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 Abstract 
 There have been attempts to explain the process of developments in overt cardiovascular 
disease, resulting in the presentation of the classic cardiovascular disease continuum and the 
aging cardiovascular continuum. Although the starting points of these two continua are dif-
ferent, they meet in the midstream of the cycle and reach a consensus at the end of the pro-
cess. The announcement of the aging cardiovascular continuum made both continua com-
plete, explaining the cardiovascular events in patients without atherosclerotic cardiovascular 
disease with aging. Impairment of the vascular structure by pulse wave and reflected wave is 
considered the cause of aortic damage, which influences the development of ischemic heart 
disease and the development of overt renal disease or cerebrovascular disease. The patho-
physiology of vascular aging through pulse wave and its effect on other organs was discussed 
with Prof. Michael F. O’Rourke who devised the aging cardiovascular continuum. 

 © 2015 S. Karger AG, Basel 

 Introduction 

 This paper was written based on an interview with 
Dr. Michael F. O’Rourke. He is a director of Victor Chang 
Cardiac Research Institute, St. Vincent’s Clinic, Uni-
versity of New South Wales, Sydney, N.S.W., Australia. 
He is the world’s leading expert in cardiovascular phys-
iology and medicine. He is co-author of the standard 
reference text book  Blood Flow in Arteries: Theoretical, 
Experimental and Clinical Principles  and the co-founder 
of AtCor who invented the technology on which Sphyg-
moCor is based.
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Dr. O’Rourke is the recipient of a number of scientific awards (among which are the 
Simon Dack Annual Award for services to the  Journal of American College of Cardiology,  
Honorary Life Membership, NSW Division Heart Foundation, and Life Achievement Award, 
European Artery Association), the author of 484 peer-reviewed papers, and editorial board 
member for international peer-reviewed scientific journals including the  Journal of Hyper-
tension, Journal of the American College of Cardiology,  and  Canadian Journal of Cardiology and 
Hypertension. 

  ‘The aging cardiovascular continuum’ was published by Dr. Michael F. O’Rourke and 
approaches cardiovascular disease with vascular aging  [1]  4 years after the classic ‘cardio-
vascular disease continuum’ has been presented in 2006. Dzau and colleagues  [2, 3]  published 
two articles about the cardiovascular disease continuum, explaining the process of develop-
ments in coronary artery disease. The cardiovascular disease continuum of Dzau and 
colleagues  [2, 3]  starts with the risk factors for coronary artery disease, such as hypertension, 
diabetes mellitus, dyslipidemia, smoking and obesity. Then, they proceed to atherosclerosis, 
myocardial ischemia, coronary thrombosis and myocardial infarction, which cause congestive 
heart failure and end-stage heart disease. The aging cardiovascular continuum of Dr. O’Rourke 
starts with aging itself. He says that aortic pulsation – repetitive stretches and relaxations of 
the aorta – reaching 3 billion cycles in people in their 80s, is the cause of aortic damage and 
consequently of cardiovascular disease.

  Although the two continua look different, they meet in the midstream of each continuum, 
where overt cardiovascular disease develops, and share the process for congestive heart 
failure and end-stage heart disease following myocardial infarction. The classic continuum 
explains that cardiovascular disease develops from atherosclerosis, and therefore, the cause 
of heart failure in patients without atherosclerotic coronary artery disease and without risk 
factors for atherosclerosis cannot be explained by it. Then, the continuum of Dr. O’Rourke was 
devised. With these two continua together, a more comprehensive explanation for the devel-
opment of end-stage heart disease is possible in both patients with atherosclerosis and in 
those who do not suffer from atherosclerotic diseases or their risk factors ( fig. 1 ). The aging 
cardiovascular continuum also explains the cause of cardiovascular events in the group of 
patients who are more fragile to end-stage heart disease with aging as well as the cause of 
frequent microvascular diseases of other organs, predominantly the brain and kidneys. 
Therefore, it is important to understand the role of vascular aging in the cardiovascular 
continuum.

  The Concept of Vasculopathy of Aging in the Traditional Cardiovascular 
Continuum 

 The aging cardiovascular continuum is the result of pulse wave. In the 80 years of average 
human life, the heart pulses up to 3 billion times, which influences the aorta. The aorta repet-
itively stretches and relaxes with every beat of the heart. Dilatation of the aorta (even up to 
15% of the diameter in young people) through pulsation  [4]  damages the small elastin fibers 
in the aorta  [4, 5]  and makes the aorta more brittle, fragile and wider with age  [6] . Then, the 
aorta stiffens  [7–9] , and the pressure by the pulsating blood flow becomes higher with less 
stretches of the aorta  [7] . Systolic hypertension, left ventricular hypertrophy and myocardial 
ischemia with impaired myocardial blood supply develop with the change of the aorta  [9] . In 
other words, the aging cardiovascular disease continuum begins with the pulse wave in the 
cardiac cycle, which causes mechanical stretching of the vessels over a long period of time  [1] .

  The pulse wave is generated by the ejecting blood flow of the heart into the aorta, which 
comprises a wave of pressure. The flow wave is pulsatile so that it acts like a shear stress trav-
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eling longitudinally along the vessels tending to sheer off the endothelial cells along the path 
of the blood flow running backward and forward into different organs or different parts of 
the body irrespective of the pulse wave pressure which stretches the arterial wall circumfer-
entially and causes arterial wall damage  [1] . Besides, the pulse wave pressure is reflected 
back to the heart and the other organs, causing overt cardiovascular disease, renal and cere-
brovascular disease  [10] . When the reflected wave reaches the aorta during systole, it will 
boost the systolic pressure as well as the pressure in the brain and other organs. Therefore, 
it is emphasized that the central aorta provides better measurements of blood pressure 
compared to peripheral arteries  [11] . Furthermore, unlike small vessels with low resistance 
that get more of the pulsatile nature of pressure from the blood flow, the aorta cannot absorb 
the pulse  [12]  and transfers these pulsations of flow and pressure further into the smallest 
blood vessels  [13, 14] .

  Differences in Isolated Systolic Hypertension between Youth and the Elderly 

 In the Chicago Heart Association Detection Project in Industry, people were classified 
into 5 groups according to the level of systolic and diastolic blood pressure, normal or low 
blood pressure, upper normal blood pressure, isolated systolic hypertension with normal 
diastolic pressure, and isolated diastolic hypertension with normal systolic pressure, systolic 
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  Fig. 1.  Interaction of the traditional atherosclerotic cardiovascular continuum (left) and the aging continuum 
(right). CV = Cardiovascular; CAD = coronary artery disease; LVH = left ventricular hypertrophy; CHF = con-
gestive heart failure. 



144Pulse 2015;3:141–147

 DOI: 10.1159/000435901 

 Kim et al.: Vasculopathy of Aging and the Revised Cardiovascular Continuum 

www.karger.com/pls
© 2015 S. Karger AG, Basel

and diastolic hypertension. It was found that the isolated systolic hypertension is much more 
benign in youth than in the elderly. For men aged between 18 and 49 years, the isolated 
systolic hypertension group showed the same cardiovascular outcome as the group with 
normal blood pressure and had a much better outcome than people in the same age group 
with isolated diastolic hypertension or systolic and diastolic hypertension, although it was 
not as definite in female patients. However, in the elderly, isolated systolic hypertension was 
more dangerous than systolic and diastolic hypertension in males as well as in females  [15, 
16] . This can be explained by wave reflection  [17] . Raised systolic pressure in people below 
the age of 60 is usually due to the early systolic peak, which is boosted by the wave reflection 
in peripheral arteries; however, in the elderly, it is the second peak about 200 ms after the 
beginning of the wave which is elevated, so the pressure wave forms are entirely different in 
these two groups  [18] .

  The European guidelines for hypertension in 2013  [19]  pointed out that young people are 
being diagnosed as hypertensive only based on their elevated systolic pressure, even if they 
are otherwise perfectly healthy. The European guidelines suggested that central blood pressure 
be measured for the possibility of excessively amplified brachial blood pressure due to the 
narrow highly ‘spiked’ pulse wave. Besides, there is strong evidence for treating isolated 
systolic hypertension in elderly people over the age of 60 whose hypertension is due to stiff-
ening of the arteries, resulting in a definite reduction in cardiovascular events; however, there 
is no evidence for treating isolated systolic hypertension in people under the age of 60  [19] . 
These results may change the idea of isolated systolic hypertension and thus the management 
of other guidelines for hypertension.  The European guidelines have made a start.

  Pulse Wave Nephropathy and Pulse Wave Encephalopathy 

 In the course of our lives, the brain takes about 20% of the cardiac output, and the kidneys 
together take another 20%. They are relatively small organs, but a lot of blood flows through 
them  [20] . They have small vessels with low resistance  [21]  in order that the blood flow is 
very fast. As a consequence of this low resistance, more flow with the pulsatile nature of 
pressure gets into the brain and kidney, and into their small arteries  [10, 14] . With age, and 
with changes in the aorta followed by increased pulse wave velocity  [22] , these pulsations in 
flow and pressure are further transferred into the smallest blood vessels in the brain and 
kidney  [23]  without absorption of pressure from the aorta, causing microvascular changes 
 [23, 24] . There, with the stretching of the tiny arteriolar walls and the development of little 
aneurysmal ruptures and microthrombi, these small vessels lead to the condition which is 
called ‘pulse wave encephalopathy’ for the brain and ‘pulse wave nephropathy’ for the kidney, 
leading to end-stage renal disease, dementia, etc. The lesions where the pulse wave forms the 
high flow pulsation appeared to be enhanced, with a higher signal in the brain MRI being 
explained as ‘pulse wave encephalopathy’  [25–27] .

  The Role of Pulse or Flow in Stroke Development 

 There is a chance that the different levels of pulse wave velocity and pressure augmen-
tation even with the same level of blood pressure can have different impacts on cerebrovas-
cular outcome, as for example in the pathologic conditions of sickle cell anemia or in postneu-
rosurgical patients. Patients with sickle cell anemia are very prone to thrombotic strokes 
especially when they have a very low red blood cell count  [28] . They show full pulse flow and 
pressure flow, which impair the endothelium and cause a thrombus in the arteries. Their 
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pulse wave velocities rise to even twice the normal peak. Pulse wave velocities at such levels 
are highly related to the risk of stroke, which can be reduced by treating the anemia at that 
stage and preventing the peak flow from getting as high as in patients who have not been 
treated in that way. In the case of increased intracranial pressure after neurosurgery or brain 
trauma, which causes secondary changes in the blood vessels and the brain, the increased 
intracranial pressure also presses on the arteries from the outside and narrows the arteries 
so that with normal flow levels, the velocity rises to the same levels as or higher  [29]  than 
those in children with sickle cell anemia. Brain damage also develops with increased intra-
cranial pressure. Patients who have recovered from a subarachnoid hemorrhage are another 
example. Although these patients may have recovered from the hemorrhage, they are more 
prone to develop infarcts in the brain at a distance from where the original problem occurred. 
This may also be related to the flow wave forming in the brain. It is expected that the devel-
opment of secondary strokes can be reduced in these patients with the control of vascular 
remodeling after the primary event.

  The Relation between Dementia and Pulse Wave 

 Dementia is also related to pulse wave blood flow. Alzheimer’s disease is generally 
thought to be the result of an atherosclerotic change in cerebral vessels and amyloid plaques. 
However, it was suggested that microbleeding in the brain as a consequence of vessel degen-
eration and rupture over a period of decades could be the cause of dementia  [30] . Hemor-
rhages develop into what are recognized as amyloid-β plaques.

  Differences in Microvascular Dysfunction in Coronary Arteries between the Brain 
and the Kidneys 

 Microvascular dysfunction in coronary arteries in the brain and the kidneys seems to be 
entirely different. In these small vessels, coronary artery disease virtually does not exist. The 
heart muscle and the blood vessels of the heart are spared from the high pulsation for they 
do not confront the reflection of the flow wave because coronary arteries to left ventricular 
myocardium are compressed during systole as the heart is actually pumping. Only when the 
heart is relaxed, during diastole, are they exposed to the pressure, which helps coronary 
perfusion. Instead, when aortic stiffening proceeds with aging, the wave reflection augments 
the late systolic pressure, not the diastolic pressure of the aorta, and therefore, the coronary 
flow decreases. Simultaneously, aortic stiffening causes an increase in aortic pressure through 
stiffening itself and an early return of wave reflection, which leads to left ventricular hyper-
trophy and an increase in oxygen demand. Both an increased oxygen demand and a decrease 
in coronary perfusion predispose myocardial ischemia  [31, 32] .

  Detection of the Vasculopathy of Aging 

 The traditional way to assess arterial function is using pulse wave velocity, which 
measures the degree of arterial stiffness and is thought to be the best way to date  [8, 22] . 
Although it does not directly express the arterial function of each organ, pulse wave velocity 
is correlated with high vascular complications of stroke or heart failure  [33–35] , meaning that 
the aorta is not only stiff due to the disease, but conducts the cardiac impulse more quickly, 
and reflected waves return to the heart earlier in the cardiac cycle.
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  Treatment of Kidney and Brain Disease with the Concept of Pulse Wave 
Vasculopathy 

 There have not been enough discussions about the issue of pulse wave vasculopathy 
treatment. However, we think that aortic stiffening is the key to most of the brain and certainly 
cardiac diseases that occur with aging, due to its character of generation with aging.

  How can we prevent this rapid aging process? Angiotensin-converting enzyme inhibitors 
were discussed in this respect. There is some evidence that angiotensin-converting enzyme 
inhibitor drugs may delay the progression of aortic stiffening in patients with renal failure 
and also prevent a progressive increase in aortic pulse wave velocity  [36] , thus being a bene-
ficial drug for preventing dementia. Nitrates, on the other hand, reduce wave reflection 
without reducing a similar effect on blood pressure  [37]  and are also expected to have a bene-
ficial effect on isolated systolic hypertension  [38] , through reducing aortic and left ventricular 
systolic pressure while maintaining diastolic and left ventricular perfusion pressure. 

  Conclusion 

 The vascular aging continuum is an extended idea of the cardiovascular continuum, 
described by Dzau and colleagues  [2, 3]  in 2006, which merges aging vasculopathy in the 
brain and kidneys and atherosclerotic coronary heart disease as well as heart failure. This 
idea more clearly explains the dominance of macrovascular and microvascular arterial 
disease in prolonged life.
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