisation have been identifi ed. Recently three different trials compar-
ing endovascular approach instead of or after endovenous thrombolysis have failed 
to show a better outcome in the subgroup of patients treated with mechanical throm-
bectomy [ 13 ]. Since then the endovascular therapy might be considered in strictly 
selected patients in which rtPA is not effective or with contraindication to endove-
nous thrombolysis (e.g. therapy with anticoagulants).  

23.1.4.2    Stroke Units 
 Numerous studies, performed mainly in Europe and Canada, demonstrate the utility of 
stroke units in lessening the rates of mortality and morbidity after stroke [ 14 ]. The 
positive effects persist for years. The benefi ts from treatment in a stroke unit are com-
parable to the effects achieved with intravenous administration of rtPA [ 15 ]. European 
stroke units usually do not include intensive care unit-level treatment, including venti-
latory assistance. Regular communications and coordinated care are also key aspects 
of the stroke unit. Standardised stroke orders or integrated stroke pathways improve 
adherence to best practices for treatment of patients with stroke. Hospitals with a 
stroke unit compared with nondesignated hospitals led to lower overall 30-day mortal-
ity rates (10.1 % versus 12.5 %) and increased use of fi brinolytic therapy (4.8 % versus 
1.7 %) [ 16 ]. Approximately 25 % of patients may have neurological worsening during 
the fi rst 24–48 h after stroke, and it is diffi cult to predict which patients will deterio-
rate. In addition to the potential progression of the initial stroke, the need to prevent 
neurological or medical complications also means that patients with acute stroke 
should be admitted to the hospital in almost all circumstances. The goals of treatment 
after admission to the stroke unit are to (1) observe for changes in the patient’s condi-
tion that might prompt initiation of medical or surgical interventions, (2) provide 
observation and treatment to reduce the likelihood of bleeding complications after the 
use of intravenous rtPA, (3) facilitate medical or surgical measures aimed at improving 
outcome after stroke, (4) begin measures to prevent subacute complications, (5) initi-
ate long-term therapies to prevent recurrent stroke, and (6) start efforts to restore neu-
rological function through rehabilitation and good supportive care [ 17 ].  

23.1.4.3    Antiplatelets 
 During the acute phase of stroke for patient non-eligible to rtPa treatment, aspirin 
might be promptly administered. Currently available data demonstrate a small but 
statistically signifi cant decline in mortality and unfavourable outcomes with the 
administration of aspirin within 48 h after stroke [ 18 ,  19 ]. It appears that the 
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primary effects of aspirin are attributable to a reduction in early recurrent stroke. 
Data regarding the utility of other antiplatelet agents, including clopidogrel alone or 
in combination with aspirin, for the treatment of acute ischaemic stroke are limited. 
In addition, data on the safety of antiplatelet agents when given within 24 h of intra-
venous fi brinolysis are lacking.     

23.2     Microvascular Disease 

     Cerebral Small-Vessel Disease 

23.2.1    Definition 

 Cerebral small-vessel disease (SVD) is the term commonly used to describe a syn-
drome of clinical, cognitive, neuroimaging and neuropathological fi ndings thought 
to arise from disease affecting the perforating cerebral arterioles, capillaries and 
venules and the resulting brain damage in the cerebral white and deep grey matter 
[ 20 ]. These perforating vessels are essential to maintain optimum functioning of the 
brain’s most metabolically active nuclei and complex white matter networks [ 21 ]. 
However, misleadingly, the term small-vessel disease is used to describe only the 
ischaemic component of the pathological process (i.e. lacunar infarcts and white 
matter lesions). Instead, a broader view of small-vessel disease should be kept in 
mind, particularly for therapeutic aspects, because patients with small-vessel dis-
ease also have a risk of haemorrhage.  

23.2.2    Clinical Features 

 The disease is very common and causes impairment in cognitive function [ 22 ] thus 
contributing up to 45 % of dementias. SVD is responsible for about a fi fth of all 
strokes worldwide [ 23 ]; it more than doubles the future risk of stroke and produces 
physical disabilities. Overall, strokes caused by small-vessel disease are less severe 
than other types of stroke in terms of the clinical picture during the acute-phase and 
short-term prognosis. However, the long- term outcome of these patients cannot be 
thought of as benign in terms of mortality and functional impairment. The clinical 
manifestations are diverse and include sudden-onset stroke symptoms or syn-
dromes; covert neurological symptoms that include mild, largely ignored, neuro-
logical symptoms and signs; self-reported cognitive diffi culties; progressive 
cognitive decline; dementia; depression; and physical disabilities.  

23.2.3    Mechanisms 

 The mechanisms that link small-vessel disease with parenchyma damage are het-
erogeneous and not completely known. Pathological changes in the small vessels 
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can lead to both ischaemic and haemorrhagic consequences. The reason why some 
vessel ruptures and leads to major haemorrhage while others lead to microhaemor-
rhage is unknown. In cerebral amyloid angiopathy, differences in thickness of ves-
sel walls are thought to explain the differences in haemorrhage, with thicker walls 
associated with more microhaemorrhages [ 24 ]. 

 Although the mechanisms underlying haemorrhagic forms of small-vessel 
disease are more clear, in ischaemic lesions caused by small-vessel disease, ves-
sel lumen tightening is thought to lead to a state of chronic hypoperfusion of the 
white matter [ 25 ], eventually resulting in degeneration of myelinated fi bres as a 
consequence of repeated selective oligodendrocyte death. Alternatively, acute 
occlusion of a small vessel is hypothesised to occur, leading to focal and acute 
ischaemia and complete tissue necrosis (pannecrosis): this is the putative mecha-
nism of lacunar infarcts. Although this theory was proposed many years ago in 
the seminal papers by Fisher [ 26 ], the so-called lacunar hypothesis remains 
unproven, and there is scarce pathological documentation for this hypothesis 
[ 27 ]. Other mechanisms such as blood–brain barrier damage, local subclinical 
infl ammation and oligodendrocytes apoptosis could be involved in the so-called 
ischaemic forms of small-vessel disease and contribute to the fi nal pathological 
picture. 

 A number of lines of evidence support a pathogenic role of endothelial activation 
and dysfunction of blood–brain barrier [ 28 ]. Genetic predisposition has also been 
implicated. Associations with genes involved in endothelial function, including 
those regulating the renin–angiotensin system, endothelial nitric oxide and homo-
cysteine levels, have been reported.  

23.2.4    Therapeutic Approaches 

 No specifi c treatment for strokes caused by small-vessel disease in the acute phase 
has yet been proposed, and there are no data to support the suggestion that any of 
the three approaches with recognised evidence-based effi cacy in the acute setting 
(aspirin, thrombolysis, admission to a stroke unit) are effective in strokes caused by 
small-vessel disease. The presence of small-vessel disease is instead a marker of a 
poor outcome in some specifi c therapeutic settings, including acute-phase throm-
bolysis [ 29 ]. With regard to other pharmacological preventive measures, results 
from the Stroke Prevention by Aggressive Reduction of Cholesterol Levels 
(SPARCL) study have shown that patients with small-vessel disease and increased 
low-density lipoprotein cholesterol have a similar risk of stroke recurrence as do 
patients with large-vessel strokes and that treatment with atorvastatin 80 mg daily is 
equally effective in reducing this risk, implying that patients with small-vessel dis-
ease also benefi t from statin therapy [ 30 ]. 

 Finally data from SPS3 trial have shown that clopidogrel and aspirin, as com-
pared with aspirin alone, in patients with a recent lacunar stroke identifi ed on MRI, 
was not linked to a signifi cant reduction in the risk of stroke recurrence; moreover, 
there was an unexpected increase in mortality [ 31 ].    
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23.3     Migraine 

23.3.1     Definition and Clinical Manifestation 

 Migraine is a clinical condition characterised by recurrent headache disorder mani-
fested by attacks lasting 4–72 h. Typical characteristics of the headache are unilateral 
in location, pulsating quality, moderate or severe in intensity, aggravated by routine 
physical activity and associated with nausea and/or photophobia and phonophobia. 

 If a transient neurological defi cit precedes headache, it is called migraine with an 
aura; otherwise if cranial pain is the only symptom, the defi nition is migraine with-
out aura. 

 Diagnostic criteria for migraine have been established in 1988, revised in 2004 
and confi rmed in 2013 by the International Headache Society (IHS) on the basis of 
expert consensus [ 32 ]. 

23.3.1.1    Diagnostic Criteria for Migraine Without Aura 
 At least fi ve attacks fulfi l these criteria:

    (i)    Headache attacks lasting 4–72 h (untreated or unsuccessfully treated)   
   (ii)    Headache with at least two of the following characteristics:

•    Unilateral location  
•   Pulsating quality  
•   Moderate or severe pain intensity  
•   Aggravation by or causing avoidance of routine physical activity (e.g. walk-

ing or climbing stairs)      
   (iii)    The headache episode may be associated with at least one of the following:

•    Nausea and/or vomiting  
•   Photophobia and phonophobia      

   (iv)    Not attributed to another disorder      

23.3.1.2    Diagnostic Criteria for Migraine with Aura 
 At least two attacks fulfi ls the following criteria:

    (i)    Aura consisting of at least one of the following, but no motor weakness:
•    Fully reversible visual symptoms including positive features (e.g. fl ickering 

lights, spots or lines) and/or negative features (i.e. loss of vision)  
•   Fully reversible sensory symptoms including positive features (i.e. pins and 

needles) and/or negative features (i.e. numbness)  
•   Fully reversible dysphasic speech disturbance      

   (ii)    At least two of the following:
•    Homonymous visual symptoms and/or unilateral sensory symptoms.  
•   At least one aura symptom develops gradually over ≥5 min, and/or different 

aura symptoms occur in succession over ≥5 min.  
•   Each symptom lasts ≥5 and ≤60 min.      
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   (iii)    Headache 1  begins during the aura or follows aura within 60 min.   
   (iv)    Not attributed to another disorder       

23.3.2     Mechanisms 

 Although a large number of recent studies have tried to establish the migraine 
pathophysiology [ 33 ,  34 ], the role of the neural and vascular mechanisms in this 
process has been largely discussed in the literature. As a matter of fact, there is still 
a debate whether the source of the pain is in the nerves around the cranial arteries, 
CNS or both [ 35 ,  36 ]. 

 It has been generally accepted that calcitonin gene-related peptide (CGRP) 
plays an important role in the migraine pathophysiology [ 37 ]. CGRP is expressed 
throughout the CNS, particularly the striatum, amygdala, colliculi and cerebel-
lum, as well as the peripheral nervous system. Recently, CGRP receptor antago-
nists have emerged as promising drugs to treat migraine. They could act by 
either blocking CGRP-induced vasodilation of meningeal blood vessels or 
inhibiting CGRP- mediated pain transmission in the CNS [ 37 ]. The fact that 
CGRP receptor antagonists, such as olcegepant and telcagepant, apparently 
require very high doses to produce signifi cant clinical effects in migraine 
patients raises the possibility that those promising components have to cross the 
blood–brain barrier (BBB) in order to exert their effects [ 37 ]. Thus, according 
to some authors, it could support the concept that CNS mechanisms are pre-
dominantly involved in the migraine pathophysiology [ 38 ]. Conversely, the 
results of a functional neuroimaging study have indicated that changes in corti-
cal blood fl ow, measured by blood oxygenated level (BOLD) signal variations, 
occur during episodes of migraine with aura. In addition, dilatation of both 
extracranial (middle meningeal) and intracranial (middle cerebral), as demon-
strated by high-resolution direct MRA, has been shown after a migraine attack 
induced by infusion of CGRP. Remarkably, headache and vasodilatation 
occurred at the same side, and the administration of sumatriptan, a selective 
antimigraine drug, not only reduced the pain but also resulted in contraction of 
the middle meningeal artery. Collectively, those results suggest a key role of 
cranial blood vessels in the migraine pathophysiology. In fact, meningeal arter-
ies lack BBB and represent much more permeable structures, compared with 
cortical vessels [ 39 ]. There have been considerable advances in the understand-
ing of the sequence of events that lead to a migraine headache. Nevertheless, the 
specifi c structural and functional alterations that occur in the brains of patients 
affected by this disorder still need clarifi cation, and BBB dysfunction has 
emerged as a possible mechanism.  

1   A headache occurring after aura may sometimes be of non-migrainous semiology or even absent 
(aura without headache). Aura may sometimes occur during the headache. 
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23.3.3     Therapeutic Approach 

 Two pharmacological treatment options exist for migraine: preventive and symp-
tomatic treatment. 

23.3.3.1    Symptomatic Treatment 
 Symptomatic or acute treatment is necessary for all patients with migraine. The 
symptomatic treatment options include simple analgesics, nonsteroidal anti- 
infl ammatory drugs (NSAIDs), ergotics and serotonin receptor (subunit 1B/1D) 
agonists (known as “triptans”). Except in children or in adults with mild attacks, the 
effectiveness of simple analgesics is very poor. On the other hand, because of effi -
cacy and tolerability reasons, ergotics are not considered as the standard medication 
for migrainous patients. The symptomatic treatment of migraine lies, therefore, in 
the wise use of NSAIDs and triptans. In general, NSAIDs are indicated in mild-to- 
moderate attacks, whereas triptans are the medication of choice in the treatment of 
moderate-to-severe attacks and in those patients who do not respond to or do not 
tolerate NSAIDs. 

   Triptans 
 They have three main mechanisms of action: cranial vasoconstriction, peripheral 
trigeminal inhibition and inhibition of transmission through second-order neurons 
of the trigeminocervical complex. The relative importance of each of these mecha-
nisms remains uncertain. By contrast with ergots, triptans have selective phar-
macology, simple and consistent pharmacokinetics, evidence-based prescribing 

   Table 23.1    Medications used as preventive strategies in migraine   

  Level A: medications with established effi cacy (>2 class I trials)  

 Divalproex sodium  Sodium valproate  Topiramate 

 Metoprolol  Propranolol  Timolol 

  Level B: medications are probably effective (1 class I or 2 class II studies)  

 Amitriptyline  Venlafaxine  Atenolol 

 Nadolol 

  Level C: medications are possibly effective (1 class II study)  

 Lisinopril  Candesartan  Clonidine 

 Guanfacine  Carbamazepine 

  Level U: inadequate or confl icting data to support or refute medication use  

 Acetazolamide  Antithrombotics (e.g. Coumadin)  Fluvoxamine 

 Fluoxetine  Gabapentin  Verapamil 

  Other: medications that are established as possibly or probably ineffective  

 Lamotrigine  Clomipramine  Acebutolol 

 Clonazepam  Nabumetone  Oxcarbazepine 

 Telmisartan  Montelukast 

  Reproduced with permission from Loder et al. [ 41 ] 
 Adapted from American Headache Society/American Academy of Neurology 2012 guideline  
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instructions, well-established effi cacy, modest side effects and a well-established 
safety record [ 40 ]; they are, however, also contraindicated in the presence of car-
diovascular disease.   

23.3.3.2    Preventive Treatment 
 If the average of migraine attacks is high (6–8 days in a month with migraine), pre-
vention of headache might be pursued considering the high risk of triptans and 
NSAIDs’ abuse. Table  23.1  [ 41 ] shows the evidence-based medicine preventive 
therapies.

     Anti-epileptic Drugs (AEDs) 
 Valproate and topiramate are both potent therapies that prevent migraine. Dosing 
can reach levels used in epilepsy, although typically the migraine doses are lower. 
Serious and signifi cant side effects are possible with each, and nuisance side effects 
are common. There is some evidence that lamotrigine is effective in the prevention 
of migraine with aura [ 42 ].  

   Tricyclic Antidepressants (TCAs) 
 Of the TCAs, the best evidence overall is for amitriptyline. In addition, there is a 
strong clinical impression of their utility, especially in patients with coexistent sleep 
disruption, often characterised by fragmented sleep. Generally, low doses of 
10–25 mg are used in migraine prevention, rather than higher antidepressant doses.  

   Beta-Blockers 
 Propranolol and timolol are generally considered safe and effective. Dosing may be 
similar to or lower than those used in the treatment of hypertension. Although often 
mentioned as fi rst choices in a patient with migraine and hypertension, in practice, 
achieving the ideal dose of one medication for two separate conditions is often not 
possible.  

   Calcium Channel Antagonists 
 Of the various members of this heterogeneous group, verapamil is probably the 
most commonly used in migraine prevention and seems, based largely on clinical 
experience but with some research support, to have surpassed propranolol in the 
management of migraine with aura. Verapamil has been shown to be effective in 
vestibular migraine [ 41 ].        
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24.1             Introduction 

 Pre-eclampsia is one of the most commonly occurring complications of pregnancy 
worldwide, affecting approximately 4.6 % (2.7–8.2 %) [ 1 ] of all pregnancies. Pre- 
eclampsia constitutes a complex syndrome of pregnancy-specifi c hypertensive dis-
ease, with multisystem involvement. Previous defi nitions of the syndrome have 
included strict criteria to measure proteinuria; however, recent guidance from the 
American College of Obstetricians and Gynecologists recognizes the multiplicity of 
different clinical presentations that may arise, including thrombocytopaenia, 
impaired renal or hepatic function, pulmonary oedema and cerebral or visual distur-
bance [ 2 ]. Overall 10–15 % of direct maternal deaths are attributable to pre- eclampsia 
and eclampsia [ 3 ]. The neonate is also at risk of signifi cant short- and long-term 
morbidity from pre-eclampsia, particularly where iatrogenic early delivery is required 
[ 4 ]. The aetiology of pre-eclampsia however remains poorly understood. 

 The vasculature of both the mother and the fetoplacental unit is critical in the 
development of pre-eclampsia. The initiating event is thought to be impairment of the 
physiological conversion of the uterine spiral arteries in early pregnancy. This is then 
followed by a systemic infl ammatory response-type reaction in the mother, which is 
likely driven by arterial endothelial dysfunction. How the two vascular events in the 
natural history of pre-eclampsia are linked, however, remains somewhat uncertain.  
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24.2     Placental Development and Pre-eclampsia 

 The placenta has long been regarded as key to the aetiology of pre-eclampsia, par-
ticularly as the disorder does not resolve prior to its delivery. The idea that patho-
logical maladaptation of the process of spiral artery transformation might underlie 
the development of pre-eclampsia was fi rst suggested over 60 years ago. During the 
process of normal placentation, a vastly increased blood supply to the decidua basa-
lis and underlying myometrium is required to support fetal and placental growth. 
The usual physiological adaptation to this increase in demand is conversion of the 
spiral arteries, which run through the myometrium to the developing placenta. This 
process involves a remarkable change in vessel morphology from small thick- 
muscled arteriolar walls to thin vessels, whose walls consist merely of a fi brous 
matrix containing invasive cytotrophoblast cells. These cytotrophoblast cells adopt 
a vascular morphology as they differentiate [ 5 ]. In uncomplicated pregnancies, vir-
tually no structures resembling conventional arteries are detectable within the 
decidual or myometrial layers at term. The cytotrophoblasts in situ within these 
transformed maternal vessels alter their surface adhesion receptors to mimic mater-
nal vascular endothelium, which allows them to adopt a vasculogenic role [ 6 ]. This 
change allows a constant, low-pressure fl ow of maternal blood to the placental bed. 
The intervillous space is thus perfused with a high-fl ow, low-pressure system, which 
ensures an adequate stream of nutrients and enables gas exchange with the fetal 
system. 

 The observation of reduced maternal blood fl ow in placentas of pregnancies 
affected by hypertensive disease [ 7 ] has stimulated close histological examinations 
of placentas from pre-eclamptic pregnancies. It was noted that structures with dis-
tinct arterial morphology remained present in the inner myometrium in pre- 
eclamptic pregnancies [ 8 ], giving rise to the hypothesis that incomplete conversion 
of the spiral arteries might be the driving factor behind development of the disorder. 
The careful and impressive studies of Pijnenborg et al., in the 1980s, on a unique 
collection of whole pregnant uteri demonstrated in detail how normal spiral artery 
invasion proceeds [ 9 ,  10 ]. More recently, better clinical correlation of the pre- 
eclampsia phenotype with a decreased disruption of the muscular arterial walls of 
the myometrial vessels and reduced intramural extravillous cytotrophoblast has 
been established [ 11 ]. As our understanding of the nature of placental vascular 
lesions improves, new subtypes of lesions can be identifi ed particular to pregnancies 
complicated by pre-eclampsia [ 12 ]. In particular it has been suggested that acute 
atherosis, an accumulation of subendothelial lipid-fi lled foam cells usually in the 
decidual parts of the spiral arteries, may have a greater correlation with the pheno-
type of pre-eclampsia than previously described [ 13 ]. Whilst acute atherosis may 
occur in normotensive pregnancy, it may be that the disruption to normal placental 
blood fl ow caused by acute atherosis only becomes suffi cient to cause a clinical 
syndrome in the additional presence of suboptimal spiral artery remodelling [ 14 ]. 

 It is unclear precisely what drives invasion of the cytotrophoblast, much less why 
in pregnancies with pre-eclampsia the depth of invasion should be less. The process 
is known to depend on complex interactions between growth factors, adhesion 
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proteins and proteases, among others [ 15 ]. A number of factors regulating cell sig-
nalling have recently been suggested as possibilities for impairing normal cytotro-
phoblast migration in pre-eclampsia [ 16 ]. Putative mechanisms infl uencing 
cytotrophoblast invasion include the Notch signalling pathway [ 17 ], which regu-
lates cell-cell interactions and has a role in vasculogenesis elsewhere. The STOX1 
signalling pathway, which may induce other cellular adhesion molecules including 
α-T-catenin [ 18 ], has also been suggested as a putative candidate for disruption in 
pre-eclampsia. The epidemiological evidence that links STOX1 polymorphisms 
with propensity to develop pre-eclampsia is, however, somewhat confl icting [ 19 , 
 20 ]. Elsewhere, local angiotensin II from the maternal decidual tissue has been pos-
tulated to infl uence trophoblastic migration and invasion [ 21 ]. Recently, interest has 
been generated in the putative role of corin, a protease that activates atrial natriuretic 
peptide and which may promote trophoblast invasion [ 22 ]. 

 There may also be important interactions between successful spiral artery con-
version and an immunological component to the development of pre-eclampsia. 
The role of the immune system in the pathogenesis of pre-eclampsia is gradually 
emerging, as more is understood regarding the interaction between trophoblasts and 
uterine natural killer cells [ 23 ].  

24.3     Maternal Vascular Adaptations to Pregnancy 

 Vascular tone during pregnancy is mediated at an endothelial level by a number of 
factors, which overlap in physiological function. The major driver of the maternal 
cardiovascular adaptations to pregnancy is the fall in the total peripheral resistance 
[ 24 ], hence the importance of availability of vasodilatory factors. The compensa-
tory rise in plasma volume (30–40 % above the non-pregnant state) is essential for 
ensuring adequate organ perfusion, particularly of the low-pressure placental bed. 
In normal pregnancy, a careful balance is maintained between vasodilatory and 
vasoconstrictive factors, allowing for the cardiovascular changes of early preg-
nancy to be accommodated without signifi cant blood pressure increase. In pre-
eclamptic pregnancy, it is evident from the fi rst trimester that maternal 
cardiovascular adaptation to pregnancy does not occur fully. Between 14 and 
17 weeks, the plasma volume expansion in pre-eclamptic pregnancy is reduced 
[ 25 ], and the increase in cardiac output is less than in normal pregnancy [ 26 ]. In 
normotensive pregnancy, the renin-angiotensin-aldosterone system is upregulated, 
to allow an aldosterone- mediated increase in plasma volume. However, the normal 
pressor response to the upregulation of angiotensin II appears to be blunted, pre-
venting a corresponding rise in blood pressure [ 24 ]. In pre-eclamptic pregnancy, 
all of these responses are reduced compared to the normotensive state, although 
the relationship between the renin-angiotensin-aldosterone system and the fi nal 
rise in blood pressure seen later in pre-eclamptic pregnancy is very complex, par-
ticularly as different vascular beds may have different responses, and remains to be 
fully elucidated [ 24 ]. There is evidence that the apparent complexity of the rela-
tionship might be at least partly explained by the presence of angiotensin II 
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receptor-stimulating antibodies in pre- eclamptic pregnancy [ 27 ]. It has been dem-
onstrated that subtypes of agonistic angiotensin I receptor autoantibodies may be 
present in up to 95 % of cases of pre- eclampsia, giving potential for a role not only 
in disease pathogenesis but possible use as biomarkers and in diagnosis to reliably 
identify pre-eclamptic pregnancies [ 28 ].  

24.4     Placental Perfusion and Ischaemia 

 Whilst the problems of fetoplacental circulation and the problems of the maternal 
vascular response are well described in pre-eclampsia, the mechanism linking the 
two aspects of pre-eclampsia remains to be elucidated. The answer may be oxida-
tive stress-mediated endothelial damage and perturbations to angiogenic signalling, 
via a reperfusion-type injury from the relatively ischaemic placenta [ 29 ]. The failure 
of spiral artery conversion results in a placenta where fl ow is reduced, converting an 
already relatively hypoxic environment to one of chronic ischaemia. 

 The production of excess free radical species is a common fi nding where chronic 
ischaemia exists [ 30 ]. Free radical species without, and sometimes despite, appro-
priate upregulation of antioxidant defence mechanisms cause signifi cant damage at 
both cellular and tissue levels. In the pre-eclamptic placenta, there is evidence of 
elevated levels of a number of tissue markers of oxidative stress [ 31 ]. The maternal 
arterial endothelium appears particularly sensitive to these changes [ 32 ], and this 
may be key to linking the initiating events of pre-eclampsia in the placenta with the 
clinical syndrome. There is further experimental evidence of reduced defences 
against oxidative stress associated with the pre-eclamptic placenta, including 
decreased levels of nitric oxide synthase and superoxide dismutase, both of which 
are prominent features of the normal cellular response to oxidative stress [ 33 ]. A 
contributory factor to the development of pre-eclampsia at the maternal-fetal inter-
face may be increased stress-related expression of advanced glycation end products 
(AGEs) and their receptors (RAGEs) [ 34 ], which are known to initiate local infl am-
matory reactions at the placental bed and systemically [ 35 ]. RAGEs are abundantly 
expressed not only at the uterine-placental interface but also in the maternal serum 
and hence may contribute to both the local initiation of abnormal placentation and 
the systemic disease state in the mother. 

 Accompanying the increased reactive oxygen species production caused by rela-
tive placental ischaemia is a release of other vasoactive, angiogenic and infl ammation- 
provoking substances into the maternal circulation [ 16 ]. Particularly implicated is 
the release of HIF-1α (hypoxia-inducible factor-1α) and TGF-β1 (transforming 
growth factor-β1). These in turn stimulate further production of indirectly vasoac-
tive factors including a soluble splice variant of the VEGF receptor-1, sFlt-1 (solu-
ble fms-like tyrosine kinase-1) [ 36 ]. This soluble receptor (sFlt-1) plays a crucial 
role in removing important angiogenic factors from the peripheral circulation by 
binding and inactivating them, particularly VEGF (vascular endothelial growth fac-
tor) and PIGF (placental growth factor) [ 37 ]. VEGF and PIGF have vital roles in 
maintaining vascular endothelial function and in vasculogenesis in both the 
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pregnant and the non-pregnant state [ 38 ]. The inactivation of these factors is thought 
to have profound effects on the maternal vascular endothelium and its adaptations 
to pregnancy. The importance of the role of sFlt-1 in reducing plasma levels of 
VEGF and PIGF is demonstrated by the phenotype of hypertension and proteinuria 
that occurs when sFlt-1 levels are experimentally increased in animal models [ 36 , 
 39 ], possibly via the upregulation of renal preproendothelin. Altered levels of sFlt-1 
and PIGF are detectable in maternal plasma prior to the development of the clinical 
syndrome of pre-eclampsia, suggesting a possible future use for measuring these 
levels as a biomarker [ 40 ]. Further, removal of sFlt-1 from the peripheral circulation 
by plasmapheresis has been suggested as a novel new therapy for pre-eclampsia 
[ 41 ]. In addition to therapies targeted at reducing sFlt-1 levels, the possibility of 
countering its action by iatrogenically restoring VEGF has been explored. Studies 
in animal models of pre-eclampsia have demonstrated that VEGF infusion in rats 
with placental ischaemia-induced hypertension results in an improvement in both 
endothelial and glomerular function [ 42 ].  

24.5     Maternal Endothelial Dysfunction 

 Widespread dysregulation of maternal endothelial function is well described in pre- 
eclampsia [ 38 ,  43 ,  44 ], likely due to oxidative stress from the hypoxic-ischaemic 
placenta [ 16 ]. The loss of normal regulatory function of the maternal endothelium 
in pre-eclampsia may be a form of the systemic infl ammatory response syndrome, 
which occurs in a number of severe physiological insults [ 29 ]. Proinfl ammatory 
debris from the surface of the placenta, which can interact with the maternal endo-
thelium, may be important in regulating and modulating the maternal response to 
pre-eclampsia. Many of these particles are microvesicles and nanoparticles, and it is 
an important area for future research to attempt classifi cation of these and full inves-
tigation as to their role [ 45 ]. There are, however, a number of factors of more con-
ventional vasoactive factors that have been implicated in the dysregulation of 
maternal endothelial function, including those which vasoconstrict, vasodilate, 
infl uence platelet function and regulate coagulation/fi brinolysis. The role of several 
of the better-understood vasoactive factors in pre-eclampsia is considered: 

24.5.1     Nitric Oxide 

 One of the major vasodilatory factors is nitric oxide (NO), which causes a relax-
ation of vascular smooth muscle cells. Nitric oxide levels are elevated during 
normal pregnancy, as the vasculature relaxes to accommodate the increase in 
plasma volume. The relatively reduced bioavailability of NO in pre-eclampsia is 
thought to be key to the blood pressure rise in the third trimester [ 46 ]; however, 
direct assaying of NO in vivo is problematic. Lack of NO also has subsidiary 
effects on promoting platelet aggregation and activation [ 47 ] and inhibiting 
smooth muscle proliferation [ 48 ]. Recently, attention has focused on whether 
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exogenous nitric oxide administration might prove a viable treatment strategy to 
address the clinical problem of pre- eclampsia at a molecular level [ 49 ]. An alter-
native strategy, which has been successful in some trials, is to supplement with 
L-arginine, a NO precursor [ 50 ].  

24.5.2     Endothelin 

 In addition to the reduced vasodilator availability in pre-eclampsia, there is also a 
signifi cant effect of increased responsiveness to vasoconstrictive agents [ 51 ]. 
Endothelin-1 (ET-1) is an extremely potent vasoconstrictive factor, the effi cacy of 
which is dependent on the availability of its receptors, particularly the ET-A recep-
tor in vascular smooth muscle. The circulating levels of ET-1 are elevated in pre- 
eclamptic pregnancy [ 52 ], although circulating levels of ET-1 do not appear to 
correlate well with the concentration of available factor at the tissue level. Work on 
animal models however has supported the idea that tissue concentrations of ET-1 
are elevated in pre-eclamptic pregnancy [ 39 ]. The ET-A receptor is thus a potential 
target for pre-eclamptic therapy, but disruption of the ET-A receptor is detrimental 
in early pregnancy, and hence any therapy would have to be targeted only to the 
maternal circulation.  

24.5.3     Haem Oxygenase 

 Haem oxygenase-1 (HO-1) is crucial for the in vivo breakdown of haem to a num-
ber of products including carbon monoxide (CO), biliverdin and free iron. Carbon 
monoxide, which is an inhibitor of sFlt-1 production and has vasodilatory effects 
[ 53 ], is primarily responsible for the angiogenic and antioxidant effects of HO-1 
[ 54 ]. Furthermore, placental HO-1 expression is reduced in women experiencing 
severe pre-eclampsia [ 55 ]. Research in animal models suggests that in vivo induc-
tion of haem oxygenase-1 can enhance the availability of circulating VEGF and can 
reduce sFlt-1-mediated hypertension [ 56 ].  

24.5.4     Prostacyclin 

 Prostacyclin (PGI 2 ) is a product of arachidonic acid metabolism and has a key role 
in vasodilatation in normotensive pregnancy. Derivation of PGI2 from arachidonic 
acid is mediated by cyclooxygenases 1 and 2, which may be downregulated in 
response to pre-eclampsia [ 57 ], hence reducing the vasodilatory response in pre- 
eclampsia. Experimental evidence however regarding PGI2 production is somewhat 
confl icting, with in vitro experiments demonstrating no difference in PGI2 produc-
tion from placental trophoblasts between normotensive and pre-eclamptic pregnan-
cies [ 58 ], whereas in vivo experiments have found reduced circulating levels in 
women with pre-eclampsia [ 59 ].   
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24.6     Pre-eclampsia and Macrovascular Disease 

 The diverse range of maternal macrovascular complications of pre-eclampsia, 
including malignant hypertension, stroke and eclampsia, is thought to be secondary 
to the generalized arterial endothelial dysfunction [ 60 ]. Thirty-nine percent of all 
pre-eclampsia deaths are due to cerebrovascular events [ 61 ]. Other rarer cerebrovas-
cular syndromes are also increased during pregnancy complicated by pre- eclampsia, 
including posterior reversible encephalopathy syndrome and reversible cerebral 
vasoconstrictive syndrome [ 60 ]. It may be the case that normal pregnancy alters the 
permeability of the cerebral vasculature and that the elevated blood pressure in pre- 
eclamptic pregnancy infl icts secondary damage [ 62 ]. In particular, the decreased 
systemic vascular resistance of normal pregnancy may be synergistic with a decrease 
in myogenic tone in pre-eclamptic pregnancy [ 63 ] to produce increased cerebral 
blood fl ow and susceptibility to cerebral oedema. 

 Whilst it is known that women who develop pre-eclampsia in pregnancy are at 
greater risk of cardiovascular diseases and cardiovascular-related death later in life 
[ 64 ], it remains unclear whether this is attributable to an underlying propensity to arte-
rial disease that predisposes to both pre-eclampsia and later cardiovascular disease or 
whether having had pre-eclampsia is itself a causative factor for later disease. Women 
who have an underlying condition that predisposes to a systemic infl ammatory response 
(e.g. obesity, chronic kidney disease or essential hypertension) are signifi cantly more 
susceptible to the development of pre-eclampsia, and even a normal or mildly abnor-
mal placentation in these most susceptible women can be suffi cient to develop clinical 
symptoms of pre-eclampsia [ 65 ]. The later risk of cardiovascular disease is related to 
the severity of the pre-eclampsia experienced [ 66 ], with women who had severe pre-
eclampsia associated with intrauterine growth restriction experiencing a sevenfold 
increased risk of cardiovascular disease above the population baseline [ 67 ]. 

 There is some evidence for the view that pre-eclamptic pregnancy has lasting 
effects on maternal arterial wall infl ammation [ 68 ]. It is signifi cant that altered 
endothelial function and altered angiogenic factors remain detectable in the circula-
tion of women who have had pre-eclampsia for over 5 years following delivery [ 69 ]. 
Some changes in circulating markers of early endothelial dysfunction could be 
detected even at 10 years following the index pregnancy [ 70 ]. The risk of stroke 
following a pregnancy complicated by pre-eclampsia remains elevated in the year 
following delivery [ 71 ]. The persistence of the maternal arterial effects of pre- 
eclampsia has been demonstrated by an increase in common carotid artery intimal 
thickness compared to controls in women several years following pre-eclamptic 
pregnancy [ 72 ]. However, the mechanisms by which such changes persist remain 
unclear, and the ability to accurately predict the subset of women who will develop 
later cardiovascular disease as yet remains elusive.  

    Conclusions 
 We do not fully understand why the initiating event of pre-eclampsia, failure of 
extravillous cytotrophoblastic invasion of the spiral arteries, should occur in 
some pregnancies (up to 8 %) and not in others. There are known risk factors 
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including diabetes, obesity and genetic predisposition, but many pregnancies 
without these factors are also affected. Despite the advances in understanding of 
the vascular pathogenesis of pre-eclampsia outlined in this chapter and summa-
rized in Fig.  24.1 , the worldwide morbidity to both mothers and neonates remains 
high. Therapeutic options available presently are limited and are focused mainly 
on reducing seizure threshold and lowering blood pressure. Whilst these are use-
ful therapies, they fail to address the underlying pathogenesis. The development 
of novel therapies including exogenous nitric oxide or glutathione donors may 
hold promise in this regard.
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         Renal transplantation confers a great advantage over other renal replacement modali-
ties in the amelioration of patient cardiovascular profi le. In the United States, more 
than 180,000 subjects are alive with a functioning transplanted kidney [ 1 ]. A meta-
analysis of 16 studies showed that the general quality of life, physical functioning, 
and psychosocial functioning signifi cantly improved following transplantation when 
compared to hemodialysis [ 2 ]. Nonetheless, only a minority of patients with end-
stage renal disease (ESRD) are offered renal transplantation due to the scarcity of 
available donations. Approximately 17,000 kidney transplants are performed annu-
ally in the United States, with a relatively stable annual transplant rate since 2005, 
countered by a much more rapidly increasing waiting list of patients with ESRD [ 1 ]. 

 Renal transplantation signifi cantly reduces the cardiovascular disease burden 
observed in patients with ESRD. While cardiovascular death rates continuously 
increase over time in patients on dialysis, they are found to be persistently lower in 
the transplant patients with good graft function. Signifi cant survival benefi ts of 
renal transplantation are evident in as early as 3 months post transplantation. In 
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3–6 months post transplantation, the age-adjusted cardiovascular and overall death 
rates, even in patients with hypertension and diabetes as primary diagnoses, were 
reduced to less than half. In contrast, cardiovascular death rates approximately dou-
bled for patients with ESRD after only 1 year on dialysis [ 3 ]. 

 Despite the substantial reduction in cardiovascular risk following transplanta-
tion, cardiovascular events remain the most common cause of death in renal trans-
plant recipients. In fact, cardiovascular disease accounts for approximately one-third 
to one-half of all deaths after transplantation; and rates of cardiovascular events are 
still more than three times higher in renal transplant recipients compared to the age- 
and gender-matched general population [ 4 – 6 ]. 

25.1     Arterial Stiffness in Renal Transplant Patients 

 Stiffness of the large arterial system, estimated by the noninvasive measurement of 
pulse wave velocity (PWV) and central augmentation index (AI), is a reproducible 
predictor of early cardiovascular disease in the healthy population and in the renal 
transplant patients [ 7 – 9 ]. Unfortunately, the literature on arterial stiffness in renal 
transplant subjects is still insuffi cient because most data is derived from cohort and 
cross-sectional studies. In 2003, Covic and colleagues showed that the mean AI 
among renal transplant recipients at 3 months after live-related transplantation was 
signifi cantly lower compared to those on hemodialysis. Mean AI levels were mea-
sured to be 15.9 and 25.1 %, respectively. Similarly, the mean PWV measurements 
were signifi cantly higher in patients on hemodialysis (mean PWV = 7.19 m/s) com-
pared to control patients with hypertension (mean PWV = 6.34 m/s) and to renal 
transplant recipients (mean PWV = 6.59 m/s) [ 10 ]. Ignace et al. found that improve-
ment of carotid-femoral PWV (cfPWV) is probably age dependent, with a signifi -
cant posttransplant benefi t mostly seen in patients above the age of 50 years [ 11 ]. 
One study compared measurements of brachial-ankle PWV (baPWV) prior to trans-
plantation and 6 months after transplantation among 58 renal transplant subjects 
with stable graft function [ 12 ]. The authors concluded that baPWV and systolic and 
diastolic blood pressures signifi cantly decreased following transplantation. 

 The long-term arterial protective effect conferred by transplantation is highly 
suggested, but solid conclusions in that regard require more elaborate studies. It is 
believed that although transplantation improves arterial stiffness in comparison to 
ESRD, arterial stiffness in recipients of renal transplantation is still considered sig-
nifi cantly higher than the age- and gender-matched general population. Bahous and 
colleagues demonstrated that carotid-femoral PWV (cfPWV) was increased in renal 
transplant patients independently of age and mean blood pressure compared to 
healthy controls. During a mean follow-up duration of 54 months, the authors con-
cluded that higher PWV levels were also associated with higher rates of cardiovas-
cular events [ 7 ]. Findings by Verbeke and colleagues confi rmed that, even after 
adjustment for confounding factors, PWV was approximately 7.4 % higher in the 
renal transplant patients compared to healthy persons, corresponding to what they 
described as a difference in vascular age of approximately 10 years [ 13 ]. 
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 Finally, results by Strozecki et al. showed that in a mean follow-up period of 
28 months starting at least 3 years after transplantation, cfPWV signifi cantly 
increased from a mean of 9.1 m/s at baseline to a follow-up mean of 9.8 m/s [ 14 ]. 
The authors demonstrated that the calculated mean PWV increase of 0.7 m/s over 
2 years in renal transplant recipients was markedly higher than the physiological 
increase of 0.1 m/s per year attributed to normal aging in the general population 
[ 14 ,  15 ]. The difference in cfPWV was further accentuated in patients above 
50 years of age, increasing at a mean of 1 m/s in the follow-up period. Similarly, 
pulse pressure was signifi cantly higher at follow-up, whereas systolic, diastolic, and 
mean blood pressures did not show any signifi cant reduction [ 14 ]. 

 Today, the concern is whether the benefi cial effects of transplantation on arterial 
disorders are long lasting or simply a temporary improvement following the with-
drawal of the uremic burden observed in ESRD that can be offset by the immune 
status of transplantation and donor factors. The overall effect of renal transplanta-
tion on arterial stiffness is probably benefi cial but requires further investigation.  

25.2     Factors Associated with Arterial Disorders in Renal 
Transplant Recipients 

 Arterial stiffness has been associated with specifi c transplant, recipient, and donor- 
related factors. In addition to the traditional risk factors observed in the normal 
aging population and in patients with ESRD, renal transplant recipients comprise a 
unique category of patients with unparalleled exposures and incomparable risk fac-
tors. To date, numerous studies have shown varying and sometimes contradictory 
fi ndings and associations to arterial stiffness in these patients. Nonetheless, the true 
relationship between arterial stiffness and these associations is yet to be revealed 
with the help of ongoing basic and clinical research. 

 Although traditional recipient risk factors, such as age, male gender, smoking, 
diabetes, dyslipidemia, elevated mean arterial pressure, and hypertension, are also 
strong infl uences in the renal transplant population, the increased cardiovascular 
risk is unlikely to be fully explained by conventional risk factors alone [ 16 – 18 ]. In 
fact, the Framingham risk equation seems to underestimate the true cardiovascular 
risk among the transplant population due to the presence of unique risk factors that 
are not accounted for in the original equation [ 18 ]. 

 Increased vascular calcifi cation was linked to prolonged duration of dialysis in 
patients with ESRD [ 19 ]. Likewise, dialysis vintage was shown to be indepen-
dently associated with aortic calcifi cation at the time of transplantation and a pre-
dictor for future cardiovascular morbidity and mortality in the renal transplant 
population [ 20 ]. Using pulse wave analysis to measure aortic augmentation in 250 
transplant patients with stable renal function, Ferro et al. showed that the total time 
on renal replacement therapy is positively correlated with the aortic AI [ 21 ]. The 
investigators revealed that a total time of more than 10 years was signifi cantly 
associated with increased aortic AI. Cosio and colleagues studied the survival of 
patients over a mean duration of 84 months after transplantation. They showed that 
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the length of time on dialysis is a signifi cant factor in determining patient survival 
after transplant [ 22 ]. These fi ndings have suggested that pre-transplant burden may 
persist even after transplantation and may have a substantial role in the develop-
ment of arterial stiffness. 

 Immunosuppressive therapy seems to be an important factor of arterial func-
tion after renal transplantation. Generally, cyclosporine therapy in renal trans-
plant patients is believed to be associated with endothelial dysfunction, reduced 
production of endothelial vasoactive substances, and loss of nocturnal blood 
pressure dipping, contributing to hypertension in these patients [ 23 ,  24 ]. AI in 
renal transplant patients was signifi cantly higher in patients receiving cyclospo-
rine immunosuppressive therapy compared to those receiving tacrolimus or non-
calcineurin-inhibitor- based immunosuppressive regimen [ 21 ,  25 ]. These fi ndings 
were later confi rmed by Strozecki et al. who measured cfPWV in cadaveric renal 
transplant recipients [ 26 ]. Finally, two randomized controlled trials showed that 
indices of arterial stiffness, including cfPWV, were signifi cantly higher post 
transplantation in patients who continued using cyclosporine versus those who 
switched to sirolimus and everolimus [ 27 ,  28 ]. The effect of newer immunosup-
pressive therapy on arterial disorders in the renal transplant population is under 
way, and results are yet to be released. 

 Cold ischemia time (CIT), defi ned as the time interval between graft icing after 
retrieval and its subsequent removal prior to transplantation, has been associated 
with arterial stiffening. Strozecki et al. showed that prolonged CIT (≥24 h) was 
associated with increased PWV [ 29 ]. Although the mechanism is still poorly under-
stood, the authors hypothesized that the increased association of acute graft rejec-
tion, chronic allograft nephropathy, or graft loss in patients with prolonged CIT may 
be attributable to the increased arterial stiffness seen in these patients [ 29 ,  30 ]. 
Although other studies have incorporated CIT in the evaluation of arterial stiffness, 
additional research to confi rm the association between CIT and arterial stiffness has 
not been conducted. On the other hand, the association between arterial stiffness 
and warm ischemia time, defi ned as all remaining times of organ ischemia outside 
ice perfusion, has yet to be studied. 

 The relationship between arterial stiffness and allograft function has been 
poorly described in the literature. Although the association between renal func-
tion and arterial stiffness is well documented in ESRD, data is still confl icting for 
renal transplantation [ 31 ]. Although Delahousse et al. found no clear association 
between glomerular fi ltration rate (GFR) reduction and arterial stiffness, both 
Verbeke et al. and Kneifel et al. have reported an independent association between 
elevated PWV and lower GFR levels and emphasized on the importance of renal 
allograft function on vascular reactivity and arterial stiffness [ 13 ,  32 ,  33 ]. Also, 
Bahous et al. showed that increased PWV is independently associated with acute 
rejection, in addition to other classical parameters. The authors defi ned acute 
rejection as an increase of serum creatinine of greater or equal to 0.3 mg/dL 
either with biopsy-proven acute rejection or when other diagnoses seemed 
unlikely. Although not clinically proven, they postulated that renal insuffi ciency 
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mediated by rejection episodes may be responsible for the associated arterial 
stiffness perceived in their study [ 34 ]. 

 The roles of emerging risk factors, such as infections, AV fi stulas, hyperhomo-
cysteinemia, hypomagnesemia, hyperparathyroidism, erythropoietin therapy, low 
levels of folic acid and fi brinogen, hypovitaminosis, subclinical infl ammation, and 
infl ammatory and bone markers, have been variably described with insuffi cient evi-
dence that needs further validation [ 21 ,  35 – 37 ]. 

 Although still insuffi ciently explored, donor characteristics are an important 
aspect of arterial integrity in recipients. In this connection, traditional risk factors 
associated with arterial disorders rarely carry through from donors to recipients 
or are rather not classically observed in donors given the good health status of the 
selected donors. However, the increase in demand for kidney transplantation has 
led to the use of kidneys from expanded criteria donors (ECD) and from patients 
with death due to cardiac causes, termed donation after cardiac death (DCD). An 
ECD, defi ned by the Organ Procurement and Transplantation Network/United 
Network for Organ Sharing, is any donor older than 60 years or older than 
50 years with at least two of the following: hypertension, serum creatinine greater 
than 1.5 mg/dL, or death due to a cerebrovascular event [ 38 ]. This expansion of 
the donor pool ushers in a new population of recipients that may be infl uenced by 
traditional risk factors in donors. Evidence such as decreased graft and recipient 
survival, as well as increased hospital admissions compared to recipients of kid-
neys from standard criteria donors, suggests a stronger infl uence of the donor 
profi le [ 39 ,  40 ]. 

 Two main donor characteristics have been associated with recipient arterial 
stiffness, namely, donor age at transplantation and donor large artery stiffness. 
Kneifel et al. fi rst reported an association between donor age and recipient arte-
rial stiffness measured by means of applanation tonometry. Recipients of kidneys 
from older donors had signifi cantly stiffer large arteries 17 months after trans-
plantation [ 33 ]. The results were validated by Delahousse et al. who measured 
central PWV in 74 recipients of kidneys from cadaveric donors. The authors 
showed that the adjusted PWV was 1 m/s higher at 1 year after transplantation in 
recipients of old-donor kidneys (greater than 53 years of age) compared to other 
patients [ 32 ]. 

 Donor arterial stiffness has also been linked to recipient cardiovascular outcome. 
Bahous et al. studied 95 renal transplant recipients with a mean follow-up of 
56 months and showed that higher PWV measurements in donors were associated 
with worse composite recipient outcome, corresponding to doubling of serum cre-
atinine and development of ESRD, myocardial infarction, stroke, and cardiovascu-
lar death [ 41 ]. This underlines the relation between the kidney and the vascular 
system and a possible vascular profi le carried by the transplanted kidney. 
Nevertheless, such associations are still poorly understood due to lacking data. With 
the advent of ECD, better-powered investigations and longer follow-up periods are 
needed to outline the exact link between donor parameters and recipient arterial 
dysfunction and outcome (Table  25.1 ).
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   Table 25.1    Factors associated with increased arterial stiffness in the transplant population   

 Factor  Study 

  Recipient-related factors  

 Increased age  Barenbrock et al. (1998) [ 36 ] 

 Ferro et al. (2002) [ 21 ] 

 Bahous et al. (2004) [ 7 ] 

 Bahous et al. (2006) [ 34 ] 

 Delahousse et al. (2008) [ 32 ] 

 Strozecki et al. (2010) [ 25 ] 

 Strozecki et al. (2011) [ 14 ] 

 Van Laecke et al. (2011) [ 35 ] 

 Higher fasting blood glucose  Opazo Saez et al. (2008) [ 42 ] 

 Strozecki et al. (2010) [ 25 ] 

 Van Laecke et al. (2010) [ 35 ] 

 Higher mean arterial pressure  Barenbrock et al. (1998) [ 36 ] 

 Ferro et al. (2002) [ 21 ] 

 Bahous et al. (2004) [ 7 ] 

 Bahous et al. (2006) [ 34 ] 

 Delahousse et al. (2008) [ 32 ] 

 Opazo Saez et al. (2008) [ 42 ] 

 Strozecki et al. (2010) [ 25 ] 

 Van Laecke et al. (2011) [ 35 ] 

 Smoking  Bahous et al. (2004) [ 7 ] 

 Bahous et al. (2006) [ 34 ] 

 Increased dialysis vintage  Ferro et al. (2002) [ 21 ] 

 Functioning AV fi stula  Ferro et al. (2002) [ 21 ] 

 Hypomagnesemia  Van Laecke et al. (2011) [ 35 ] 

 Elevated CRP  Van Laecke et al. (2011) [ 43 ] 

 Elevated iPTH  Barenbrock et al. (1998) [ 36 ] 

  Transplantation-related factors  

 Lower eGFR  Barenbrock et al. (1998) [ 36 ] 

 Kneifel et al. (2006) [ 33 ] 

 Verbeke et al. (2007) [ 13 ] 

 Cyclosporine therapy  Ferro et al. (2002) [ 21 ] 

 Zoungas et al. (2004) [ 44 ] 

 Strozecki et al. (2007) [ 26 ] 

 Seckinger et al. (2008) [ 27 ] 

 Strozecki et al. (2010) [ 25 ] 

 Acute rejection episodes  Bahous et al. (2004) [ 7 ] 

 Bahous et al. (2006) [ 34 ] 

 Elevated cold ischemia time  Strozecki et al. (2009) [ 29 ] 

  Donor-related factors  

 Older donor age  Kneifel et al. (2006) [ 33 ] 

 Delahousse et al. (2008) [ 32 ] 

 Donor large artery stiffness  Bahous et al. (2012) [ 41 ] 
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25.3        Factors Associated with Arterial Disorders in Living 
Kidney Donors 

 Living donors have gradually become a vital source of transplanted kidneys in the 
past two decades. With the expansion of the living donor pool, a closer look at the 
short- and long-term effects of uninephrectomy was warranted. Several concerns 
regarding the outcome of uninephrectomized patients have been raised considering 
the risk of hyperfi ltration injury reported in other debatably similar models. In rats, 
a signifi cant reduction in nephron mass was associated with subsequent proteinuria 
and hypertension with a gradual decline in renal function [ 45 ,  46 ]. Physiologically, 
renal adaptation to nephron loss is through augmented fi ltration per single nephron. 
With hyperfi ltration, glomerular hypertension and glomerulosclerosis ensue and 
eventually compromise renal function. Clinically, the observed effect of donor uni-
nephrectomy does not seem to parallel that seen in other models of nephron loss. 
The exact underlying physiology is yet unknown, although it appears that the exci-
sion of half of the functional nephrons does not seem to bring about a maladaptive 
hyperfi ltration, essentially due to the lack of a signifi cant upsurge in glomerular 
capillary pressure. In other words, the required increase in single nephron glomeru-
lar fi ltration (SNGFR) brought on by uninephrectomy is fairly tolerated by the 
remaining nephrons due to an increase in glomerular plasma fl ow rather than an 
increase in pressure [ 47 ]. 

 In kidney donors, initial cross-sectional studies made little to advance our under-
standing of the long-term outcomes following kidney donation particularly consid-
ering the variable methods and defi nitions used, confl icting results, signifi cant 
losses to follow-up, and modest follow-up periods. Nevertheless, no signifi cant 
risks were reported following kidney donation. In 2009, Ibrahim et al. presented a 
follow-up of 3,698 donors with time since donation ranging from 3 to 45 years. The 
authors found no signifi cant long-term consequences compared to the general popu-
lation. When donors were compared to their age-, sex-, and gender-matched con-
trols, no signifi cant increase in mortality was noted. Furthermore, the risk of 
developing hypertension, proteinuria, and ESRD was comparable to the general 
population [ 48 ]. 

 Criticism concerning the choice of controls in prior studies led to newer investi-
gations targeting healthy matched controls that would have been eligible for dona-
tion themselves. Two such studies conducted by Mjøen et al. in 2013 and Muzaale 
et al. in 2014 found a signifi cant increase in long-term adverse outcomes in donors 
following donation [ 49 ,  50 ]. Mjøen et al. showed that comparing donors to matched 
non-donors eligible for donation yielded a higher hazard ratio for the development 
of ESRD (11.38) in donors over a median follow-up period of 15.1 years [ 49 ]. 
Overall, the study showed that ESRD, cardiovascular, and all-cause mortality is 
signifi cantly increased in donors compared to non-donors who meet the criteria for 
donation. Similarly to previous studies, all-cause mortality was not increased in 
donors in the fi rst 5–10 years, but it signifi cantly increased thereafter [ 49 ,  51 – 53 ]. 
Unfortunately, Mjøen et al. did not evaluate for the presence of comorbidities and 
risk factors that may contribute to the increased cardiovascular risk in the donor 
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population. Since ESRD in kidney donors was mostly due to a primary renal disease 
and most donors are fi rst-degree relatives of patients with ESRD, the authors even-
tually raised the concern whether genetic familial factors, rather than uninephrec-
tomy, may have guided their novel fi ndings [ 49 ]. 

 In another study, Muzaale et al. also reported a slightly elevated risk of ESRD 
with similarly profi led controls. The estimated lifetime risk of ESRD was 90 per 
10,000 donors, compared to 14 per 10,000 in healthy matched controls. The inves-
tigators also pointed out the problematic comparisons previously made to the gen-
eral population. When compared to unscreened controls (comparable to the general 
population), the risk of ESRD was threefold lower in donors given the increased 
prevalence of comorbidities in the unscreened cohort. At 15 years, donors who were 
50 years of age and older, those of black ethnicity, and male donors had signifi cantly 
higher cumulative incidence of ESRD than younger donors, donors of white ethnic-
ity, and female donors [ 50 ]. Similarly to Mjøen et al., the authors did not incorpo-
rate other comorbidities in assessing the etiology of the increased risk of ESRD in 
the donor group [ 49 ,  50 ]. 

 Beyond renal function in donors, alterations in arterial structure and function 
have recently become a major point of interest given the link between reduced kid-
ney function and cardiovascular disease. Evaluating a proposed arterial dysfunction 
brought on by reduced renal mass has been attempted by several investigators pri-
marily by assessing the risk for higher blood pressure and hypertension in the donor 
population. Following donor nephrectomy, studies have inconsistently shown an 
increased risk for the development of hypertension. Furthermore, despite a docu-
mented increase in systolic and/or diastolic blood pressure values in certain donors, 
most were still below a hypertensive-range blood pressure. Albeit, with fi ndings of 
increased cardiovascular mortality with elevated blood pressure readings even 
below the hypertensive threshold, additional investigations in the kidney donor pop-
ulation are needed [ 54 ]. A meta-analysis by Boudville et al. pooling 48 studies on 
blood pressure following kidney donation showed a 5 mmHg increase beyond the 
expected for normal aging over a 5–10-year follow-up period. A higher risk for 
developing hypertension was documented in patients with male sex, older age at 
donation, higher pre-donation blood pressure, and lower pre-donation GFR [ 55 ]. 
Still, the tendency toward a higher blood pressure in donors has been contested by 
other investigators that documented a similar prevalence of hypertension compared 
to matched controls [ 48 ]. 

 A similar trend was observed in studies reporting the estimated cardiovascular 
risk in donors. Variable results have been reported even with well-matched controls. 
Garg et al. showed a lower risk of death or a major cardiovascular event in a cohort 
of 2,028 donors and 20,280 healthy matched non-donors with a median follow-up 
of 6.5 years [ 53 ]. Conversely, Mjøen et al. reported results for a similar-sized cohort 
with a longer median follow-up of 15.1 years. The study showed an elevated hazard 
ratio for all-cause and cardiovascular mortality in donors compared to matched con-
trols fi tting classical donor selection criteria [ 49 ]. 

 Although not yet clearly outlined, uninephrectomy may have some effect on 
the arterial dysfunction implicated in cardiovascular outcome in donors. The 
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identifi cation of surrogate measures to identify arterial integrity and to recognize 
early subclinical cardiovascular disease is thus essential in this unique popula-
tion. The utility of arterial stiffness, a well-established predictor of cardiovas-
cular outcome in patients with ESRD and renal transplant recipients, has been 
scarcely utilized among kidney donors. Bahous et al. were the fi rst to report 
increased arterial stiffness in a cohort of kidney donors compared to healthy 
matched controls by means of cfPWV and pulse pressure (PP). The investiga-
tors showed that donors had a signifi cantly higher mean cfPWV (9.5 ± 2.5 m/s) 
compared to healthy matched controls (8.5 ± 1.5). In addition to the association 
between elevated cfPWV and older donor age, higher mean arterial pressure, 
higher fasting plasma glucose, and smoking, unique renal factors such as lon-
ger time since kidney donation were also implicated in arterial stiffness post 
nephrectomy. Interestingly, the study postulated that the involvement of these 
renal factors in arterial stiffness might ultimately suggest a role for uninephrec-
tomy in the worsening of arterial stiffness. In their study, the authors questioned 
whether the gradual development of the abovementioned factors could be in fact 
partly attributed to the “age” of unilateral nephrectomy, speculating a tempo-
ral relation between uninephrectomy and increased cfPWV. These results were 
the fi rst to usher the association between uninephrectomy and elevated aortic 
PWV independently of other classically reported risk factors. Additionally, the 
investigators also described an independent positive relationship between PP and 
macroalbuminuria and/or microalbuminuria in donors, further strengthening a 
link between renal function and large artery stiffness [ 34 ]. Nonetheless, the real 
link between uninephrectomy and arterial stiffness remains poorly defi ned due 
to paucity of available data. Studies with a larger population of donors and a 
longer follow- up period are required to verify the association between donor 
uninephrectomy and increased arterial stiffness.  

    Conclusion 
 In conclusion, renal transplantation remains the renal replacement modality of 
choice for patients with ESRD. It confers great advantage in the amelioration of 
cardiovascular disease risk and arterial stiffness compared to other renal replace-
ment therapies. Nonetheless, it was shown that arterial stiffness might still be 
greater in renal transplant recipients compared to age- and gender-matched sub-
jects from the general population. This signifi cant increase may be attributable to 
recipient, transplant, and donor characteristics that cumulatively predispose 
these patients to an increased cardiovascular disease burden. 

 While earlier studies focused on arterial stiffness in transplant recipients, 
emerging data is scrutinizing into arterial stiffness in the donor pool as well. 
However, the literature to date is still confl icting, and more long-term research is 
indeed warranted to better outline the true relation between arterial stiffness and 
cardiovascular risk in both renal transplant recipients and donors. Needless to 
say, kidney donation is undeniably an altruistic unrivaled act that confers better 
outcome to recipients and does not carry a signifi cant risk for the living donor. 
Support of this act should remain unequivocal.     
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26.1            A Brief Overview of Pulsatile Hemodynamics 

 When    the heart contracts, it sets up a forward traveling fl ow waveform that interacts 
with characteristic impedance ( Z  c ) of the proximal aorta to produce a forward travel-
ing pressure waveform (Fig.  26.1 ). This forward traveling wave propagates along the 
aorta and encounters impedance mismatch at the interface between the normally com-
pliant aorta and stiff muscular arteries, which produces partial wave refl ection 
(Fig.  26.2 ). Although frequently portrayed as deleterious, wave refl ection plays a criti-
cal protective role that limits transmission of pulsatile energy into the microcirculation 
[ 1 ]. Wave refl ection amplifi es pressure but attenuates fl ow pulsatility and reduces the 
amount of energy transmitted into small vessels [ 1 – 3 ]. The abrupt interface between 
the normally compliant aorta and stiff muscular arteries represents the fi rst stage bar-
rier against penetration of excessive pulsatility into the microcirculation (Fig.  26.2 ). A 
second major barrier to penetration of pulsatile energy into the microcirculation is 
provided by the high impedance of the resistance vessels, which may increase further 
in the setting of increased aortic stiffness and excessive pressure pulsatility (Fig.  26.2 ).

    With advancing age, the aorta stiffens to a highly variable degree for reasons that 
are only partially elucidated but may be related to mechanical fatigue of elastic 
fi bers [ 4 ], infl ammation [ 5 ], fi brosis, cross-linking of structural proteins within the 
aortic wall [ 6 ], and smooth muscle cell hypertrophy [ 7 ] or stiffening [ 8 ]. As a result, 
 Z  c  and forward wave amplitude ( P  f ) increase after midlife [ 9 ], resulting in an 
increase in the pulsatile energy content of the advancing waveform. In addition, 
stiffening of the aorta with age greatly exceeds stiffening of the muscular arteries, 
which reduces impedance mismatch and wave refl ection at this critical interface 
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  Fig. 26.1    Central aortic pressure-fl ow relations. Volumetric fl ow into the aorta is assessed by 
multiplying left ventricular outfl ow tract fl ow velocity ( a ) and area computed from diameter ( b ). 
The resulting volumetric fl ow waveform is paired with carotid artery tonometry and used to com-
pute input impedance ( c ). Characteristic impedance ( Z  c ) is estimated by taking the ratio of change 
in pressure and change in fl ow prior to fl ow reaching 95 % of the peak value ( t  Q95 ), which is prior 
to the infl ection point ( t  i ) indicating arrival of the global refl ected wave. Once  Z  c  is known, it is 
possible to separate forward and refl ected pressure and fl ow waves ( d )       
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  Fig. 26.2    Protective effect of wave refl ection. Normal aortic stiffness is much lower than muscular 
artery stiffness (portrayed as differences in wall thickness). The resulting impedance mismatch pro-
duces proximal wave refl ection, resulting in refl ection of a component of waveform power ( P  b ), which 
limits the proportion of forward pulsatile power ( P  f ) that is transmitted ( P  t ) into the periphery, where it 
may cause damage ( a ). When aortic stiffness exceeds muscular artery stiffness, impedance mismatch 
is reduced, and a greater proportion of the pulsatile power is transmitted into the periphery ( b )       
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[ 10 ]. Loss of wave refl ection means that a greater percentage of pulsatile energy is 
transmitted into the periphery (Fig.  26.2 ), which is particularly deleterious for obli-
gate high-fl ow organs such as the brain and kidney [ 1 ]. High-fl ow organs are neces-
sarily of low impedance, meaning that a greater proportion of the pulsatility that 
passes through the critical fi rst stage barrier at the aorta-muscular artery interface 
will be transmitted across the second stage barrier provided by the resistance vessels 
and may damage the microcirculation [ 2 ]. 

 A number of measures of arterial function have been proposed to character-
ize the hemodynamic abnormalities summarized above. Aortic wall stiffness is 
readily assessed by measuring carotid-femoral pulse wave velocity, which is 
strongly related to incident hypertension [ 11 ] and cardiovascular disease (CVD) 
events [ 12 ]. The balance between aortic diameter, stiffness, and fl ow can be 
assessed by measuring forward pressure wave amplitude and  Z  c . The amount of 
fl ow pulsatility penetrating into peripheral organs can be assessed by analysis of 
fl ow using Doppler ultrasound or magnetic resonance imaging [ 2 ,  3 ]. Wave 
refl ection can be assessed by examining the central pressure waveform to deter-
mine augmented pressure and augmentation index (AI) or more precisely by 
measuring central pressure and fl ow waveforms [ 13 ]. Measured central aortic 
pressure and fl ow allows for separation of forward ( P  f ) and backward ( P  b ) pres-
sure waves in order to determine relative wave refl ection, for example, by calcu-
lating the global refl ection coeffi cient, RC =  P  b / P  f  [ 14 ]. In addition, one can 
measure carotid intima-media thickness (CIMT) and ankle-brachial index (ABI) 
as measures of large artery wall hypertrophy and atherosclerotic disease. Finally, 
one can use multidetector computerized tomography (MDCT) to evaluate calci-
fi cation in the aorta and coronary arteries as measures of structural damage and 
atherosclerosis.  

26.2     Measures of Aortic Stiffness and Pressure Pulsatility 

26.2.1     Carotid-Femoral Pulse Wave Velocity 

 CFPWV has been associated with CVD risk and risk reclassifi cation in various 
studies and in a recent individual participant meta-analysis and has emerged as the 
reference standard measure of aortic stiffness [ 12 ]. In part, the ability of CFPWV to 
reclassify risk stems from the observation that CFPWV is only modestly associated 
with standard risk factors [ 15 ], although there are modest associations of higher 
CFPWV with greater age, mean arterial pressure, heart rate, infl ammation, and 
components of the metabolic syndrome. In addition, CFPWV is moderately herita-
ble and various genetic loci may contribute to increased aortic stiffness [ 16 ]. In the 
Framingham Offspring Study, having CFPWV in the highest (>12 m/s) as com-
pared to the lowest (<8 m/s) quartile was associated with markedly increased risk 
for a fi rst major CVD event (HR = 3.4; 95 % CI, 1.4–8.3;  P  < 0.008) in a model that 
adjusted for standard risk factors [ 17 ]. Prevalence of CFPWV >12 m/s is low prior 
to 50 years of age but increases to >60 % after 70 years of age [ 18 ], suggesting that 
a substantial and growing burden of disease may be attributable to excessive aortic 
stiffness in our aging society. 
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 CFPWV is readily measured in a clinical setting in just a few minutes with rela-
tively modest requirements for specialized equipment and expertise. Transit time is 
measured by performing tonometry of the carotid and femoral arteries. The distance 
between recording sites is measured and CFPWV is computed as transit distance 
divided by transit time. Transit distance must account for parallel transmission of 
the advancing wavefront around the aortic arch and up the brachiocephalic and 
carotid arteries. The linear distance from carotid to femoral artery overestimates 
true transit distance. Compensation for parallel transmission is commonly achieved 
by using the suprasternal notch as a fi ducial point for the waveform separation site 
and measuring upward to the carotid site and downward to the femoral site. The 
difference between these distances represents the corrected transit distance. An 
alternative approach measures the linear distance from carotid to femoral site and 
then rescales the distance by an empirically derived factor of 0.8 [ 19 ]. The latter 
approach has the potential limitation of not accounting for variability in individual 
anthropomorphic factors and operator positioning of the tonometer on the neck.  

26.2.2     Pressure and Flow Pulsatility 

 European guidelines recommend consideration of pulse pressure (PP, the difference 
between systolic and diastolic blood pressure) when evaluating risk for CVD and 
when managing CVD and hypertension; PP ≥ 60 mmHg is considered evidence of 
target organ damage in older patients [ 20 ]. PP and CFPWV are related but distinct 
measures of aortic function that contribute separately to risk. CFPWV is closely 
related to aortic wall stiffness but is relatively insensitive to the lumen area. In con-
trast, determinants of PP, such as  Z  c  and  P  f , are strongly dependent on the aortic 
lumen area and matching between the aortic lumen area and ambient fl ow. Individuals 
with higher PP have higher aortic fl ow and ventricular dimensions and yet a smaller 
aortic lumen area, resulting in mismatch between the resting peak systolic fl ow and 
lumen area of the aorta, increased  P  f  amplitude, and increased PP [ 21 ]. 

 Central as compared to peripheral PP has been recommended as a potentially 
superior tool for risk stratifi cation. However, although absolute values for central 
and peripheral PP may differ because of the effects of variable timing of wave 
refl ection, differences are modest from midlife onward, and the two values are 
highly correlated [ 22 ]. As a result, it is diffi cult to demonstrate that one or the other 
provides superior risk prediction. Placing the focus on increased awareness of the 
clinical implications of wide PP and other independent measures of aortic stiffness, 
such as CFPWV, rather than minor potential differences between central and periph-
eral PP, seems warranted.  

26.2.3     Global Wave Reflection, AI, and Augmented Pressure 

 Measures of wave refl ection are among the most frequently misunderstood and mis-
interpreted indicators of arterial system function. Relative wave refl ection is often 
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assessed from pressure alone by evaluating AI from a central aortic pressure wave-
form (Fig.  26.1c ). Higher AI was originally attributed to premature arrival of the 
refl ected pressure wave because of increased aortic PWV. However, subsequent 
studies in large community-based samples have demonstrated modest relations 
between AI and CFPWV. In particular, after 50 years of age, when CFPWV increases 
dramatically, AI plateaus or falls [ 10 ,  13 ]. These seemingly counterintuitive rela-
tions between AI and aortic stiffness are attributable in part to a reduction in imped-
ance mismatch and amount of wave refl ection after midlife, when aortic stiffness 
increases to the point that CFPWV reaches and then exceeds muscular artery PWV, 
resulting in reversal of the arterial stiffness gradient that normally gives rise to prox-
imal wave refl ection (Fig.  26.2 ). 

 In contrast to AI, augmented pressure continues to rise after midlife [ 13 ]. 
However, augmented pressure (or the separated  P  b ) amplitude depends strongly on 
 P  f  amplitude. If one rearranges the expression for global RC, one fi nds that  P  b  =  P  f  
* RC. Given that  P  f  increases dramatically after midlife, whereas RC falls modestly, 
it is clear that the increase in  P  b  after midlife is primarily attributable to larger  P  f  
rather than increased wave refl ection per se, as assessed by the RC. Thus, a late life 
increase in augmented pressure represents ratiometric rescaling of the central pres-
sure waveform, with a constant percentage of PP attributable to augmentation. In 
addition, recent studies have shown that AI and augmented pressure amplitude are 
related to left ventricular function [ 23 ,  24 ].  P  b  augments pressure and decelerates 
fl ow. The net effect on augmented pressure depends on left ventricular function and 
the left ventricular ejection pattern [ 13 ,  23 ]. Factors that limit ventricular ejection in 
late systole can therefore have a major effect on augmented pressure and AI even in 
the absence of alterations in  P  b . Relations between ventricular function and aug-
mentation may offer a mechanism for reducing central pressure that is not depen-
dent on transferring the excess pulsatile energy into the microcirculation, as occurs 
with peripheral vasodilator drugs. 

 Measures of wave refl ection have similarly complex relations with CVD risk. 
Early studies demonstrated relations between AI and clinical events in select sam-
ples comprised of patients on dialysis [ 25 ] or with known coronary artery disease 
[ 26 ]. In addition, some recent community-based samples have found relations 
between measures of wave refl ection and CVD outcomes [ 27 – 29 ], whereas others 
have not [ 17 ]. However, studies that found relations focused on  P  b  rather than a 
measure of relative wave refl ection such as AI or the RC. As a result, the relation 
between  P  b  and events may be heavily dependent on  P  f . Others used an imputed or 
estimated fl ow waveform rather than measured fl ow [ 27 ,  29 ], which may contribute 
to misclassifi cation of wave refl ection because of the dependence of the fl ow wave-
form shape on left ventricular function [ 30 ]. 

 In contrast to the question of risk stratifi cation, when evaluating the effects of 
various interventions on blood pressure and clinical events, consideration of the dif-
ferential effects of therapy on central as compared to peripheral blood pressure may 
be important. Drugs that reduce the amount of wave refl ection or the ventricular 
response to a given refl ected wave may have a greater effect on central as compared 
to peripheral systolic and PP. However, no study performed to date has 
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demonstrated that differential lowering of central as compared to peripheral blood 
pressure is associated with a differential response to therapy that can be attributed 
to a more favorable effect of therapy on central as compared to peripheral blood 
pressure.   

26.3     Measures of Atherosclerosis and Arterial Remodeling 

26.3.1     Carotid Intima-Media Thickness (CIMT) 

 Carotid artery imaging provides a direct assessment of arterial wall remodeling and 
hypertrophy and the presence and severity of atherosclerosis. CIMT is measured in 
regions of the artery that are free of identifi able focal plaque, most often in the com-
mon carotid artery. CIMT represents a variable combination of medial hypertrophy 
and intimal thickening. Focal plaque provides clear evidence of atherosclerosis 
[ 31 ]. Plaque volume and characteristics may contribute separate information regard-
ing risk. Echolucent plaques are lipid-rich and confer higher risk, whereas echo-
genic, fi brous plaques tend to be more stable [ 32 ,  33 ]. A recent individual participant 
data meta-analysis evaluated CVD risk reclassifi cation offered by IMT of the com-
mon carotid based on data from 14 cohorts and 45,828 individuals with 4,007 events 
[ 34 ]. CIMT was associated with modestly higher risk for myocardial infarction and 
stroke. However, reclassifi cation analysis demonstrated minimal net reclassifi cation 
improvement in 10-year risk classifi cation. Even in the subgroup at intermediate 
risk, net reclassifi cation was small (3.6 %, 95 % CI, 2.7–4.6 %) and not likely to be 
clinically relevant [ 34 ].  

26.3.2     Coronary Artery and Aortic Calcification 

 Calcifi cation in the coronary arteries is located mostly within complex atheroscle-
rotic plaques and associated with increased risk for adverse atherosclerotic events. 
Importantly, lack of calcifi cation does not rule out the presence of disease because 
some plaques are not calcifi ed   ; thus, coronary calcifi cation should be used for risk 
stratifi cation in the appropriate patient group (asymptomatic, intermediate risk) [ 35 , 
 36 ]. Recent guidelines have included evaluation of coronary calcifi cation as an 
option that may upstage CVD risk in those at intermediate risk [ 37 ]. However, eval-
uation of calcifi cation requires exposure to radiation and therefore carries a risk that 
must be considered in the context of potential benefi ts of screening. To date, no 
prospective, randomized study has shown that a strategy of therapy guided by the 
presence of coronary calcium improves clinical outcomes. 

 Calcifi cation in the aorta can occur in the intimal plaque or the media. Medial 
calcifi cation is a complex, regulated process that is dysfunctional in various dis-
ease states and conditions, such as diabetes and chronic kidney disease [ 38 ]. 
Medial calcifi cation may represent a cause and a consequence of arterial stiff-
ness, leading to a potential vicious cycle that could contribute to the accelerated 
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rate of aortic stiffening and calcifi cation after midlife. Aortic stiffening and cal-
cifi cation may contribute to diffi culty treating systolic hypertension in older 
people [ 39 ].  

26.3.3     Ankle-Brachial Index (ABI) 

 The presence of fl ow-limiting lower extremity peripheral artery disease (PAD) 
can be confi rmed noninvasively by an ABI <0.9. ABI is calculated by taking the 
maximum of systolic pressures in the posterior tibialis and dorsalis pedis arter-
ies of each leg and dividing by the maximum systolic pressure in the arms, 
which is used as a common denominator in order to minimize confounding of 
ABI by upper extremity stenoses. Since PAD is often asymptomatic or associ-
ated with atypical symptoms, using ABI to screen for disease seems logical. 
However, studies performed to date have failed to demonstrate that ABI screen-
ing substantively reclassifi es CVD risk [ 40 – 42 ]. Failure of ABI to fulfi ll criteria 
for a new risk biomarker is likely a consequence of strong relations between 
standard risk factors and abnormal ABI, i.e., rather than identifying a novel 
causal mechanism that contributes to CVD pathogenesis, abnormal ABI signi-
fi es rather advanced downstream consequence of risk factor exposure. For 
example, in the PARTNERS (PAD Awareness, Risk, and Treatment: New 
Resources for Survival) Study, screening of 6,979 adults >70 years of age or 
50–69 years of age with diabetes identifi ed 1,865 (29 %) with an ABI <0.9 [ 43 ]. 
However, the majority of participants with ABI <0.9 had clinically evident CVD 
or diabetes, indicating that they were already known to be high risk. The Aspirin 
for Asymptomatic Atherosclerosis trial used ABI to screen nearly 30,000 com-
munity-dwelling adults aged 50–75 years with no history of CVD and identifi ed 
3,350 participants with ABI <0.9 who were randomly assigned to receive aspi-
rin or placebo [ 44 ]. There was no difference in CVD outcomes, indicating that 
screening was not an effective means for identifying risk and directing preven-
tive therapy.   

26.4     Dynamic Testing of Arterial Function 

26.4.1     Brachial Artery Flow-Mediated Dilation 

 In contrast to the structural information provided by CIMT, brachial FMD 
provides a dynamic assessment of endothelial function in the brachial artery. 
The test is performed by measuring baseline brachial artery diameter and 
assessing change in diameter during reactive hyperemia induced by inflating 
a cuff on the proximal forearm to suprasystolic pressures for 5 min [ 45 ]. In 
healthy individuals, vigorous brachial artery dilation of 10 % or more may be 
seen, whereas in older individuals with CVD risk factors, little or no dilation 
may be seen. 
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 FMD results must be interpreted in the context of the associated hyperemic stim-
ulus, which provokes the FMD response and is highly variable. In the Framingham 
Heart Study Offspring cohort, various CVD risk factors were related to FMD in 
models that did not consider hyperemic fl ow. However, when variability in the fl ow 
response was considered, FMD-risk factor relations were attenuated or eliminated, 
whereas overall model R 2  improved [ 46 ]. Thus, variability in the fl ow response, 
rather than variability in the degree of local brachial FMD for a given fl ow stimulus, 
accounted for much of the observed relation between FMD and CVD risk factors. 
Postischemic microvascular reactivity is related to a number of CVD risk factors, 
including arterial stiffness [ 47 ]. Subsequent studies have shown that the level of 
hyperemia, rather than FMD, is associated with CVD risk [ 48 ].   

26.5     Summary 

 The past two decades have witnessed the introduction of numerous noninvasive 
measures of vascular function. Hemodynamic tests offer measures of pressure 
pulsatility, arterial stiffness, and wave refl ection. Noninvasive measures of sub-
clinical disease include CIMT, coronary and aortic calcifi cation, and ABI. 
Noninvasive measures of dynamic function include FMD and reactive hyperemia. 
These various tests and derived measures are related but provide complementary 
information. For example, data from the Framingham Offspring Study demon-
strated that measures of aortic stiffness (CFPWV,  P  f ), wave refl ection (AI), and 
dynamic function (FMD, resting forearm fl ow) were jointly associated in a single 
model with risk for developing hypertension in an initially normotensive subset of 
this community-based, middle-aged, and older cohort [ 11 ]. Complex diseases, 
such as hypertension and common downstream sequelae, including coronary 
artery disease, heart failure, stroke, dementia, and chronic kidney disease, have 
diverse etiologies that include specifi c pathologies at the parenchymal level in 
each affected organ and indirect effects of abnormalities in local and global vas-
cular function. Thus, it seems unlikely that any single test will provide a compre-
hensive summary of arterial function and related risk. However, in light of the 
number of tests available, it is important to develop a strategy for integrating tests 
of vascular function into clinical practice. Brachial PP is a widely available mea-
sure of stiffness that should be examined further as a means for stratifying risk 
and as a potential target of therapy. CFPWV, a direct measure of aortic stiffness, 
assessed by carotid and femoral tonometry, is noninvasive and easily acquired 
using relatively inexpensive equipment and is supported by strong evidence from 
multiple studies and two large meta-analyses. Thus, CFPWV merits further con-
sideration for routine use as a tool for risk stratifi cation. Clinical trials are needed 
to determine whether use of CFPWV as a measure of risk or target of treatment 
results in improved survival. In addition to providing prognostic information, 
direct measures of aortic function, such as PP and CFPWV, may inform the devel-
opment of novel therapies that are more effective at preventing or treating hyper-
tension and related diseases.     
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  27      Doppler-Based Renal Resistive Index: 
Clinical and Prognostic Significance 

             David     Schnell       and     Michael     Darmon     

      Abbreviations 

   AKI    Acute kidney injury   
  RI    Doppler-based renal resistive index   
  US    Ultrasonography   

27.1           Introduction 

 Ultrasonography (US) is performed routinely to assess renal and collecting sys-
tem morphology [ 1 ]. B-mode US provides valuable information on anatomic fea-
tures including kidney size (longitudinal diameter and parenchyma thickness) and 
appearance (kidney margins and echogenicity of the parenchyma, cortex, medulla, 
and papillae) and also on the presence and degree of hydronephrosis and the pres-
ence of stones, calcifi cations, cysts or solid masses. However, B-mode US does 
not evaluate kidney function. In contrast, renal Doppler US helps to assess vascu-
lature of both native and transplanted kidneys [ 2 ]. Renal Doppler is valuable for 
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assessing large arterial or venous abnormalities and has been suggested for evalu-
ating changes in intrarenal perfusion due to hypertension, diabetes or other dis-
eases of the renal parenchyma [ 3 – 8 ]. Doppler-based renal resistive index (RI) has 
also been suggested as a performant tool in assessing renal allograft status [ 9 ,  10 ], 
changes in renal perfusion in critically ill patients [ 11 – 13 ] and for predicting the 
reversibility of an acute kidney injury (AKI) [ 14 ,  15 ]. However, many factors 
infl uence the RI and should be taken into account when interpreting RI values at 
the patient’s bedside [ 16 ]. Indeed, ex vivo and clinical data suggest vascular com-
pliance rather than renal perfusion to be the main factor infl uencing Doppler-
based RI [ 10 ,  17 ]. The recently developed contrast-enhanced US might hold 
promises in assessing renal perfusion although only few data are currently avail-
able to evaluate its interest at bedside [ 18 ,  19 ]. 

 The present chapter will discuss the technical requirements for Doppler assessment 
of the small intrarenal vessels, factors infl uencing Doppler-based renal resistive index 
and the potential interest of RI in hypertensive patients or selected renal diseases.  

27.2     Technique 

 Although not technically diffi cult, Doppler assessment of the small intrarenal ves-
sels must be carefully performed in order to obtain high-quality data [ 2 ,  20 ]. In most 
studies of renal Doppler, 2- to 5-MHz transducers were used [ 2 ,  20 ]. In our experi-
ence, convex transducer used for abdominal exploration usually allows to perform 
renal US. A small-phased array transducer can however be used. B-mode US in 
the posterolateral approach allows location of the kidneys and detection of signs 
of chronic renal damage. Although assessment of both kidneys is preferable, the 
right kidney is generally more accessible, and some authors have proposed to limit 
the investigation to this side especially if repeated measures are needed [ 1 ]. The 
renal artery divides in segmental and lobar arteries, which further divide in inter-
lobar arteries, running adjacent to the medullary pyramids, which then branch into 
arcuate arteries encompassing the corticomedullary junction. Colour-Doppler or 
power- Doppler US allows vessels’ localization (Fig.  27.1a ) [ 2 ]. A semi-quantitative 
evaluation of renal perfusion using colour-Doppler has been proposed (Table  27.1 ) 
[ 1 ], and preliminary report suggests a good correlation of this index with RI [ 21 ]. 
Either the arcuate arteries or the interlobar arteries are then insonated with pulsed- 
wave Doppler using a Doppler gate as low as possible between 2 and 5 mm [ 2 ,  20 ]. 
The waveforms should be optimized for the measurements using the lowest pulse 
repetition frequency (usually 1.2–1.4 kHz) without aliasing (to maximize wave-
form size), the highest gain without obscuring background noise, and the lowest 
wall fi lter [ 2 ,  20 ]. A spectrum is considered optimal when three to fi ve consecutive 
similar- appearing waveforms are noted [ 2 ,  20 ]. When measured from the main renal 
arteries to the arcuate arteries, renal blood fl ow velocities progressively decrease 
with a relative increase of the diastolic part of the fl ow. This leads to a progressive 
decrease in RI, which is minimal at the level of interlobar and arcuate arteries [ 22 ]. 
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a

b

  Fig. 27.1    Results of a renal colour-Doppler ultrasonography showing renal vascularization ( a ). 
RI measurement using pulsed-wave Doppler ( b )       

   Table 27.1    Colour-Doppler for a semi-quantitative evaluation of intrarenal vascularisation [ 1 ]   

 Stage  Quality of renal perfusion by colour-Doppler 

 0  Unidentifi able vessels 

 1  Few vessels in the vicinity of the hilum 

 2  Hilar and interlobar vessels in most of the renal parenchyma 

 3  Renal vessels identifi able until the arcuate arteries in the entire fi eld of view 
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   To characterize the intrarenal Doppler waveform, most investigators have used 
the resistive index (RI) so-called Pourcelot index (Fig.  27.1b ). Three to fi ve repro-
ducible waveforms are obtained, and RIs from these waveforms are averaged to 
compute the mean RI for each kidney. This easily calculated parameter is defi ned 
as follows:

  
RI peak systolic shift minimum diastolic shift peak systolic s= −[ ] / hhift

   

  RI can theoretically range from 0 to 1. It is normally lower than 0.70. In several 
studies, mean RI (±SD) in healthy subjects ranged from 0.58 (±0.05) to 0.64 (±0.04) 
[ 23 ,  24 ]. The normal RI range is however age dependent. Thus, RI values greater 
than 0.70 have been described in healthy children younger than 4 years [ 25 ] and in 
individuals older than 60 years and considered healthy [ 26 ]. When the RI is mea-
sured for both kidneys, the side-to-side difference is usually less than 5 % [ 27 ]. 

 Since RI depends in part on the minimum diastolic shift, it may be infl uenced by 
the heart rate [ 28 ]. According to observations performed by Mostbeck and col-
leagues regarding RI changes as consequences of heart rate variations, a formula 
has been developed to correct the RI value for heart rate: [corrected RI = observed 
RI −0.0026 × (80-heart rate)] [ 28 ]. However, the infl uence of heart rate per se on RI 
remains unclear, and this formula is not used in most of the studies evaluating inter-
est of RI [ 29 ,  30 ]. Arrhythmias and especially atrial fi brillation may impact renal RI 
measurement and interpretation. 

 Renal RI is a simple and non-invasive tool easy to use at the patient’s bedside. 
Feasibility of the measure has been shown to be good, even in the settings of criti-
cally ill patients, and a recent study suggested a short (half-day) training session 
might allow inexperienced operators to perform renal Doppler [ 21 ]. Interobserver 
reproducibility of RI measurement by senior radiologist or senior intensivist is con-
sidered excellent [ 14 ,  31 ]. In critically ill patients, the interobserver reproducibility 
between senior and inexperienced operator is good, and measures seem accurate 
although associated with a lack of precision [ 21 ]. 

 Renal pulsatility index is another parameter derived from renal blood fl ow veloc-
ities and is calculated as follows:

  

PI peak systolic velocity minimum diastolic velocity mean vel= -[ ] / oocity
   

  Both RI and pulsatility index are however closely correlated ( r  = 0.92;  P  < 0.001) 
[ 13 ], and RI might be more adapted to the study of high-resistance vascular territories 
explaining why most authors report RI. Additionally, pulsatility index has been shown 
to be subject to wider variations than RI (reproducibility 9–22 % vs. 4–7 %) [ 32 ]. 

 Contrast-enhanced US is believed to allow an accurate quantifi cation of regional 
and global renal blood fl ow [ 19 ]. This technique relies on the intravascular injection 
of specifi c contrast agents that create a signal of high echogenicity, thus allowing 
macro- and microvascular structure visualization when using specifi c imaging tech-
niques. These specifi c contrast agents consist in gas-fi lled microbubbles that oscil-
late in response to US waves, therefore creating a non-linear signal of high 
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echogenicity [ 33 ]. It has been validated in humans to evaluate coronary blood fl ow 
[ 34 ], and its safety has been largely documented in this context [ 35 ]. When adding 
this technique to recently developed softwares, this technique is believed to allow an 
accurate quantification of regional blood flow, such as renal blood flow [ 19 ]. 
A recent study has confi rmed feasibility of this technique in cardiac surgery patients, 
and additional studies are ongoing and should help in more clearly assessing input 
of this technique [ 36 ].  

27.3     Physiological Significance of the Renal Resistive Index 

 Although renal Doppler has been the focus of many studies, the physiological sig-
nifi cance of the RI remains debated. As suggested by its name, the RI was initially 
considered an indicator of renal vascular resistance and blood fl ow [ 7 ]. However, 
experimental and clinical studies have suggested correlation of RI with vascular 
resistance and blood fl ow to be weak [ 16 ,  17 ]. In fact, several hemodynamic and 
physiological factors infl uence the intrarenal arterial Doppler waveform patterns 
and, therefore, the RI value (Table  27.2 ).

   Several studies established that vascular compliance is crucial to the interpreta-
tion of RI values [ 16 ,  17 ,  29 ]. In an in vitro study, the relationship between vascular 
resistance and RI was linear only when vascular compliance was normal and pro-
gressively disappeared when vascular compliance decreased [ 17 ]. This was con-
fi rmed in studies in ex vivo rabbit kidney models [ 16 ,  29 ]. In addition, the observed 
RI changes in response to pharmacologically induced changes in renal vascular 
resistance were modest [ 29 ]. In this model, large, non-physiological, pharmacologi-
cally induced changes in renal vascular resistances translated into slight changes in 
RI (RI changes of 0.047 IU (+/−0.008) per logarithmic increase in renal resistances) 
[ 29 ]. In the same model, changes in pulse pressure index [(systolic pressure – dia-
stolic pressure/systolic pressure)] had direct and dramatic effects on RI values [ 29 ]. 
Clinical data supporting infl uence of impaired vascular compliance in determina-
tion of RI are scarce. However, a recent longitudinal cohort study performed in renal 

  Table 27.2    Physiological 
and pathological factors 
infl uencing the Doppler- 
based renal resistive index 
[ 14 ,  24 ,  34 – 38 ,  40 ]  

 Physiological 
factors 

 Vascular compliance (arterial stiffness) 

 Vascular resistances 

 Pulse pressure 

 Renal blood fl ow 

 Heart rate 

 Oxygen and carbon dioxide levels 

 Age 

 Pathological factors  Interstitial pressure 

 Ureteral pressure 

 Intra-abdominal pressure 

 Mechanical ventilation with positive 
pressure 
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allograft recipients gave interesting information as regards to this relationship [ 10 ]. 
Hence, the main factor associated with elevated RI in renal transplant recipient was 
found to be characteristics of both donor and receiver rather than renal transplant 
function or outcome [ 10 ]. In addition to these factors, both oxygen and carbon diox-
ide levels can affect RI. Several studies have demonstrated RI, or pulsatility index or 
RI, to vary according to PaO 2  and PaCO 2  levels [ 37 – 39 ]. These studies performed 
in healthy subject, patients with chronic obstructive respiratory disease, renal trans-
plant recipients or patients with acute respiratory distress syndrome suggest that 
hypoxemia and hypercapnia may increase RI [ 37 – 40 ]. 

 As stated above, RI has been shown to increase with age [ 26 ]. Age-related arterial 
stiffening may explain this phenomenon mainly by increasing central pulse pressure 
(i.e. increased central arterial stiffness) and maybe by decreasing intrarenal arterial 
compliance (i.e. increased intrarenal arterial stiffness) [ 41 ]. Similarly, elevated RI 
observed in several pathological states such as diabetes mellitus and hypertension 
may also be related to infl uence these diseases on arterial stiffness [ 42 ,  43 ]. It must be 
pointed out that renovascular disease is common in older subjects and might greatly 
infl uence RI. Some authors suggested an increased peak systolic velocity (more than 
1 m per second) to be highly sensitive and specifi c to detect renal artery stenosis [ 42 ]. 

 Besides vascular and hemodynamic factors, kidney interstitial pressure has been 
shown to be associated with RI in ex vivo studies [ 16 ]. An increase in interstitial 
pressure reduces the transmural pressure of renal arterioles, thereby diminishing 
arterial distensibility and, consequently, decreasing overall fl ow and vascular com-
pliance. Similarly, intra-abdominal pressure may affect RI via the same mechanisms. 
Thus, incremental changes in intra-abdominal pressure correlated linearly with RI in 
a porcine model [ 44 ], and reduction in intra-abdominal pressure with paracentesis 
was followed by a decrease in RI in cirrhotic patients with tense ascites [ 45 ]. Finally, 
ureteral pressure, likely acting via interstitial pressure, also affects RI [ 6 ].  

27.4     Doppler-Based Renal Resistive Index and Hypertension 

 As stated in the previous paragraph, the Doppler-based renal RI is an integrated 
index of arterial compliance, resistance, pulsatility and perfusion [ 17 ,  29 ]. In addi-
tion, RI has been demonstrated to be correlated with renal arteriosclerosis in numer-
ous studies [ 10 ,  46 ]. Potential interest of Doppler-based renal RI has therefore been 
evaluated in assessing renal function or risk of end-organ damage in patients with 
hypertension or diabetes mellitus. 

 In patients with never-treated essential hypertension, a weak but signifi cant cor-
relation was observed between RI and both intima-media thickness ( r  = 0.25; 
 P  < 0.0001) and ambulatory arterial stiffness index ( r  = 0.27;  P  < 0.0001) suggesting 
a correlation between RI and early organ damage in hypertensive patients [ 47 ]. 
Other studies found similar results [ 48 ,  49 ]. Additionally, elevated RI was found to 
be associated with other targeted organ damage, namely, left ventricular hypertro-
phy, aortic stiffness or albuminuria [ 48 ,  50 – 53 ]. Furthermore, elevated RI was also 
found to be associated with mild reduction in glomerular fi ltration rate [ 42 ,  52 ]. 
These fi ndings suggest Doppler-based resistive index to be a potent predictor of 
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preclinical organ damage and of preclinical arteriosclerosis and therefore a predic-
tor of cardiovascular risk profi le [ 49 ]. 

 Subsequently, several studies evaluated relationship between Doppler-based RI 
and outcome. Hence, Doi and colleagues demonstrated RI higher than 0.7 to be 
associated with cardiovascular events, end-stage renal disease or death in patients 
with hypertension (Fig.  27.2 ) [ 54 ]. Similarly, Pearce and colleagues found Doppler- 
based end-diastolic velocities to be associated with cardiovascular event or death in 
elderly patients [ 55 ]. In this study, however, only end-diastolic velocities (and not 
RI) were found to be associated with these events [ 55 ]. Although these studies give 
interesting insight as regards the potential interest of Doppler-based RI, no study to 
date gave an adequate cut-off or an estimation of RI performance in predicting 
adverse events. Additional studies in this fi eld are therefore needed before imple-
menting Doppler-based RI in assessing prognosis of hypertensive patients.  

 Interestingly, a preliminary report suggested Doppler-based RI to decrease 
accordingly to urine albumin excretion in patients receiving ACE inhibitors [ 56 ]. 
Similarly, RI was found to be decreased in parallel to blood pressure and urine albu-
min excretion following renal denervation [ 57 ]. Last, some authors found Doppler- 
based RI to be a predictor of renal outcome following renal revascularization in 
patients with unilateral renal artery stenosis [ 58 ]. In this study, however, blood pres-
sure outcome was not associated with RI [ 58 ]. Although some confi rmation studies 
are needed in this fi eld, these fi ndings might suggest Doppler-based RI to be of help 
in choosing, adapting and optimizing treatment in hypertensive patients.  

27.5     Doppler-Based Renal Resistive Index in Selected Renal 
Diseases 

 Studies started in 1990 have evaluated the performance of RI measurement as a tool 
for assessing renal perfusion [ 59 ]. A preliminary study evaluated correlations 
between RI values and renal biopsy fi ndings in patients with renal diseases 
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requiring renal biopsy [ 60 ]. In this preliminary work, patients with interstitial, tubu-
lar, or vascular nephritis had markedly increased RI values (mean, 0.73–0.87), 
whereas patients with isolated glomerular disease had normal RI values (mean, 
0.58) [ 60 ]. However, subsequent studies did not confi rm these fi ndings. Thus, in 
non- transplanted patients, RI failed to distinguish among fi ve groups of predefi ned 
renal parenchymal diseases [ 61 ]. Similarly, several studies found that RI contrib-
uted to predict recovery from haemolytic and uremic syndrome [ 5 ], to detect renal 
involvement in systemic sclerosis [ 62 ], to predict renal outcomes in lupus nephritis 
[ 63 ] or to evaluate the progression of chronic renal diseases [ 64 ]. However, most of 
these studies were preliminary studies, and validation studies are still lacking in 
these different settings. 

 Several studies have evaluated the usefulness of RI measurement for assessing 
the risk of renal dysfunction after renal transplantation [ 4 ,  9 ,  10 ,  65 ]. Preliminary 
reports suggested that RI elevation might be highly specifi c of acute rejection [ 4 ,  8 ]. 
However, these fi ndings were invalidated by subsequent studies [ 9 ,  10 ]. Nevertheless, 
several studies found that RI elevation predicted poor long-term outcomes [ 9 ,  10 , 
 66 ] and accurately predicted early vascular and non-vascular renal complications 
(e.g., acute kidney injury, rejection and obstructive kidney disease) [ 67 ]. In a recent 
large prospective study, the main contributor to elevated RI was found to be charac-
teristics of the donor or the recipient rather than renal histological features and that 
RI might be an integrative parameter of risk factors rather than the refl ect of an acute 
renal events [ 10 ]. 

 Lastly, renal Doppler has been evaluated for the early detection of AKI and for 
monitoring renal perfusion in critically ill patients [ 12 ]. Hence, in a preliminary 
study conducted in septic critically ill patients, RI measured at admission was signifi -
cantly higher in patients who developed subsequently AKI [ 14 ]. This fi nding was 
recently confi rmed in the post-operative setting of cardiopulmonary bypass [ 68 ]. 
Moreover, several studies have suggested that renal resistive index (RI) may help to 
discriminate between patients with transient AKI and those with persistent AKI [ 15 , 
 69 – 71 ]. However, most of these studies are once again preliminary reports performed 
in limited population of patients, and confi rmation studies are still lacking. In addi-
tion, a recent study reported discrepant results and a poor performance of RI in 
assessing renal dysfunction reversibility [ 72 ]. Lastly, signifi cance of elevated RI in 
this population of patients remains questionable. Indeed, elevated RI might refl ect 
renal interstitial oedema, decrease in renal perfusion, or refl ect pre- existing preclini-
cal renal arteriosclerosis and therefore a risk factor of persistent AKI.  

    Conclusion 
 Renal Doppler is a rapid, non-invasive and repeatable technique that may help in 
assessing renal preclinical dysfunction or vascular damages, in evaluating risk of 
subsequent renal dysfunction and evaluating severity of an acute kidney injury. 
This integrative parameter neither constitutes a substitute for renal biopsy nor 
provides reliable information on renal blood fl ow. Nevertheless, renal Doppler is 
a promising tool that might help in monitoring patients with hypertension, risk of 
cardiovascular diseases or acutely ill patients. Despite the promising preliminary 
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results, validation studies are still awaited, and clinical relevancy of this tech-
nique is still uncertain. In addition, numerous factors have been shown to infl u-
ence renal Doppler, each of them being also a potential confounder. Additional 
studies with larger population of unselected patients and pragmatic evaluation of 
the input of Doppler-based resistive index are therefore mandatory before imple-
menting this test in clinical practice.     
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         Hypertension has profound effect on the structure and function of the eye. In this 
chapter, we will focus on hypertensive retinopathy. Only for the sake of complete-
ness, it should be mentioned that hypertension-related changes also include hyper-
tensive optic neuropathy and hypertensive choroidopathy. Moreover, there are 
ocular diseases where hypertension is a potential risk factor, e.g., age-related macu-
lar degeneration and glaucoma. Most importantly, hypertension causes structural 
and functional vascular changes. We elaborate on the current knowledge of these 
processes, including innovative fi ndings related to new applied technologies. 

28.1     Vascular Remodeling 

 Since the pathophysiological concept of vascular remodeling was in detail described 
in Chap.   5    , only few words will be mentioned. Remodeling can be of two types – 
eutrophic and hypertrophic, but both types result in an increase in the media-to- 
lumen ratio of small arterioles. In eutrophic remodeling, both the outer and the 
lumen diameter are reduced, but the media cross-sectional area is not increased 
because the increase in the wall thickness-to-lumen diameter ratio is caused by a 
rearrangement of the smooth muscle cells around a narrowed lumen [ 1 ]. In contrast, 
in hypertrophic remodeling, an enhanced growth response resulting in an increased 
media cross-sectional area was documented. Eutrophic remodeling predominates in 
patients with essential hypertension, and hypertrophic remodeling was found in 
patients with severe and long-standing hypertension. 
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 The importance of vascular remodeling is based on a fi nding that it is one of the 
early (or even the earliest) processes that occurs in response to increased blood pres-
sure (BP) and leads to hypertensive end-organ damage [ 2 ], but also that effective 
antihypertensive treatment is capable to reverse these vascular adaptive processes [ 3 ]. 

 The exceptional position of retinal vasculature is known for a long time. Already 
in 1939, Keith et al. has stated “because the arterioles are small and are diffi cult to 
visualize in the peripheral organs, for example, in the skin, mucous membranes, and 
voluntary muscle, the retina, as seen through the ophthalmoscope, offers a unique 
opportunity for observing these small vessels from time to time. Therefore, we think 
that certain visible changes of the retinal arterioles have been of exceptional value 
in affording a clearer clinical conception of altered arteriolar function throughout 
the body.” [ 4 ]. Based on the pioneering work of Keith, Wagener and Barker, their 
four-group grading system with increasing severity (Table  28.1 ) was widely applied 
in the last decades for the stratifi cation of risk in hypertensive patients [ 4 ]. However, 
the clinical usefulness, and hence relevance to current clinical practice, has been 
questioned, because of poor reproducibility (e.g., 20–40 % interobserver  variability) 
and weak association with other target organ damage (TOD) in grade I and II 
 retinopathy, respectively [ 5 ].

   Subsequently, a simplifi ed three-grade classifi cation system according to the 
severity of the retinal signs was proposed by Wong and Mitchell [ 6 ] (Table  28.1 , 
Fig.  28.1 ), based on the evidence that certain hypertensive retinopathy signs (e.g., 
arteriolar narrowing or arteriovenous nicking) are independently associated with 
cardiovascular (CV) risk. In a small study comprising 50 normal and 50 hyperten-
sive fundi, respectively, inter- and intraobserver reliabilities of the simplifi ed three-
grade classifi cation system and the traditional four-grade classifi cation system 
introduced by Keith, Wagener and Barker were reported to be comparable [ 7 ].

   In the ESH/ESC guidelines, it is no longer recommended in general [ 8 ]. However, 
the retinal circulation offers the unique opportunity to visualize repeatedly the 

    Table 28.1    Traditional Keith-Wagener-Barker classifi cation and simplifi ed (Wong-Mitchell) 
classifi cation   

 Keith-Wagener-Barker classifi cation  Simplifi ed (Wong-Mitchell) classifi cation 

 Grade  Features  Grade  Features 

 1  Mild generalized retinal 
arteriolar narrowing 

 None  No detectable signs 

 2  Defi nite focal narrowing 
and arteriovenous nipping 

 Mild  Generalized arteriolar narrowing, focal 
arteriolar narrowing, arteriovenous 
nicking, opacity (“copper wiring”) of 
arteriolar wall or a combination of these 
signs 

 3  Signs of grade 2 
retinopathy plus retinal 
hemorrhages, exudates, and 
cotton wool spots 

 Moderate  Retinal hemorrhages (blot, dot, or 
fl ame-shaped), microaneurysm, cotton 
wool spot, hard exudates, or a 
combination of these signs 

 4  Severe grade 3 retinopathy 
plus papilledema 

 Malignant  Signs of moderate retinopathy plus 
swelling of the optic disk 
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body’s microcirculation directly, noninvasively, and safely in vivo. Hence, in the 
last decade, new and more specifi c approaches were introduced to overcome these 
shortcomings and to detect reliable early changes of the retinal circulation.  

28.2     Retinal Photographs/Funduscopy (Static) 

 In the last two decades, several large-scale, population-based studies assessing reti-
nal photographs were conducted, including patients with and without hypertension. 
In (most of) these studies, standardized protocols of retinal photographs (45° non-
stereoscopic color retinal photograph centered between the optic disk and the mac-
ula) were used to defi ne specifi c signs of retinopathy, but not regarding a prespecifi ed 
grading system. In part, retinal abnormalities were described based solely on quali-
tative parameters, such as tortuosity, arteriovenous crossing, caliber, and optic disk, 
but due to limited clinical usefulness, these data will not be reviewed. As further 
improvement, the imaging software “Interactive Vessels Analysis” (IVAN) 
(University of Wisconsin, Madison, WI, USA) has been established. This system 
conducts semiautomated measurement of retinal arterioles and venules, and hence 
its ratio (A/V ratio); however, it is not able to evaluate the retinal vascular wall 
directly. 

 Based on this approach, these studies have analyzed the relationship between 
retinal vascular alterations and their association with BP, TOD, and CV events 
which are (in part) summarized in Table  28.2 .

   It has been repeatedly shown that retinal alterations are strongly correlated with 
past, current, and incident hypertension. In most of these large-scale studies, asso-
ciations with directly assessed (generalized) arteriolar narrowing or a decreased 
A/V ratio, indirectly indicative of proposed arteriolar narrowing, and hypertension 
were reported (for details, see Table  28.2 ). In contrast, confl icting results according 
to retinal venules and hypertension were found. For example, in the Blue Mountains 
Eye Study, venular narrowing was associated with current hypertension [ 19 ]. In 
accordance, in the Rotterdam Study, venular narrowing was found to be predictive 
of current and incident blood pressure [ 28 ], but in the Multi-Ethnic Study of 

  Fig. 28.1    Funduscopy (grade none, moderate, and malignant)       
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Atherosclerosis, venular widening was associated with incident hypertension [ 26 ]. 
While arteriolar narrowing can easily be harmonized with hypertension, it may be 
more diffi cult to explain why wider retinal venular caliber is associated with devel-
opment of hypertension. A recent meta- analysis, comprising 10,229 patients with-
out prevalent hypertension, diabetes, or CV disease, proposed that 2,599 patients 
developed new-onset hypertension during follow-up of 2.9–10 years. Both arterio-
lar narrowing (OR per 20 μm difference 1.29, 95 % CI 1.20–1.39) and venular 
widening (OR per 20 μm difference 1.14, 95 % CI 1.06–1.23) were independently 
associated with incident hypertension [ 37 ]. 

 Importantly, in a population-based cohort comprising 1,572 children aged 
6–8 years, each 10 mmHg increase of systolic BP was associated with arteriolar 
narrowing by 2.08 μm (95 % CI: 1.38–2.79,  p  < 0.0001), indicative that effects of 
elevated BP manifest early in life [ 36 ]. 

 Regarding TOD data are even more limited. In 1,439 middle- aged African-
Americans participants of the Atherosclerosis Risk in Communities Study A/V ratio 
was associated with measures of left ventricular hypertrophy, which was partly 
explained by additional CV risk factors and hypertension [ 13 ]. In contrast, in an 
Italian study comprising 386 untreated and treated hypertensive patients, no inter-
group differences in A/V ratio was found between presence and absence of acknowl-
edged TOD like left ventricular hypertrophy, carotid intima-media thickness, or 
microalbuminuria, hence indicating limited value of A/V ratio for identifying 
patients with high CV risk based on cardiac and extracardiac TOD [ 38 ]. 

 There is also an ambiguous picture of arteriolar and venular diameter and differ-
ent components of CV events. Regarding incident stroke, associations of both arte-
riolar narrowing and venular widening were reported in some studies, whereas in 
the Rotterdam Study, only an association of venular widening was found, but not for 
arteriolar narrowing [ 30 ]. Moreover, in the latter Rotterdam Study, venular widen-
ing was also associated with intracerebral hemorrhage [ 31 ]. These confl icting 
results are supported based on meta-analyses performed mainly by the META-EYE 
study group and published in the last years [ 18 ,  39 ]. 

 These confl icting results of the individual components (with respect to arteriolar 
and venular diameter) have also to be taken into account, when interpreting reported 
fi ndings about A/V ratio. An altered A/V ratio can be due to single and concurrent 
changes and their individual amount, and vice versa nonfi ndings can be seen, for 
example, by diverging changes.  

28.3     Global Geometrical and Branching Parameters (Retinal 
Vascular Network) 

 The vasculature is a branching system, and alterations from optimal architecture are 
proposed to impair function and hence increased vascular damage. Thus, interest 
has gained on further developments in computer-assisted programs enabling the 
assessment of several quantitative parameters of retinal vascular network. Using 
these newly developed retinal vascular parameters, analysis of the Singapore Malay 
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Eye Study has shown that a combination of smaller retinal vascular fractal dimen-
sions ( D  f ), proposed to be a global measure of the geometric complexity, and evi-
dence of straighter retinal arterioles indicate poor BP control in treated hypertensive 
patients [ 40 ]. Therefore, retinal alterations can be assumed as pathophysiological 
markers not only for the severity of hypertension, but also on the effectiveness of 
drug therapy in hypertension. 

 Utilizing data from the multiethnic Singapore Prospective Study Program 
(SP2), the same group has shown that retinal  D  f  was inversely correlated with BP 
level in all three ethnic groups. Notably, this was the case in patients with uncon-
trolled as well as untreated hypertension, but not in patients with controlled hyper-
tension [ 41 ]. 

 However, by applying again and again several new parameters, and analyzing 
these new parameters in the same studies, it is still missing the differentiation which 
is the most promising and reliable parameter to detect early retinal involvement in 
the clinical course of hypertension.  

28.4     Scanning Laser Doppler Flowmetry (Dynamic) 

 Funduscopic photographs have the limitation that arteriolar and venular altera-
tions cannot be quantifi ed separately and the vascular wall precisely visualized. 
Moreover, the term remodeling if assessed in vivo takes two aspects into 
account, which were interrelated and indistinguishable, namely, morphological 
changes (i.e., rearrangement of vascular smooth muscle cells) as well as changes 
of the vascular tone (i.e., endothelial function). To overcome these limitations, 
one promising approach introduced by our study group about 10 years ago 
allows the dynamic assessment of both functional and structural parameters by 
using scanning laser Doppler fl owmetry (SLDF) [ 42 ]. In brief, SLDF is per-
formed in the juxtapapillary area of the right eye, 2–3 mm temporal superior of 
the optic nerve at 670 nm (Heidelberg Retina Flowmeter, Heidelberg Engineering, 
Germany). An arteriole (80–140 μm) of the superfi cial retinal layer in a retinal 
sample of 2.56 × 0.64 × 0.30 nm is scanned within 2 s (one systolic and one dia-
stolic phase) and measured every 10 μm of this specifi c length of the arteriole. 
The confocal technique of the device ensures that only capillary fl ow of the 
superfi cial layer of 300 μm is measured. The outer arteriole diameter (AD) is 
measured by refl ection images, and the lumen diameter (LD) is measured by 
perfusion images. Wall-to-lumen ratio (WLR) is calculated using the formula 
(AD – LD)/LD (Fig.  28.2 ). Analyses are performed offl ine with automatic full-
fi eld perfusion imaging analysis (AFFPIA) (SLDF Version 4.0 by Welzenbach 
with improved resolution) [ 43 ].

   It is noteworthy to mention that assessing both retinal function and structure by 
SLDF does not require applying any mydriatic drug, which is not only important 
from the scientifi c point of view – local application of tropicamide profoundly 
affects the retinal perfusion [ 44 ], but also for patient management perspective (i.e., 
no constriction of daily routine).  
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28.5     Retinal Capillary Flow 

 Due to its common origin from the internal carotid artery, the retinal microcircula-
tion is morphologically and functionally related to the cerebral circulation [ 45 ]. 

 Further dynamic information (e.g., basal nitric oxide [NO] activity) of the retinal 
capillaries can be assessed by measuring changes of retinal capillary fl ow (RCF) 
due to nonpharmacological and pharmacological tools. Flicker light increases at 
least in part via a NO-dependent mechanism and represents a nonpharmacological 
tool to investigate vasodilatory capacity of retinal capillaries. Notably, fl icker light 
exposure has no effects on systemic BP, thereby minimizing potential systemic 
hemodynamic infl uences on RCF. Moreover, basal NO activity is assessed by 
administration of the NO synthase inhibitor N G -monomethyl-L-arginine 
(L-NMMA). Findings in normo- and hypertensive patients are summarized in 
Table  28.3 .

   In young hypertensive patients, baseline RCF was similar to normotensive controls. 
However, assessment of basal NO activity (L-NMMA) revealed an impaired endothe-
lial function in young hypertensive patients, which was improved after treatment with 
an ARB [ 42 ], whereas in elderly hypertensive men treatment with an ARB did not 
improve RCF at least after short-term treatment of 8 days [ 46 ]. Notably, even in 
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hypercholesterolemic patients, treatment with an ARB led to a marked BP reduction, 
which was associated with an improved vasodilatory capacity (fl icker light) [ 56 ]. In 
accordance, it was previously shown that vasodilatory capacity (fl icker light) was lower 
in untreated hypertensive patients compared to normotensive controls. Systolic BP was 
inversely related to the percent increase of RCF due to fl icker light exposure, indepen-
dent of other CV risk factors [ 52 ]. 

 Recently, we have shown that also individual pulsatile pattern of RCF (and struc-
tural parameters, see below) of retinal arterioles in systole and diastole can be reli-
ably assessed. By doing so, we could show that with advanced stage of hypertensive 
disease, namely, patients with treatment-resistant hypertension (TRH), pulsed RCF 
(difference in RCF between systole and diastole) is exaggerated compared to 
patients with hypertension stages 1–2 [ 54 ]. 

 Moreover, further data of our group reveal that BP and hence pulse pressure (PP) 
changes have an impact on pulsed RCF. In patients with TRH, we observed a 
decrease of systolic and pulsed RCF 6 and 12 months after renal denervation (RDN), 
in parallel to decreases of BP and heart rate. The reduction of pulsed RCF after 
RDN transfers into less shear stress on the vascular wall and, thereby, suggests an 
improvement of retinal (and potentially cerebral) microcirculation [ 55 ]. 

 The importance of these fi ndings is supported by prospective studies showing 
that, among others, carotid PP and pulsatility index were each associated with an 
increased risk for silent subcortical infarcts and with lower memory scores [ 57 ]. 
These data suggest that excessive fl ow pulsatility damages the microcirculation, 
clinically detectable by impaired cognitive function. Moreover, in a longitudinal 
study, PP signifi cantly predicted the incidence of stroke (HR 1.33, 95 % CI 1.16–
1.51 for each 10 mmHg of PP), which still remained borderline signifi cant ( p  = 0.1) 
after adjustment for classical CV risk factors [ 58 ].  

28.6     Structural Parameters of Retinal Arterioles 

 By using SLDF, also structural parameters of retinal arterioles can be assessed with 
high reliability [ 43 ]. 

 We could show that WLR of retinal arterioles is positively related with systolic 
and diastolic BP, independent of various other CV risk factors. WLR was higher in 
never-treated hypertensive patients compared to normotensive controls [ 48 ]. 
Regarding blood pressure control, we found that in patients with poor BP control, 
WLR is higher than in controlled hypertensive patients [ 47 ]. These data are similar 
to published fi ndings in large-scale population-based studies using retinal fundus-
copy (see above). 

 However, in a small cross-sectional study, A/V ratio was not able to discriminate 
between patients with cerebral event (transient ischemic attack or lacunar cerebral 
infarct) and normotensive as well as hypertensive patients. In contrast, WLR was 
signifi cantly higher and could therefore discriminate between patients with cerebro-
vascular event compared to both normotensive controls and hypertensive patients 
without cerebrovascular event [ 49 ]. 
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 In a study comprising patients with wide range of BP values, it was shown that 
central PP is a strong and independent predictor of WLR (vascular remodeling) 
beyond “classical” CV risk factors and additional factors that are proposed to have 
an impact on vascular structure [ 53 ]. Such a relationship indicates coupling and 
intensive cross talk between the micro- and macrovascular changes due to 
hypertension. 

 Similar to our RCF analysis, also structural parameters can be assessed accord-
ing to different heart phases (systole and diastole). In patients with TRH, a stiffer 
wall of retinal arterioles can be assumed, since wall thickness (WT) remained 
unchanged between systole and diastole, whereas in patients with hypertension 
grade 1–2, WT changed dynamically between systole and diastole [ 54 ]. 

 Although no data from prospective studies regarding SLDF-assessed WLR and 
CV events are yet available, indirect, but strong, evidence of the validity for measur-
ing WLR was demonstrated by Rizzoni et al. WLR assessed by SLDF (retinal arte-
rioles in vivo) and media-to-lumen ratio measured with the myograph ex vivo 
(subcutaneous small arteries taken from a biopsy) showed a close correlation in 
hypertensive patients, suggesting that SLDF may provide similar information about 
microcirculation alterations compared to acknowledged prognostic measurement of 
subcutaneous small arteries, which represent the “gold standard” and prognostically 
relevant approach to the evaluation of small artery morphology in humans [ 59 ]. The 
absolute values differ due to the different methodologies, e.g., the analysis with 
myograph takes place ex vivo whereas the SLDF measures the parameters in vivo. 
The SLDF may underestimate the true internal diameter, since fl ow diameter does 
not include any endothelial plasma layer [ 49 ]. 

 Nowadays, several other approaches (e.g., adaptive optics and optical coherence 
tomography) as well as SLDF with another software (e.g., data from Rizzoni et al.) 
focused on the assessment of WLR of retinal arterioles. It is notable to respect that 
the methodology of vascular measurements differs between the individual tech-
niques. Therefore, a simple transfer of research fi ndings into clinical practice may 
not be possible without further validation (see below). An overview of the recent 
available data is given in Table  28.4 .

28.7        Adaptive Optics 

 Nowadays, available adaptive optics-based fundus cameras are able to assess semi-
automatically focal vascular changes (e.g., focal arteriolar narrowing). Moreover, 
arteriolar morphometry can be applied with a resolution up to near two microme-
ters, thereby visualizing (among others) vascular wall of retinal arterioles. The fea-
sibility and reproducibility of retinal arterioles imaging was demonstrated in 
untreated hypertensive patients [ 62 ]. Following these pilot investigations, the same 
authors could show that adaptive optics-based assessment of WLR was positively 
correlated with mean BP and age which accounted for 43 % of variability of WLR 
[ 60 ]. Although the results on WLR measurements by adaptive optics are close to 
those reported by SLDF (Table  28.4 ), it has to be taken into account that no 
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validation of the method in respect to other available techniques is yet provided. 
Adaptive optics needs to be directly compared with SLDF measurement or even 
better, with the media-to-lumen ratio of subcutaneous small resistance arteries 
assessed by the myographic approach. Adaptive optics examinations may be pos-
sible without mydriasis in most but not all cases. Only limited data ( n  = 9) are so far 
published investigating vascular morphometry before and after locally applied trop-
icamide. Mean vascular diameter increased only slightly (about 1 %), but data on 
individual diameters or wall properties are missing [ 60 ]. Hence, the effect of locally 
administered tropicamide cannot be fully excluded. 

 The major limitation of adaptive optics is that in contrast to SLDF, it cannot 
measure RCF.  

28.8     Optical Coherence Tomography 

 The optical coherence tomography (OCT) allows the assessment of retinal circula-
tion in an enhanced resolution within an acceptable time period. However, data 
about the retinal circulation in arterial hypertension are limited. In an analysis of 
patients (aged over 50 years), it was shown that mean arteriolar outer and inner 
diameter did not differ between patients with hypertension ( n  = 103, defi ned by use 
of antihypertensive medication or physician’s diagnosis) and without hypertension 
( n  = 83), but mean arterial wall thickness was signifi cantly larger [ 61 ]. This is in line 
with previous fi ndings (unchanged outer and lumen diameter, but higher wall thick-
ness of retinal arterioles) using SLDF in never-treated hypertensive patients com-
pared to controls [ 48 ]. However, OCT-measured WLR was higher than previosuly 
measured with SLDF, perhaps likely attributable to age differences [ 48 ], but no 
direct comparison has so far been made. 

 Additional features, which can be assessed using OCT, like retinal nerve fi ber 
layer and its importance in hypertension is not determined yet.  

28.9     Perspective 

 Exciting new technologies emerged and offered the opportunities to directly visual-
ize vascular remodeling of small retinal arterioles. The clinical perspective is that 
the physician may be enabled to diagnose early vascular remodeling to hypertension 
and tailor the antihypertensive strategy for individual patients. The fi ndings may go 
beyond the retinal arterioles since the changes in the retinal circulation mirror these 
in cerebrovascular circulation, one of the major targets of hypertensive disease.     
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      Therapeutic Options: Lifestyle Measures 
and Pharmacological Approaches 

             Ian     B.     Wilkinson       and     Bronwen     G.     King   

29.1             Introduction 

 Preventing cardiovascular disease by lifestyle and therapeutic intervention is a 
broad topic, which encompasses an enormous amount of published research. This 
chapter shall focus largely on the primary prevention of atherosclerosis and arterio-
sclerosis. Although frequently confused, these are in reality distinct disorders, dif-
fering in their underlying pathophysiology. As such preventative therapeutic 
strategies are likely to differ.  

29.2     Atherosclerosis 

 The main risks factors for atherosclerotic disease have been fi rmly established by a 
wealth of research over the last 60 years. These include smoking, hypertension, 
hyperlipidaemia and diabetes mellitus, each of which can be addressed by both 
lifestyle and pharmacological interventions. 

29.2.1     Lifestyle 

 Modifi cation of the major lifestyle risk factors is potentially a very powerful form 
of intervention, which can benefi t a substantial proportion of the population. 
However, there are signifi cant challenges in implementation at an individual level, 
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and some interventions may be better addressed through government-led public 
health initiatives, e.g. forcing companies to reduce the amount of salt and trans fats 
added to food, increasing taxes and banning cigarette advertising. Recent research 
suggests that such measures can have a signifi cant benefi t to the population [ 1 ].  

29.2.2     Smoking 

 Smoking is a well-established risk factor for atherosclerosis; it causes a number of 
vascular changes including endothelial dysfunction, which contribute to both the 
formation and acceleration of atheroma. There are many epidemiology cohort stud-
ies that link cigarette smoking to atherosclerosis and to cardiovascular diseases per 
se. Current cigarette smoking gives a ~50 % risk of atherosclerosis compared to a 
non-smoker; an even greater increase in risk of atherosclerosis is found in smokers 
who also suffered from diabetes and/or hypertension [ 2 ]. This is supported by a 
50-year observational cohort study of British doctors fi nding greater mortality 
among smokers compared to non-smokers [ 3 ]. 

 Intervention studies show that quitting reduces the chances of cardiovascular 
disease [ 4 ]. It can be said that a patient who has smoked for a long time may never 
fully decrease their risk to that of a non-smoker, and there is mixed evidence on how 
advantageous the benefi ts of quitting are [ 5 ]. Smokers commonly gain weight ini-
tially after smoking cessation; an increased BMI is a risk factor for cardiovascular 
disease itself. Despite this, ex-smokers perform better on an exercise stress test than 
current smokers, indicating that the positive health and fi tness benefi ts of quitting 
smoking outweigh the negative health effects of an increased BMI [ 6 ]. 

 In ex-smokers who have smoked for a long period of time, there is still a signifi -
cant increased risk of mortality even after quitting compared to never smokers. For 
example, individuals who have smoked more than 20 years have a signifi cant excess 
of cardiovascular deaths 10–29 years after quitting compared to individuals who 
smoked for less than 19 years [ 4 ]. Nevertheless, there is a fall in mortality risk from 
coronary heart disease in the fi rst 19 years after quitting, but after this the risk is 
almost unchanged. On average, former cigarette smokers have a greater risk of car-
diovascular disease than never smokers but a smaller risk than current smokers. 
Smoking, therefore, has a dose-dependent effect. 

 The progressive popularity of e-cigarettes raises the question of how safe smoke-
less tobacco actually is [ 7 ]. Unfortunately, there are relatively few studies on the 
matter, but a meta-analysis of the available data, including case control and cohort 
studies, concluded that there was an increased risk of cardiovascular disease, 40 % 
excess risk, in smokeless tobacco (e-cigarettes and chewing tobacco) users com-
pared to non-smokers. In smokeless tobacco users there was less evidence of athero-
sclerotic plaques than in smokers but more than in non-smokers. There is also a lot 
of evidence to suggest that passive smoking can be almost as damaging as active 
smoking [ 8 ], but like smoking, this is dose dependent. 

 There are many measures that can help increase rates of quitting, including social 
and pharmacological measures. In a meta-analysis of randomised clinical trials, all 
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three licensed quitting therapies, bupropion (an antidepressant), varenicline  (a nico-
tine receptor partial agonist) and nicotine replacement, were effective [ 9 ]. Bupropion 
and varenicline do not increase cardiovascular disease, but nicotine replacement 
studies showed an elevated risk compared to the other two; relative risk is 2.29 for 
non-serious cardiovascular events, but for serious cardiovascular events, none of the 
methods increase the risk [ 10 ].  

29.2.3     Alcohol 

 There is a paradox revolving around alcohol consumption. Alcohol has a linear 
relationship with blood pressure; the more alcohol consumed, the greater the 
 person’s blood pressure. However, alcohol consumption has a U-shaped relation-
ship with cardiac deaths. So although alcohol raises blood pressure, mild to moder-
ate drinking is seemingly protective against cardiovascular events. 

 The French paradox is a well-known phenomenon, in which the French, although 
not consuming perhaps the healthiest diet (high in saturated fats) and drinking a lot 
of red wine, have a much lower risk of cardiovascular disease. A lower cardiovascu-
lar risk is seen with moderate alcohol intake of all forms, but alcohols rich in poly-
phenols appear to have a particularly protective effect. In a meta-analysis of 
prospective cohort studies, it was found that the relative risk of drinkers of alcohol 
to non-drinkers for cardiovascular disease mortality was 0.75. The authors con-
cluded that mild–moderate alcohol intake was associated with reduced cardiac 
death and stroke deaths [ 11 ]. 

 Those who consumed between 2.5 and 14.9 g alcohol a day were protected 
against all cardiovascular events, but those who consumed more than 60 g/day were 
at a greater risk of stroke than non-drinkers. Alcohol consumption lowers the risk of 
ischemic stroke but slightly raises the risk of haemorrhagic strokes, giving an over-
all reduction in risk of stroke in those who drink moderately [ 11 ]. 

 In some in vitro studies, the effects of gin and wine on LDL levels and oxidation 
were observed, and while both reduced oxidation, wine had the greater effect [ 12 ]. 
Red wine also reduces infl ammation, gin does so too but to a lesser extent.  

29.2.4     Salt 

 One of the well-known dietary risk factors towards atherosclerosis is salt (NaCl) 
intake. High sodium intake is associated with hypertension, a leading risk factor for 
atherosclerosis. In 2010 it was estimated that 1.65 million people died as a conse-
quence of excess NaCl intake [ 13 ], and daily intake of salt is above recommended 
guidelines in almost all countries [ 14 ]. 

 The INTERSALT study showed that the amount of sodium excretion was posi-
tively correlated with systolic pressure. Sodium intake was also positively corre-
lated with raised diastolic pressure, but this was also related to confounding factors 
such as body mass index and alcohol intake [ 15 ]. In England from 2003 to 2011, 
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there was a population fall in blood pressure of 2.7/1.1 mmHg and corresponding 
drop in rates of stroke and ischemic heart disease of about 40 %, which may have 
been related to an concomitant fall in salt consumption [ 16 ]. In a meta-analysis the 
authors concluded that high salt intake was associated with an increased risk of 
stroke [ 17 ]. 

 There are many interventional studies of the short-term effect of reduced salt on 
blood pressure; a meta-analysis of randomised clinical trials shows that a modest 
reduction of salt intake, 4.4 g/day, for 4 weeks can cause a signifi cant decrease in 
blood pressure, a mean fall of 4.18/2.06 mmHg. This was associated with no adverse 
effects on lipid and hormone level [ 18 ]. Other studies have reported similar results 
[ 19 ]. A fall in blood pressure was seen with salt reduction across all ethnicities [ 20 ]. 
Theoretically a fall in blood pressure should result in a reduction in atherosclerosis 
and cardiovascular events. This has been reported in some small studies [ 21 ], but a 
recent meta-analysis suggested that the data were still inconclusive and that more 
randomised trials were still required [ 22 ]. 

 There is evidence that nationwide intervention could be benefi cial. From 2001 
to 2011 the amount of salt in UK bread has been reduced [ 23 ]. This corresponds 
with the reduction in daily salt intake seen over this time period. Thus, public 
health initiatives, e.g. reduction of salt in readymade foods, could lead to a 
 signifi cant decrease in population blood pressure and resultant cardiovascular 
disorders.  

29.2.5     Potassium 

 From the INTERSALT study there appears to be an inverse relationship between 
potassium concentration and sodium concentration in the urine [ 24 ]. A high sodium 
to potassium ratio was associated with an increased systolic and, although less 
strong an association, increased diastolic pressure [ 15 ]. Potassium supplementation 
is linked to a reduction in postprandial brachial artery fl ow-mediated dilatation 
(FMD) [ 25 ]. An increased potassium intake is associated with a drop in blood pres-
sure in both epidemiological studies and clinical trials; the mechanism behind this 
decrease in blood pressure is unclear [ 26 ]. However, it may be related to swelling 
and softening of the endothelium leading to an increase in nitric oxide a vasodilator, 
whereas sodium causes the stiffening of endothelium cells resulting in less nitric 
oxide production and thus an increased blood pressure [ 27 ].  

29.2.6     Diet 

 Much has been written about the potential cardiovascular and anti-atherosclerotic 
benefi ts of many different diets. Men who follow a Mediterranean diet, rich in 
unsaturated fats, tomatoes and fresh fruit/vegetables, appear to be less at risk from 
coronary artery disease and death from cardiovascular disease [ 28 ]. The dietary 
approaches to stop hypertension, or DASH diet, is rich in fruit, vegetables and 
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low- fat dairy product and is low in saturated fat and total fat. The DASH diet was 
found to lead to a reduction in blood pressure [ 29 ]. 

 Those who eat large amounts of fruit and vegetables have a reduced risk of myo-
cardial infarction and other cardiovascular diseases, with adjustment for history of 
diabetes, hypertension or high cholesterol; there was a relative risk for CVD of 0.45 
between the extremes of vegetable intakes [ 30 ]. The effect of low-carbohydrate, 
high-protein diets on a wide range of surrogate phenotypes and biomarkers has been 
widely investigated, but a recent meta-analysis suggested that they may have no 
effect of mortality [ 31 ]. However, they appear effective in aiding weight loss in the 
long term [ 32 ].  

29.2.7     Exercise 

 Exercise is associated with a reduced risk of atherosclerosis and cardiovascular dis-
ease. However, some studies have reported that high levels of exercise can actually 
be associated with cardiovascular disease. 

 Perhaps the most famous epidemiology study on the relationship between (self- 
reported) exercise and mortality and cardiovascular disease is the Harvard alumni 
study. This showed that those who undertake more exercise have an extra 1.5 years 
of life compared to those who did not. However, participation in light exercise did 
not correlate with mortality, whereas participating in moderate activity and vigorous 
activity was associated with reduced mortality [ 33 ] and reduced carotid arterial 
thickness. Interestingly, however, the Harvard alumni study also found an associa-
tion between high levels of vigorous activity and slightly higher risk of cardiac 
death (a U-shaped curve) [ 34 ]. 

 Vigorous exercise is known to be a protector against carotid artery calcifi cation 
(an indicator for atherosclerosis) as well as decreasing the relative risk of cardiovas-
cular diseases as a whole [ 35 ]. At least 120 min a week of moderate activity is all 
that is necessary for a clinically relevant benefi t [ 36 ]. Exercise as a primary preven-
tion method should be started in the young for the best results [ 37 ]. 

 However, in interventional studies exercise has been shown to reduce blood pres-
sure over 6 weeks by about 5.5/3.5 mmHg in the elderly (over 65) [ 38 ]. In the young 
exercise undertaken for 180 min a week leads to a decreased blood pressure, 
improves fi tness and delays arterial remodelling [ 39 ].   

29.3     Pharmacological 

29.3.1     Hypertension Treatment 

 Hypertension is a major risk factor for atherosclerosis. There is a linear relationship 
between blood pressure and cardiovascular risk and as such there are no hard and 
fast limits as to what is a ‘safe’ blood pressure to have [ 40 ]. The main classes of 
antihypertensive drugs in current common use are diuretics, beta blockers, ACE 
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inhibitors, calcium channel blockers and alpha blockers. There has been consider-
able debate as to whether decreasing blood pressure is of most importance or 
whether there are differences between drug classes. 

 The largest study to compare classes and drugs was the ALLHAT study. This 
compared ACE inhibitors (lisinopril), calcium channel blockers (amlodipine), 
diuretics (chlorthalidone) and alpha blockers. The alpha blocker (doxazosin) arm 
of the ALLHAT terminated early due to a twofold higher risk of congestive heart 
failure for patients on doxazosin compared to chlorthalidone [ 41 ]. This was largely 
based on a clinical diagnosis of heart failure not lab defi ned results and debate 
continues as to the clinical benefi ts/harm of alpha blockers, but mostly they are not 
now used fi rst line. All other agents reduced the risk of the trial’s primary outcomes 
of fatal CHD or nonfatal myocardial infarction and secondary outcomes of all-
cause mortality, fatal and nonfatal stroke, combined CHD and combined 
CVD. However, thiazide diuretics were slightly more effective both at lowering 
blood pressure and reducing clinical events as well as being the most accepted as 
well as being low cost [ 42 ]. 

 Beta blockers were not included in the ALLHAT study, and a meta-analysis by 
Lindhlom et al. showed that atenolol was inferior to other agents in preventing CVD 
and that there was a lack of evidence to support their fi rst-line use [ 43 ]. This, and 
the results of the ASCOT study, which showed that atenolol plus thiazide was infe-
rior to a calcium channel antagonist and ACE inhibitor in reducing total and cardio-
vascular mortality, led to the demotion of beta blockers to fourth line [ 44 ]. However, 
it is unclear as to whether some newer beta blockers, e.g. nebivolol, which have 
vasodilating properties may be as effective as other agents in reducing events. 
Certainly nebivolol lowers central blood pressure and left ventricular mass more 
effectively than traditional agents [ 45 ,  46 ]. 

 In patients who are black, thiazide diuretics have a more noticeable effect com-
pared to other drugs tested in the ALLHAT study at preventing cardiovascular 
events, such as myocardial infarction and stroke, or renal events [ 47 ]. 

 Combination therapy may be preferable to single therapy. This is due in part to 
synergism between the two therapies but also because one drug’s side effects offset 
that of the other, as well as lower doses of both being needed [ 26 ]. Studies compar-
ing combination versus initial monotherapy are ongoing. 

29.3.1.1     Hyperlipidaemia 
 There is a well-established positive relationship between LDL cholesterol, and 
inverse relationship between HDL cholesterol, and atherosclerosis. The most effec-
tive drug class for lowering LDL cholesterol are statins, and they are one of the most 
commonly prescribed pills. 

 There is overwhelming evidence that statins decrease the risk of cardiovascular 
events. In a meta-analysis of studies, statins reduced the risk of myocardial infarction 
by 39.4 % and stroke by 23.8 % in elderly patient who have had no pre-existing car-
diovascular diseases; therefore, statins may be a very good primary prevention method 
[ 48 ]. In a meta-analysis of adults with both no past history of cardiovascular disease 
(CVD) and those with a past history of CVD, statins gave an odds ratio of all-cause 
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mortality of 0.86 compared to controls, as well as relative risks of CVD 0.75, CHD 
0.73 and stroke 0.78 (all both fatal and nonfatal) [ 49 ]. Statins are also known to have 
few adverse effects, although they may slightly increase the risk of diabetes mellitus 
[ 50 ]. Benefi ts of statins are rapid as assessed by improvements in FMD [ 51 ]. 

 Niacin or vitamin B has been examined for its use in raising HDL levels. In some 
clinical trials niacin appears to give a reduction in the risk of cardiovascular disor-
ders and major coronary heart disease (but does not cause a reduction in stroke risk) 
[ 52 ,  53 ]. When niacin and statins are combined, there is an even greater increase in 
the number of HDLs present in the blood [ 54 ]. However, this evidence remains 
controversial and some studies are to the contrary [ 55 ]. Therefore, the effectiveness 
of niacin requires further study. Niacin may even increase risk in some high-CVD- 
risk individuals [ 56 ]. 

 A variety of other cholesterol modifying have been, or are, in current develop-
ment. CEPT inhibitors such as torcetrapib were developed to raise HDL cholesterol, 
but development has now largely ceased as torcetrapib was linked with an excess 
cardiovascular mortality [ 57 ] and other related agents appeared not to improve sur-
rogate end points [ 58 ]. PCSK9 antagonists offer more promise and initial data sug-
gest impressive reductions in LDL cholesterol [ 59 ]. However, these are given by 
infusion, which may limit their widespread applicability for primary prevention of 
atherosclerosis. 

   Diabetes Mellitus 
 Suffering from diabetes greatly increases the risks of cardiovascular disease. 
Diabetic patients without previous myocardial infarction have as high a risk of myo-
cardial infarction as non-diabetic patients with a history of previous myocardial 
infarction [ 60 ]. 

 Diabetics benefi t as much if not more so than non-diabetics by targeting other 
cardiovascular risk factors. Diabetics may gain a greater benefi t from blood pressure 
and cholesterol treatment than nondiabetics [ 61 ]. Therefore, it is of benefi t to treat 
other risk factors in diabetics rather than focusing exclusively on tight glycaemia 
control. Indeed, multifactorial, long-term, aggressive treatment reduces risk of car-
diovascular and microvascular events by 50 % compared to conventional treatment 
[ 62 ]. However, interventions in obese and overweight diabetics focusing on weight 
loss do not reduce the risk of cardiovascular disease [ 63 ]. 

 The UK PDS study showed that reducing glucose reduced the risk of ‘any 
diabetes- related end point’ by 12 % but did not signifi cantly reduce macrovascular 
complications [ 64 ,  65 ]. Likewise, subsequent randomised trials failed to show car-
diovascular benefi t of intensive glycaemic control, as did a recent meta-analysis of 
published trial data [ 66 ]. Nevertheless, intensive control does appear to reduce 
microvascular events [ 66 ]. There is still a debate about whether cardiovascular out-
come varies between classes of hypoglycaemic agent. A recent meta-analysis sug-
gested that sulphonylureas have a relative risk of 1.27 for cardiovascular death and 
1.18 for cardiovascular events [ 67 ]. Metformin appears safe, but does not reduce 
events when added to insulin, compared to insulin alone [ 68 ]. The combination with 
incretins also appears not to increase events.     
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29.4     Arteriosclerosis 

 Arteriosclerosis is a general thickening and stiffening of the arteries with the loss 
of elasticity, caused by mainly fatigue fracture of the elastic fi bres within the arte-
rial wall. It is an independent risk factor for cardiovascular disease and mortality 
[ 69 ]. The literature surrounding arteriosclerosis is diffi cult to assess because stiff-
ness of a vessel is dependent on the pressure at which stiffness is measured; i.e. 
blood pressure is a confounding factor, as may also be the case for heart rate. 
Therefore, any intervention that changes heart rate or blood pressure may indirect 
effect stiffness without altering isobaric stiffness. Stiffness is often accessed in a 
variety of different ways, which are not always comparable. The gold standard is 
the aortic pulse wave velocity (aPWV), as it has the most evidence of independent 
predictive value, and so studies employing aPWV should be given more weight-
ing. An addition issue is that many of the published studies are very small and no 
doubt underpowered. All of these factors make interpreting the published data 
challenging.  

29.5     Lifestyle 

29.5.1     Smoking 

 Smoking is associated with atherosclerosis, but there is also some evidence to 
suggest that smoking is also associated with arteriosclerosis and arterial stiff-
ness. Epidemiological data suggest that smoking in youth may be associated with 
increased aPWV [ 70 ,  71 ] and other studies have reported a positive association 
between aPWV and smoking in adults [ 72 ,  73 ]. However, the data are inconsis-
tent [ 74 ,  75 ] and longitudinal data do not support a strong role for smoking 
[ 76 – 80 ]. 

 There is little evidence concerning smoking cessation. One study did report a 
lowering of brachial-ankle pulse wave velocity after 12 months cessation, but 
brachial- ankle index increased [ 81 ]. There is also some evidence to suggest that 
fl avonoids such as those found in chocolate and grape juice may have a protective 
effect against arterial stiffness in smokers [ 82 ].  

29.5.2     Alcohol 

 Moderate, chronic alcohol consumption is associated with a lowered risk of cardio-
vascular disease, compared to no alcohol consumption and heavy alcohol consump-
tion. In women there is evidence that moderate alcohol consumption is linked to 
decreased arterial stiffness in a J-shaped correlation; drinking between 4 and 20 
glasses a week reduces arterial stiffness but greater than 21 results in an increase in 
arterial stiffness [ 83 ]. A similar association was seen in men; when adjusted for 
other factors effecting PWV, this association was unchanged [ 84 ].  

I.B. Wilkinson and B.G. King



425

29.5.3     Diet 

 There is epidemiological evidence that salt intake is related to arterial stiffness. 
Avolio et al. completed a study comparing arterial distensibility between rural 
Chinese and urban Chinese populations. This study found that those individuals in 
rural communities have less age-related arterial stiffening, likely due to differences 
in salt consumption between the two groups, with the rural group consuming less 
sodium than the urban group, resulting in a lower blood pressure [ 85 ]. Similar 
results were seen in studies comparing urban and rural pygmies, showing the impact 
of environment vs. genetics on arterial stiffness [ 86 ]. 

 Consuming a low-salt diet results in a lower AASI (ambulatory arterial stiffness 
index), whereas high-salt intervention results in a raised AASI [ 87 ]. The effect of 
salt consumption is not purely a long-term progressive effect; salt can also have an 
acute effect on arterial stiffness. A high-sodium meal can increase arterial stiffness 
for a short time period as assessed by augmentation index (AIx) [ 88 ]. Interestingly, 
however, this study did not fi nd an association between blood pressure and acute 
salt consumption. This is backed by a study of salt consumption in the Portuguese 
which used the gold standard aPWV to conclude that the association with salt con-
sumption was, independently of blood pressure [ 89 ], linked to arterial stiffness. In 
clinical trials salt reduction may have a greater impact on black people’s pulse wave 
velocity than whites or Asians [ 20 ].  

29.5.4     Exercise 

 There is mixed evidence as to whether exercise is of benefi t against arterial stiffness. 
The evidence remains largely inconclusive over how much and what sort of exercise 
should be undertaken. High-intensity exercise may be harmful rather than 
benefi cial. 

 In heart failure patients with reduced ejection fraction, 8 weeks of exercise 
increases arterial compliance [ 90 ]. Resistance training may be linked to arterial 
stiffness, but this is more likely to be restricted to high-intensity resistance training 
[ 90 ]. Long-distance endurance training may be associated with pathological struc-
tural remodelling of arteries [ 91 ]. However, again this is generally only with high- 
intensity training. 

 However, both endurance and resistance training have in some studies led to a 
signifi cant decrease in arterial stiffness as well as blood pressure in pre- hypertensive 
students [ 92 ]. Exercise is associated with increased total systemic arterial compli-
ance [ 93 ]. Exercise can be combined with weight loss to increase the endothelial- 
dependent fl ow-mediated dilatation (FMD) in patient with coronary heart disease 
greater than that of weight loss alone [ 94 ]. Therefore, exercise appears to be ben-
efi cial provided it is not undertaken to excess. However, in the majority, it is unclear 
as to whether isobaric stiffness is affected. Larger randomised studies, with ade-
quate controls/blinding and correction for changes in blood pressure, are clearly 
required.   
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29.6     Pharmacology 

 A number of small studies have assessed the effect of antihypertensive drugs on 
measures of arterial stiffness including aPWV. Many of these suggest that aPWV is 
lowered, but it is diffi cult to know the effect on isobaric stiffness. One meta-analysis 
suggested that ACE inhibitors in particular may reduce aPWV independently of 
blood pressure. However, this was based on data from only 294 subjects [ 95 ]. 
Several head-to-head comparisons suggest that beta blockers may reduce stiffness 
more than other drugs and that vasodilating agents may be even better [ 96 ], but 
again sample sizes are very small [ 97 ,  98 ]. There is also a lack of data concerning 
the long-term effects of BP lowering per se. If fatigue fracture of the elastic ele-
ments is largely driven by pulsatile load and heart rate, then lowering average pres-
sure, pulsatility and heart rate may retard age-related arterial stiffening, but this 
hypothesis remains to be formally tested. 

 Matrix proteins are another target for therapies designed to alter stiffness. 
ALT711 is an advanced glycation end point (ACE) breaker meaning that it has the 
potential to reverse the stiffening of arteries due to cross-linking of elastic elements. 
This hypothesis was supported by an animal data [ 99 ], and early human studies 
reported a lowering of reduced left ventricular stiffness and systolic pressure com-
pared to placebo [ 100 ]. However, development was discontinued and no other simi-
lar agents are currently available for trials. 

 Statins may have pleomorphic effects beyond simply cholesterol lowering, 
including improving endothelial function and acting as a modest but clinically 
apparent anti-infl ammatory. There have also been many studies demonstrating that 
statins decrease arterial stiffness [ 101 ]. However, these invariably included only 
tiny numbers of subjects, and the much larger CAFE sub-study of ASCOT did not 
fi nd any difference in estimated aPWV between those randomised to a statin com-
pared to placebo, all be it in a hypertensive population. 

 Acute infl ammation can increase stiffness. In one study, using  Salmonella typhi  
vaccine to induce an infl ammatory response in healthy individuals, there was a 
modest increase in aortic pulse wave velocity (aPWV), a marker of arterial stiffness. 
This aPWV increase was not seen in the aspirin-pretreated patients. 

 Chronic infl ammation is another potential target for de-stiffening therapies. 
Mounting data suggests a link between infl ammation and stiffness, particularly in 
individuals with chronic systemic infl ammatory conditions such as rheumatoid 
arthritis [ 102 ]. Anti-infl ammatory therapy with anti-TNF-alpha drugs leads to a 
reduction in aPWV [ 103 ], and this appears to be related to a reduction in aortic 
infl ammation per se [ 104 ]. Similar results have been reported in infl ammatory bowel 
disease [ 105 ]. However, whether less potent anti-infl ammatories can modify stiffness 
in patients with cardiovascular disease or in a primary prevention setting is unclear. 

 Additional potential targets are the factors regulating vascular calcifi cation, 
which has previously been linked with stiffening, and other components with the 
matrix. Gene expression studies and proteomics may help identify targets in this 
respect, but it is important to remember that the animal aorta is contractile and that 
the human is not, so specifi es differences may be important.     
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