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

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

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

    Basic Concepts of the Book 

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

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

 Parts   I     and   II     of this book are related to blood pressure involving two 
 different and complementary aspects: the role of arterial wall mechanics and 
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the underlying mechanisms of risk involving left ventricular hypertrophy and 
the role of dietary salt excess on the development of cardiac and renal failure 
through structural and functional impairment. 

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

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

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

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

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

    Content of the Book 

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

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

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

  Keywords  

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

   Table 1.1    Indices of arterial stiffness      

 Elastic 
modulus 

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

 Arterial 
distensibility 

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

 Arterial 
compliance 

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

 Volume 
elastic 
modulus 

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

 Volume 
compliance 

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

 Young’s 
modulus 

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

 Pulse wave 
velocity 

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

 Characteristic 
impedance 

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

 Stiffness 
index 

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

        Concepts 

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

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

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

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

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

R

R

(Arterial system)

(Arterial system)

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

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

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

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

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

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

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

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

    Principles of Measurement, 
Analysis 

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

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

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

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

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

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

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

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

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

    Amplifi cation of the Pressure Wave 

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

 Author  Population  n  Method  Endpoint  Independent of 
 Signifi cant 
parameter 

 London  ESRD  180  Carotid 
PWA 

 Mortality  DBP  AIx 

 Takenaka  ESRD  104  Radial 
PWA 

 CV events  n/a  AIx 

 Covic  ESRD  92  Aortic 
(GTF) 
PWA 

 Mortality  bSBP, bPP  – 

 Verbeke  RTX  512  Aortic 
(GTF) 
PWA 

 CV events  bSBP, MBP, 
PWV 

 AP, (AIx) 

 Weber  CKD 3,4  111  Aortic 
(GTF) 
PWA 

 Cardiorenal 
events 

 MBP  AIx, AP 

 Ueda  Coronary intervent  103  Aortic 
PWA 

 Restenosis  n/a  AIx 

 Weber  Coronary intervent  262  Aortic 
(GTF) 
PWA 

 CV events  bSBP, bPP  AIx 

 Weber  CAD  520 m  Aortic 
(GTF) 
PWA 

 CV events  MBP, bPP  AIx 

 Chirinos  CAD  297 m  Aortic 
PWA 

 CV events  MBP, bPP  AIx, AP 

 Weber  CAD  725  Aortic 
(GTF) 
PWA, 
WSA 

 CV events  MBP, bSBP, 
DBP 

 AIx, AP, Pb 

 Sung  Heart failure hosp  120  Carotid 
PWA, 
WSA 

 CV events  MBP  AP, Pb 

 Sung  Heart failure hosp  80  Carotid 
PWA 

 CV events  n/a  AP 

 Wang  Community  1,272  Carotid 
PWA, 
WSA 

 CV mortality  MBP, bSBP, 
bPP, PWV 

 Pb, (AP) 

 Mitchell  Community  2,232  Carotid 
PWA 

 CV events  bSBP  – 

 Chirinos  Community  5,960  Radial 
PWA, 
WSA 

 CV events/HF  bSBP, DBP  AIx, RM 

 Benetos  Very elderly  1,126  Carotid 
PWA 

 Mortality  n/a  – 

 Williams  Hypertensives  2,199  Aortic 
(GTF) 
PWA 

 CV + renal 
events 

 n/a  (AP) 

 Dart  Hypertensives  484 f  Carotid 
PWA (?) 

 CV events  n/a  – 

 Manisty  Hypertensives  259  Carotid 
PWA 

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

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

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

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