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Preface 

The hemodynamic mechanisms of hypertension are often limited to the study of 
three dominant parameters: blood pressure, cardiac output and vascular resis
tance. Accordingly, the development of hypertension is usually analyzed in terms 
of a 'struggle' between cardiac output and vascular resistance, resulting in the 
classical pattern of normal cardiac output and increased vascular resistance, thus 
indicating a reduction in the caliber of small arteries. However, during the past 
years, the clinical management of hypertension has largely modified these simple 
views. While an adequate control of blood pressure may be obtained with 
antihypertensive drugs, arterial complications may occur, involving mainly the 
coronary circulation and suggesting that several parts of the cardiovascular 
system are altered in hypertension. Indeed, disturbances in the arterial and the 
venous system had already been noticed in animal hypertension. 

The basic assumption in this book is that the overall cardiovascular system is 
involved in the mechanisms of the elevated blood pressure in patients with 
hypertension: not only the heart and small arteries, but also the large arteries and 
the venous system. For that reason, the following points are emphasized. First, 
the cardiovascular system in hypertension must be studied not only in terms of 
steady flow but also by taking into account the pulsatile components of the heart 
and the arterial systems. Second, arterial and venous compliances are altered in 
hypertension and probably reflect intrinsic alterations of the vascular wall. Third, 
such abnormalities suppose a geometrical redesign of the cardiovascular system, 
and the structural and the functional components are therefore critical for the 
understanding of hypertension. Finally, regional blood flows are more important 
than cardiac output itself for the description of the complications of hypertensive 
vascular disease. 

Despite (or due to) the striking remodelling of the cardiovascular system 
observed in hypertension, it is important to recognize that the principal function 
of this system, i.e. to maintain an adequate blood flow for the metabolic needs of 
the tissues, is largely preserved during an important part of the life. Thus an 
adequate analysis of hypertension requires the description of auto-regulatory 
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mechanisms contributing to maintain flow within normal ranges. Of course, such 
mechanisms are operating in untreated hypertensives, but they are also important 
to evaluate following antihypertensive treatment. Indeed, each antihypertensive 
agent is expected to be characterized by a specific mechanism of action, a 
prerequisite which is in opposition with the apparently non-specific geometrical 
redesign of the overall cardiovascular system described in patients with essential 
hypertension. Clearly, the relationships between antihypertensive agents and 
remodelling of the cardiovascular system following treatment is a key point in the 
future for a better understanding of cardiovascular morbidity and mortality in 
patients treated for hypertension. 

M.E. Safar 
G.M. London 
A.Ch. Simon 
Y.A. Weiss 
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Part I 

Small arteries and the concept of resistance 



Hemodynamic basis for the concept of resistance 
and impedance in hypertension 

MICHAEL F. O'ROURKE 

Hypertension is caused by increased resistance to flow in peripheral vessels. This 
was appreciated by Bright [1] in 1827 as the probable cause of cardiac hypertrophy 
in patients with chronic nephritis' ... that it so affects the minute and capillary 
circulation, as to render greater action necessary to force the blood through the 
distant subdivisions of the vascular system.' This point of view was emphasised by 
Sutton and by Gull [2], who in a lecture at Guy's Hospital, London in 1872 
observed 'It is always dangerous to rest in a narrow pathology; and I believe that 
to be a narrow pathology which is satisfied with what you now see before me on 
this table. In this glass you see a much hypertrophied heart and a very contracted 
kidney. This specimen is classical. It was, I believe, put up under Dr Bright's own 
direction and with a view of showing that the wasting of the kidney was the cause 
of the thickening of the heart. I cannot but look upon it with veneration, but not 
with conviction. I think, with all deference to so great an authority, that the 
systemic capillaries, and had it been possible, the entire man, should have been 
included in this vase; then we should have had, I believe, a truer view of the 
causation of the cardiac hypertrophy and of disease of the kidney.' 

Marey in Paris [3] developed the first sphygmograph for measuring arterial 
pressure in man. This was refined in London by Mahomed (Fig. 1) who must be 
credited with the first description of the syndrome of essential hypertension [4]. 
'My first contention is that high pressure is a constant condition in the circulation 
of some individuals and that this condition is a symptom of a certain constitution 
or diathesis' , and further - 'These persons appear to pass through life pretty much 
as others do and generally do not suffer from high blood pressures, except in their 
petty ailments upon which it imprints itself ... As age advances the enemy gains 
ascession of strength ... the individual has now passed forty years, perhaps fifty 
years of age, his lungs begin to degenerate, he has a cough in the winter time, but 
by his pulse you will know him ... Alternatively headache, vertigo, epistasis, a 
passing paralysis, a more severe apoplectic seizure and then the final blow.' 
Referring to etiology, Mahomed wrote 'What has been the cause in one case may 
be the result in the other; thus general disorder may cause high blood pressure 
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Figure 1. F. Mahomed, Circa 1874. 

and this in turn kidney changes; while on the other hand kidney changes may be 
primary and acute and they may in their turn produce impurity of blood and thus 
general pressure. But whether we read the tale backwards or forward, it is the 
same tale in the end.' 

Thus, in 1874, primary and secondary hypertension had been described and 
their natural history set out, and yet the sphygmomanometer as we use it now had 
not been described. The diagnosis of high blood pressure was made on the basis of 
compressibility of the radial artery and on peripheral arterial pressure pulse 
contour. .:The modern sphygmomanometric method, attributable to Riva-Rocci 
[5] and Korotkov [6], has focused attention on the numerical values ofthe systolic 
and the diastolic pressure in the brachial artery rather than on the parameters that 
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Mahomed and colleagues had determined - the mean pressure, and the ampli
tude and contour of the pressure wave. Clinicians have come to view the basic 
underlying condition in terms of systolic and diastolic pressure, and to speak of 
systolic hypertension and diastolic hypertension as though these were separate 
and distinct rather than sphygmomanometric artifices. Over-simplified inter
pretations of systolic and diastolic pressure levels have been responsible for the 
erroneous view that elevation of the former is benign and the latter only of serious 
concern. The views of Sir James MacKenzie have persisted for generations after 
1926 when he taught 'As regards the relative importance of systolic and diastolic 
pressures, it may be said that the systolic pressure represents the maximum force 
of the heart while the diastolic pressure measures the resistance the heart has to 
overcome' [7]. Use of the sphygmomanometer forced on clinicians a view of 
cardiovascular hemodynamics that had not prevailed before the beginning of the 
20th century. This was the debit side; the credit side was, of course, substantial:
arterial pressure could be measured quickly and reasonably accurately in man for 
the first time. The approach to be taken in this chapter will be consistent with the 
19th century approach before introduction of the sphygmomanometer, but based 
on concepts of arterial hemodynamics derived from direct measurement of 
arterial pressure. This should enable sphygmomanometric measurements to be 
interpreted more completely, and potential and real anomalies to be recognised. 

Resistance 

Bright, Gull and Sutton, and Mahomed described increased arterial pressure as 
resulting from increased peripheral resistance due to decreased calibre of small 
peripheral vessels. Stephen Hales, the first man to measure arterial pressure (as 
mean pressure), formulated the concept of circulatory resistance as arteriovenous 
mean pressure gradient divided by mean flow [8]. Poiseuille [9] in 1828 developed 
the mercury manometer and measured mean pressure in the arterial system of 
experimental animals. He showed that the arteries are excellent hydraulic con
duits and that there is no detectable pressure gradient below the proximal aorta 
and peripheral arteries, establishing a point made by Hales that most of the 
resistance to blood flow through the systemic circulation resides in the small 
peripheral vessels - that systemic resistance is 'peripheral'. Pursuing this subject, 
Poiseuille [10] performed his classic studies on narrow capillary tubes establishing 
the relationship between resistance and the fourth power of radius. The relation
ship between Poiseuille's constant and viscosity was clarified by Hagen so that the 
Poiseuille equation is expressed as 
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where Q is volume flow, PI - P2 is pressure gradient, r is internal diameter, u is 
viscosity and L is vessel length. And resistance is expressed as 

Poiseuille's equation describes a linear relationship between mean flow and 
pressure, and emphasises the dominance of resistance on the fourth power of 
vessel radius. While it can be applied in a qualitative sense to the circulation, 
there are a number of objections to its strict quantitative application. These 
problems include the anomalous viscous properties of blood - streaming of red 
cells in the axial stream of small vessels with apparent decrease in viscosity [11], 
aggregation of red cells at low rates of shear with increase in viscosity [12], non
laminar blood flow under many conditions, passive dilation of blood vessels 
under increased distending pressure, autoregulation in many organs, and 'critical 
closing pressure' [13-18]. One usually wishes to apply Poiseuille's law not to a 
single tube, but to a complex network of tubes such as that which makes up a 
vascular bed. Since in the single tube, and indeed in the network, vessel lengths 
remain constant and viscosity is presumed to do likewise, changes in resistance 
are considered to indicate changes in calibre of the small resistance vessels. Such a 
presumption is rarely justified. It has been shown that in a maximally dilated 
peripheral vascular bed, perfused with a colloid solution, there is a near linear 
relationship, passing through the origin between perfusion pressure and flow 
(Fig. 2). When such a vascular bed is perfused with blood there is usually a 
positive intercept on the pressure axis caused by anomalous viscous properties of 
blood; as flow velocity slows, and shear rate falls, the red cells tend to aggregate 
with marked increase in viscosity and so in resistance (Fig. 2). Fig. 3 shows 
another pattern of pressure flowlrelationships in a peripheral vascular bed per
fused with oxygenated blood; here the relationship is convex towards the pres
sure axis, probably caused by physical dilation of the constricted resistance 
vessels from increased pressure with lower resistance at high pressure. Other 
patterns of pressure flow relationship are seen in the heart, brain and kidney, 
where over the physiological range of mean pressure, flow remains relatively 
constant as a result of autoregulation, caused by change in arteriolar tone or from 
increased tissue pressure compressing blood vessels from without [12, 13]. It is 
clear that one cannot assume in the living organism, a constant relationship 
between pressure and flow in any segment of the vascular tree let alone in the 
whole systemic circulation. Yet, the relationship between mean arteriovenous 
pressure gradient and flow is usually expressed as resistance, assuming linearity 
and assuming zero flow is achieved at zero pressure. Changes in resistance under 
different conditions are usually taken to indicate changes in arteriolar calibre, and 
so to reflect changes in arteriolar tone. Such changes in calculated resistance must 
be interpreted with caution; since resistance to flow varies inversely with the 
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Figure 2. Relationship between pressure and flow of a cell free colloid solution, and of blood in a 

maximally dilated vascular bed. From Whittaker and Winton 1933 [12]. 

fourth power of radius, arteriolar tone and calibre will have a profound effect on 
calculated resistance. The other factors must, however, be borne in mind. 

That peripheral resistance is elevated in essential hypertension was confirmed 
by Pickering [19] and by Prinzmetal and Wilson [20]. The cause of this is in most 
cases the arteriolar and other small vessel narrowing proposed by Bright and 
demonstrated by Gull and Sutton and by many others since. This subject is 
discussed by Folkow (p. 21ff.). But arteriolar narrowing is not the only possible 
cause of increased peripheral resistance. Another is microvascular rarefaction 
(Fig. 4). This has been demonstrated to develop in spontaneously hypertensive 
rats [21], in diabetic patients [22] and in human hypertensive subjects [22, 23]. 
MacKenzie [24] described this quite clearly in 1902 as a cause of increasing 
resistance and arterial pressure with age: 'There is a third factor of great import
ance, namely the diminution of the capillary field which occurs as an accompani
ment of advancing years. This can be recognised in many ways, as for instance, 
the thinning and wasting of skin and subcutaneous tissues and the absence of 
oozing when the skin is cut e.g. in surgical operations.' The changes of arterial 
pressure with age are well known (Fig. 5), and have usually been interpreted in 
terms of systolic and diastolic pressure. It is acknowledged that cardiac output 
falls with age in humans [25], so that calculated peripheral resistance must 
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Figure 3. Plots of the arteriovenous difference pressure vs the blood flow in a cutaneous (saphenous) 
bed at three levels of spontaneous 'vasomotor tone'. Left half, plotted linearly; right half, plotted on 
log-log paper. Triangles represent the lowest level of vasomotor tone; circles represent an intermedi
ate level and squares, the highest level of vasomotor tone. Flow in mllmin, pressure in mm Hg. From 
Green, Rapela, Conrad [13). 

increase. The changes with age (i.e. marked increase in systolic with lesser 
increase in diastolic pressure) are attributable to just two factors: increasing 
resistance causing increase in mean pressure and arterial stiffening which causes 
increase in fluctuation around this mean pressure [26]. The degree of change in 
systolic and diastolic pressure in any individual would be expected to depend on 
the relative degree of increase in resistance and in arterial stiffness. If the former 
was to increase with no change in the latter, one would expect systolic and 
diastolic pressure to increase to the same degree; if the latter increased with no 
change in the former, one would predict an increase in systolic pressure but a fall 
in the diastolic level. The changes seen in Fig. 5 are attributable to a combination 
of increased resistance and decreased compliance. 

Impedance 

The concept of vascular impedance is an extension of resistance [11, 27]. Resis
tance describes the relationship between mean pressure and mean flow at the 
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Figure 4. Increased resistance in a vascular bed caused by two mechanisms, illustrated schematically
constriction of resistance vessels, and rarefaction of resistance vessels. 'Normal' bed at left, abnormal 
beds at right. 

input of a vascular bed (assuming venous flow to have zero pressure). Impedance 
describes the relationship between the pulsatile components of the pressure and 
flow waves from which resistance is determined. The relationship is determined 
by breaking down the pressure and flow waves into their component harmonics 
using Fourier analysis, then relating the corresponding harmonics of pressure and 
flow (Fig. 6). In practice one usually only uses the first 5-8 harmonics, thus with a 
heart rate of 90/min (1.5/sec) determining impedance up to 12 Hz. Impedance 
graphs take the form of modulus (amplitude of pressure -7- amplitude of flow) and 
phase (delay between pressure and flow) plotted against frequency. They are 
similar to graphs of electrical impedance, acoustic impedance, and hydraulic 
impedance and can be interpreted in the same way [11,26-30]. 

Merrillan a,nd colleagues from Paris [29] have described the changes of imped
ance which occur in patients with hypertension (Fig. 7). These are similar to those 
seen in experimental animals with acute elevation in arterial pressure [26-28]. In 
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Figure 5. Change in arterial pressure with age. Pressure expressed in terms of systolic and diastolic 
values at left, in terms of mean and pulse pressure at right. From O'Rourke [26]. 

hypertension there is increase in both impedance modulus at zero frequency (the 
peripheral resistance) and at higher frequencies after the first minimal value (the 
characteristic impedance). Increase in characteristic impedance may not be ap
parent when as in Fig. 7, impedance is expressed in terms of volume rather than in 
terms of velocity flow [26]. There is also an increase in the frequency of the first 
minimum. These changes are shown diagrammatically in Fig. 8. Increased char
acteristic impedance and higher frequency of the first impedance minimum are 
due to the same mechanism - increased stiffness of arterial walls at higher 
distending pressure [26, 29]. As pressure is increased within an artery, the vessel 
dilates passively and tension is transferred from elastin to collagenous fibres [31]. 
As a consequence of increased arterial stiffness, flow fluctuations cause greater 
pressure fluctuations, even in the absence of reflections - hence the increase in 
aortic characteristic impedance. The stiffened artery also transmits pressure 
waves more quickly - the pulse wave velocity is increased [26]; as a consequence 
of this, reflected waves return earlier from peripheral sites and cause the shift in 
impedance minimum to higher frequencies. In chapter 10, Avolio describes 
further details of pulse wave velocity in hypertension. 

The changes in ascending aortic impedance caused by elevated arterial pres-
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sure in hypertension are disadvantageous to the heart. These can be discussed in 
terms of relationship between the impedance graph and harmonics of the ven
tricular ejection (flow) wave [26, 32], but are more readily and conveniently 
explained in terms of the change in ascending aortic pressure wave contour. 
Figure 9 shows diagrammatically the pressure wave generated in the ascending 
aorta of a young normotensive subject with normal arterial system and in a 
patient with hypertension. Pressure wave shapes are quite different as indeed 
emphasised by Mahomed in 1874. In the hypertensive subject mean pressure is 
higher (because peripheral resistance is increased), but pulse pressure is higher as 
well and the diastolic wave is lost. These two features are attributable to high 
characteristic impedance and increased pulse wave velocity. The former is re
sponsible for the higher 'shoulder' on the pressure wave: - even in the absence of 
reflection, a given flow impulse generates a greater pressure fluctuation. The 
latter is responsible for the late systolic peak: - the reflected wave from peripheral 
sites returnS so soon that it merges with the systolic part of the wave. 

The characteristic aortic pressure waves of normotension and hypertension are 
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Effects of Hypertension 

normal hypertension 

1 ·periPheral resistance 

21distensibility 

3 early wave reflection 

Figure 8. Below: Diagrammatic representation of impedance modulus under normal conditions 
(lower curve) and in hypertension (upper curve). Above: The pressure waves resynthesised from 
impedance curves using the same ventricular ejection (flow) wave. The cause of change in impedance 
curves and in impedance plots are identified as: 1. increased peripheral resistance, 2. decreased 
arterial distensibility, 3. early return of wave reflection. 

shown in Fig. 9. Mean systolic pressure (M.S.P.) is markedly increased. This is 
due to increase in mean pressure (M.P.) and to increased characteristic imped
ance and earlier wave reflection as well. Increased mean systolic pressure repre
sents greater afterload to left ventricular ejection with increased myocardial 
oxygen demands and constitutes a stimulus to hypertrophy as well as an impedi
ment to optimal ventricular ejection [26]. In contrast to the increase in mean 
systolic pressure, mean diastolic pressure (M.D.P.) is relatively low, largely as a 
consequenceof earlier wave reflection and absence of a positive diastolic wave. 
This is an impediment to optimal coronary perfusion that is normally augmented 
by the presence of a reflected wave during diastole [26]. 
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Figure 9. Characteristic contour of ascending aortic pressure waves in hypertension (left) and in a 
normal young subject (right). Abbreviations: see text. 

With respect to cardiac load and to coronary perfusion, change in the aortic 
pressure wave in hypertension has adverse effects. This change also affects the 
arterial wall with greater pulsatile stresses on the arterial wall - greater peak 
stress, greater fluctuation and greater rate of change of stress. It is argued 
elsewhere according to established principles of mechanical engineering and 
material fatigue that such pulsatile change is likely to accelerate arterial degener
ation and predispose to development of atheroma, arterial dilation, aneurysm 
formation and ultimately rupture [26, 29, 33] (Fig. 10). 

Changes in contour of the arterial pressure pulse in hypertension can be 
explained on the basis of change in vascular impedance. Such change in pulse 
contour was first noted by Mahomed [4] and used by him in the diagnosis of high 
blood pressure: 'by his pulse you will know him'. It is a tribute to the clinical skills 
of 19th century physicians that such information could be obtained from examin
ation of the pulse, and a reflection on our own lack thereof that such a clinical sign 
should be overlooked today. 

Pressure wave transmission 

Conventional descriptions of arterial pressure are of the systolic and the diastolic 
pressures as though they were the same everywhere in all major arteries and at 
the aortic root, and capable of measurement with a sphygmomanometer on the 
brachial artery. This is not the case [16, 26]. The pressure wave generated in the 
ascending aorta by ventricular ejection is altered by peripheral wave reflection
with, as previously described, systolic pressure augmented if arterial wave ve
locity is fast, and pressure during diastole augmented if wave velocity is normal. 
The pressure wave itself is altered in transmission to the peripheral arteries, with 
the systolic peak increased and diastolic pressure slightly decreased (Fig. 11). 
Amplitude of the pressure pulse is increased by up to 50% in normal young 
individuals between the ascending aorta and brachial artery [26]. In patients with 
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Figure 10. Cyclic stress on the wings of an aeroplane and the hull of a ship; the stresses cause material 
fatigue and ultimately, fracture. After Sandor [41]. 
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Figure 11. Amplification of the arterial pressure wave between the ascending aorta and peripheral 
arteries; this is associated with decrease in amplitude of pulsatile flow. After McDonald [16]. 

established hypertension such amplification is probably much lower [34] so that 
brachial artery systolic and diastolic pressures are reasonably close to those in the 
ascending aorta. Under different conditions, as in low output heart failure [26], 
shock (Fig. 12) or during exercise [36], brachial artery systolic and diastolic 
pressure may be considerably different to systolic and diastolic pressure in the 
ascending aorta. It is important that amplification of the peripheral pressure pulse 
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Figure 12. (Left) - Simultaneous recordings of pressure in the brachial artery and aortic arch of a 
patient with hypotension and clinical features of peripheral vasoconstriction. (Right) - Ratio of 
corresponding harmonics of the brachial and aortic pressure waves (above), and the modulus of the 
harmonics of the aortic pressure waves (below). 

be considered when interpreting brachial artery pressure recordings under dif
ferent conditions. Calculations of left ventricular stroke work during exercise are 
likely to be erroneously high if brachial artery systolic pressure is considered 
analogous to ascending aortic and left ventricular peak pressure. The changes in 
brachial artery pulse pressure with age probably underestimate the increase in 
ascending aortic pulse pressure with age, owing to the greater amplification of the 
peripheral pulse in the young, and the lesser amplification in the elderly [26]. 

Accuracy of sphygmomanometric recordings 

When the sphygmomanometer was first introduced by Riva-Rocci in 1895 there 
was considerable controversy as to the accuracy of the technique, and on how 
precisely pressure applied to the outside of the arm was applied to blood in the 
brachial artery. Oliver [37] pointed out the difference, especially in systolic 
pressure, that was found in elderly persons when the Korotkov/Riva-Rocci 
technique was compared with his own tonometer. Oliver believed that the 
conventional sphygmomanometric technique overestimated systolic (and to a 
lesser degree, diastolic) pressure in elderly subjects. This subject has been 
addressed again in recent years under the title of 'pseudohypertension' [38]. It has 
been shown (Fig. 13) that there is a substantial difference between sphygmo
manometrically determined and directly recorded pressure in the brachial artery 
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Figure 13. Relationship between sphygmomanometrically-recorded, and directly measured arterial 
pressure in patients with (open circles) and without (closed circles) a palpable radial artery. Messerli 
[38]. 

in subjects with evidence of arteriosclerosis, as evidenced by a palpable radial 
artery or increased brachial arterial pulse wave velocity. 'Pseudohypertension' is 
probably quite common, especially in the elderly and is attributable to the 
thickened, stiffened brachial artery resisting the compression force applied from 
without. It is almost certainly not due to atheroma [39] but to the generalised 
sclerosis that is an accompaniment of age even in communities with very low 
prevalence of atherosclerosis (see p. 133ff.). A suspicion of pseudohypertension 
may warrant direct arterial puncture [40] so that inappropriately strong therapy is 
not administered. 

Summary and conclusion 

Hypertension is caused byelevated peripheral resistance. This may be due to 
increased arteriolar tone or to rarefaction of blood vessels in bodily tissues. There 
is normally a complex and non-linear relationship between mean pressure and 
flow in different vascular beds and in the whole systemic circulation, so that 
changes in resistance cannot always be attributed to like changes in arteriolar 
tone. Changes of vascular impedance in hypertension are attributable to arterial 
stiffening, caused by the rise in arterial pressure per se and by accelerated arterial 
degeneration. Changes in impedance explain the characteristic contour of the 
arterial pressure pulse in hypertension, altered wave transmission to peripheral 
arteries, unfavourable vascular/ventricular interaction and accelerated arterial 
degeneration. Consideration of the pressure pulse in terms of separate mean and 
pulsatile components as in the determination of resistance and impedance aids in 
interpreting the changes seen under different conditions. 'Pseudohypertension' is 



18 

a real and long-recognised problem, warranting direct arterial puncture under 
certain circumstances. 
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Structural component of vascular resistance in 
hypertension 

BJORN FOLKOW 

A. Introduction 

All biologic tissues are able to adapt their design, though in their own characteris
tic way, whenever sustained changes of activity or/and load occur, a process often 
modified also by 'trophic' influences as by local and blood-borne humoral agents 
and nerve transmitters. For example, it is well known that the design of the 
skeletal muscle system, being basically genetically determined as expressed in 
'leptosomic' or 'mesomorphic' constitutions, is considerably affected not only by 
the duration, frequency and intensity of imposed physical training but also by 
trophic influences, as shown by the effects of anabolic steroids when abused in 
modern athletics. It is also well known that relative inactivity soon leads to 
regression of muscle hypertrophy and, when severe, even to atrophy. 

In these respects the cardiovascular system is certainly no exception, which the 
following particularly obvious examples amply illustrate: during wound healing 
new microvessels grow within days; veins used as arterial bypasses have within 
few weeks closely approached the design of arteries, and the uterine vessels 
undergo dramatic design changes under the cyclic influence of female sex hor
mones. This article deals specifically with the situation in hypertension, con
cerning the ways and extent to which the cardiovascular system then adapts its 
structural design, with particular emphasis on the systemic resistance vessels [1, 2, 
3]. It is then obvious that such adaptation is of true relevance only to the extent 
that it alters the hemodynamic characteristics of the resistance vessels, i.e. 
concerning their responses to local and remote functional adjustments. Refer
ence to the by now extensive literature is given mainly by way of some recent 
survey articles, with addition of a limited number of experimental studies that 
illustrate certain aspects of this topic particularly well. 
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B. Methodological aspects 

It should in this context be remembered that even modest changes of inner radius 
(ri), wall thickness (w) and their relationship (w/ri) in the various parts of the 
cardiovascular system can considerably influence overall hemodynamics. For 
example, concerning the heart the structural wand ri dimensions of the cardiac 
ventricles set the upper limits for contractile force, diastolic filling and stroke 
volume, and here volume changes with the third power of rio Concerning the 
resistance vessels, maximal capacity of flow (and minimal resistance; Rmin) 
varies directly (inversely) with the fourth power of their average structural ri value 
(Poiseuille's law). Further, concerning venous capacitance function, which is 
critical for cardiac priming and output, it varies with the second power of the 
average venous rio In any estimations of cardiovascular structural adaptation it is 
therefore paramount to use methods that really can reveal even minor changes of 
average design, and in precisely those cardiovascular sections that really are of 
hemodynamic importance, which calls for some methodological considerations. 

Because of the immense architectural complexity of the cardiovascular system, 
it is, for example, very difficult to adequately 'sample' the resistance compart
ment, concerning its hemodynamic characteristics when direct morphometric 
analyses are attempted. The reason is that this compartment encompasses many 
consecutive sections of a given vascular circuit, varying both in degree of branch
ing, bore and w/ri relationships. Further, all blood vessels are distensible, where ri 
and w vary in opposite directions during both distension-recoil and contraction
relaxation. This fact easily introduces considerable errors in direct measure
ments, and particularly so concerning wlri [1, 2, 3]. Finally, as resistance varies 
inversely to the fourth power of ri, it is obvious that direct morphometric estima
tions of the precise degree of structural 'resetting' of the resistance function are 
exceedingly difficult to perform. No doubt, at first sight this 'direct' approach 
appears to be the most natural one, and many such studies dealing with hyperten
sion have been performed starting with the pioneer studies by George Johnson in 
1868 [1, 2] but, not surprisingly, often with conflicting results. However, in recent 
years improved techniques for standardizing luminal distension and media ac
tivity have been developed, providing increasingly accurate morphometric esti
mations of ri, wand wlri [1, 2]. Nevertheless, the difficulties to select representa
tive vascular 'samples' remain, as does the inherent problem that resistance varies 
inversely to the fourth power of rio 

Therefore, other approaches are badly needed and have, indeed, been much 
utilized, applying the same principles as those used in engineering when the 
average dimensional characteristics of complex tube systems (or electric circuits) 
are determined by way of Poiseuille's law (or Ohm's law) [1,2]. As both pressure 
(P) and flow (Q) can usually be precisely estimated, and complete vascular 
relaxation can often be readily induced also in vivo, exact deductions of the 
structurally determined resistance at maximal vasodilatation (Rmin) can be 
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performed, and also related to the resistance level at 'resting' steady state 
vascular tone (Rr), as well as to the resistance levels reached by induced degrees 
of vasoconstriction. For example, the ratio Rr/Rmin will closely reflect the 
average level of smooth muscle tonic activity in the resistance vascular section, as 
present in the resting steady state. Further, if accentuations of regional smooth 
muscle tone are induced via neurogenic influences or constrictor agents, such 
values can together with the Rmin and Rr values be used to plot more or less 
complete 'resistance curves', even in man [1, 2, 4]. Such curves can provide 
detailed insight into alterations of geometric design of the resistance vessels, both 
via the observed changes of Rmin and via the slope of the resistance curve, which 
latter is a consequence of a geometrically (via the w/r j relationship) determined 
shift in 'vascular reactivity'. A selective alteration of smooth muscle sensitivity
reactivity will merely shift the resistance curve in a parallel fashion, without 
changing either Rmin or the curve slope. 

This hemodynamic test principle, which has been utilized both in vivo and 
particularly in vitro in artificially perfused vascular systems, as experimentally 
illustrated in Fig. 1, is actually the same as that widely used in physiologic and 
pharmacologic estimations of the degree of muscle activity in e.g. isolated vascu
lar strips in vitro, by means of relating the active and resting lengths (or tensions) 
to each other under well-defined experimental conditions. However, resistance 
measurements here have the great advantage that they amplify to at least the 
fourth power (thanks to the Poiseuille relationship between rj and R) any changes 
of average vascular smooth-muscle length, orland any differences in rj at full 
relaxation which, of course, markedly improves the accuracy of the estimations. 
Further, the hemodynamic approach automatically averages the design and re
sponses of the myriad of otherwise poorly accessible microvascular sections, 
which together constitute the resistance compartment, and does so precisely in 
proportion to their relative contributions to resistance. Moreover, when the 
perfusion pressure corresponds to the normal one in vivo, the measurements are 
always performed at the appropriate level of transmural pressure, and, hence, 
degree of distension for individual sections. Finally, only the hemodynamic 
approach can be applied to man in vivo, and also be used for repeated estimations 
of Rmin and Rr to follow e.g. the development, or regression, of adaptive 
vascular structural changes. It is true, it does not allow for any distinction 
between the consecutive vascular sections, except at the capillary exchange level 
by using a modified 'isogravimetric' technique. However, as thereby the resis
tance vessels can be separated into the pre- and postcapillary sections [1, 6] this is 
for most purposes enough, simply because significant fluid transfer along a 
vascular circuit occurs only at the capillary level. 

This by no means denies that it is often of great interest to know also to what 
extent e.g. the consecutive precapillary resistance subsections differ in structural 
adaptation, because they are both structurally and functionally to some extent 
differentiated [1, 2, 3]. Thus, the vasoconstrictor fibres seem to mainly command 
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COMPILED EXPERIMENTAL RE SULTS 
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Figure 1. Left part: Average 'resistance curves' to increasing noradrenaline (NA) concentrations. 
derived from the results of 15 paired constant-flow perfusions of the hindquarter vascular beds from 
spontaneously hypertensive rats (SHR) and normotensive control rats (NCR). Right part: Mathe
matically deduced 'resistance curves' for two hypothetical resistance vessels. Hand N; H differs from 
N only by a 30% increase of media thickness (w; 1 ..... 1.3), which reduces the inner radius (r;) at maximal 
relaxation from 5 to 4.7. 

Note the striking similarities between the relationships of the two sets of 'resistance curves' 
concerning 1. Resistance at maximal relaxation (Rmin) . 2. 'Threshold' (Th) of NA effect. 3. Sreepness 
of curves, 4. 50 per cent of the maximal pressor (resistance) response (M;o; which approximately 
corresponds to ED;o, though increases of w/r; tend to displace M;o to the left , as evident from the right 
part). and 5. Maximal constriction (pressor. resistance) response. (For details see [51; With kind 
permission of the Editor of Acta Physiol Scand). 

the proximal sections and local-chemical mechanisms mainly the distal ones. 
Here direct morphometric analyses of the individual sections are indispensible 
and, in general, the 'hemodynamic' and 'morphometric' approaches are both 
badly needed , and they complement each other whenever there is a demand for 
exact analyses of vascular structural adaptation. Estimations of structural adapta
tion of the heart may seem to be more straightforward, but as both wand rj of the 
cardiac chambers can be, in part, independently altered by structural adaptation 
(section C), it is necessary to measure both the diastolic pressure-volume (PlY) 
relationships of e.g. the ventricles (which in a way corresponds to Rmin for the 
resistance vessels) and the, at least in animals, more easily available ventricular 
wall mass. From such data rj and w can then be calculated, also at various levels of 
distending diastolic pressure [7, 8, 9]. It is, however, technically quite difficult to 
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perform exact pressure-volume estimations on an otherwise intact heart [8, 9] 
making such evaluations of cardiac geometric design fairly cumbersome. 

c. General principles of cardiovascular structural adaptation 

Before going into the particular situation for the resistance vessels in hyperten
sion, it is worthwhile to outline some general principles governing the process of 
structural adaptation both in heart and vessels. It is, for example, important to 
realize that the structural changes of lumen (r) and of wall thickness (w) can to 
some extent be independent of each other, and are then related to different types 
of sustained hemodynamic change. However, it is usually also the case that 
alteration of either of them soon leads to adaptation of the other one as well, and 
in such a way as to keep their relationship (w/r) reasonably well balanced to the 
prevailing pressure load [1, 3]. It is further typical of these local structural 
adaptations of both heart and vessels that they can occur quite rapidly if the onset 
of the appropriate stimulus is prompt. Thus, in rats they can then be largely 
completed in 10-15 days [1, 2, 3, 8] and in man, because of a 5-6-fold lower 
metabolic rate, in perhaps a few months. They may be looked upon as a 'second 
line of defence', which at e.g. increases of load serves to relieve the more prompt 
but also more easily fatigued functional adjustments, once the increased load 
becomes more sustained. 

1. Heart 

Concerning cardiac design, prolonged elevations of 'preload' (filling), and hence 
of cardiac output (as occurs in endurance exercise training, pregnancy, increased 
basal metabolism, etc) trigger a luminal (r) outgrowth, as evident by a rightward 
shift of the entire ventricular diastolic pressure-volume curve [7,8,9]. It is usually 
associated with a secondary w increase, thereby keeping wall tension per unit 
layer (T) for the given systolic afterload (P) largely constant (Laplace's law, T = 

P x r/w) (excentric hypertrophy). - Selective 'afterload' (arterial pressure) eleva
tions, on the other hand, soon lead to largely proportional w increases, usually at 
little or no rj change (concentric hypertrophy). In many pathophysiological 
situations combinations of excentric and concentric hypertrophy are, however, 
seen because pre- and afterload increases are then often associated [7]. - The 
reverse structural cardiac adaptations are seen upon sustained pre- and afterload 
reductions. 

What happens if pre- and afterloads are changed in opposite directions? This is 
illustrated by the cardiac structural adaptation elicited when a pharmacologically 
induced systemic vasodilatation in hypertension lowers arterial pressure but 
increases venous return and cardiac output. This hemodynamic situation leads to 
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wall regression in association with a luminal growth of the left ventricle [9], so 
balanced as to adjust wlrj both to the reduced arterial pressure and to the 
increased lumen, again keeping T relatively unchanged. Total heart weight may 
then remain almost unchanged, at first sight giving the impression that cardiac 
design may have remained unaltered. However, cardiac geometry is, of course, 
now entirely altered in terms of both rj and w, adjusting cardiac performance 
towards an increased stroke volume capacity, but to be delivered at a lowered 
afterload level. Clearly, measurements of only heart weight cannot reveal such 
complexities of cardiac structural adaptation. 

2. Blood vessels 

Sustained elevations of tissue nutritional demands induce a luminal (rJ out
growth of the corresponding resistance vessels, increasing maximal blood flow 
capacity and decreasing resistance at maximal dilatation (Rmin) correspondingly 
[1, 3]. This is associated with capillary 'sprouting' which increases the density of 
capillary networks [1, 10], both types of vascular growth being probably caused by 
local chemical changes. Similarly, upon tissue hypertrophy, as when the remain
ing kidney increases its mass after unilateral nephrectomy, the renal vascular bed 
becomes correspondingly enlarged in terms of maximal flow capacity, but main
tains the same w/r j relationships and also the same balance between the pre- and 
postglomerular resistances, provided that arterial pressure is not altered as well 
[1, 11]. Thus, at such adaptive rj increases w also seems to increase somewhat, 
presumably mainly by means of a secondary media growth whereby w/r j , and wall 
tension per unit wall layer (T), are kept well balanced to the regional pressure 
(P). 

When P is elevated at unchanged tissue metabolism w increases, mainly by way 
of media hypertrophy. This is in the precapillary resistance section associated 
with some structural rj reduction, whereby Rmin is raised more or less propor
tionally to the pressure elevation so that maximal flow capacity remains almost 
unchanged despite the raised pressure head [1, 2, 3, 4]. In principle, the reverse 
changes of resistance vessel design occur upon sustained arterial pressure reduc
tions, as shown e.g. for rat hindquarter vessels when aortic obstruction has caused 
regional hypotension [12]. As the average wlrj is in this way kept more or less 
balanced to the prevailing transmural pressure, wall tension per unit wall layer, 
T, remains largely unchanged (Laplace's law) in the resistance vessels. 

Such locally induced 'upward' or 'downward' structural adaptations of the 
precapillary resistance vessels deserve to be called 'structural autoregulation'. 
Thus, like the prompt precapillary smooth muscle adjustments to acute pressure 
changes ('functional autoregulation'), they serve to maintain regional blood flow 
and capillary pressure about the same upon pressure alterations, though now by 
means of an altered vascular design. For the individual vascular bed and tissue 
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this rapidly established structural autoregulation is entirely appropriate, as it not 
only resets the range of functional flow changes to suit sustained arterial pressure 
alterations, but also offers long-term protection against undue pressure increases 
for the important capillary exchange section, as exemplified by the cerebral 
circulation in hypertension [3, 13]. However, when this per se 'normal' local 
structural response of the resistance vessels afflicts all systemic circuits, as in 
hypertension, it can have dangerous consequences as outlined in section D. 

What happens if e.g. a prolonged arterial pressure elevation becomes associ
ated with increased tissue demands? This is, for example, the situation for the 
coronary and skeletal muscle circuits during prolonged exercise training in hyper
tensive organisms, and it appears that rj and w then adapt appropriately to both 
these altered demands [1, 14]. The raised Rmin, consequent to the high-pressure 
state, then becomes to some extent reduced in the muscle vascular bed, as a long
term response to the exercise-induced local chemical changes. However, w/rj 
remains well adapted to the hypertensive state, which must imply some second
ary, additional w increase to match the exercise-induced average rj increase. 

Also the walls of the aorta and the major conduit arteries (the 'Windkessel 
vessels') respond similarly to sustained pressure changes [2, 3, 15], as do the 
venous capacitance vessels. Concerning the latter type of vessels wand wlrj are 
kept closely adapted to the regional transmural pressure levels in the upright body 
position, as seen in human dependent veins [2, 3, 16], even though a good part of 
each day is spent in the reclining position. 

Even though these adaptive growth processes are primarily induced by sus
tained changes of local pressure and/or chemical environment, they are as men
tioned often modified by various extrinsic 'trophic' influences of hormonal or/and 
nervous (transmitter-cotransmitter) nature. For example, angiotensin and cate
cholamines seem to facilitate the development of cardiac hypertrophy [13, 17] and 
the adrenergic nerve activity reinforces vascular media hypertrophy-hyperplasia 
[2, 3, 13, 18], presumably at least in part by way of trophic effects by the released 
transmitters-co transmitters . 

D. The systemic resistance vessels in hypertension 

1. General aspects 

Even before arterial pressure was estimated in man for the first time, more than 
100 years ago, it had been observed that heart, arteries and arterioles, though 
hardly veins, showed thickened walls in hypertension [2, 3, 13]. As, however, 
little was known either about hemodynamics or about physiology-biophysics of 
cardiovascular muscle, and because these structural changes were at that time 
usually thought to represent late, irreversible complications, little or no attention 
was paid to the possibility that they might be of importance even for the very 
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induction of chronic high-pressure states. Nevertheless, it is surprising that it 
should take almost another century before it was realized that this type of 
cardiovascular structural adaptation profoundly affects overall hemodynamics 
[19] and that it occurs early, sometimes evidently representing even one of the 
genetically reinforced elements in primary hypertension [1, 2, 19, 20]. 

To indicate the proper role of the 'structural factor' in the multifactorial 
induction of primary (essential) hypertension, Fig. 2 may be useful, showing 
three major causative elements which are also more or less interdependent of 
each other [2, 3]. Here the polygenetically linked predisposition represents the 
sine qua non, where its various cardiovascular expressions are derived from the 
fact that some macromolecules, like membrane components, enzymes, carriers 
or transmitters deviate from the average in such a way as to affect overall 
hemodynamics in some way or other. Even though each of these genetic devia
tions may well represent per se 'normal' variants rather than genetic 'lesions', 
they can in certain constellations so affect the cardiovascular system as to cause a 
gradual pressure elevation. In case heart and vessels had for other genetic reasons 
been able in the long run to 'take' the increased load without harm, as in the 
giraffe who spends a giraffe's lifespan with an arterial pressure at heart level 
around 250-300 mm Hg [3], primary hypertension might well have been looked 
upon as a harmless 'normal' variant, like long feet, a choleric temperament, etc. 
Unfortunately, however, in most species and individuals chronic high-pressure 
states do accelerate cardiovascular aging and invite to degenerative-Iesional 
alterations, though also in these respects individuals may differ considerably and 
presumably in part for genetic reasons. 

It has for decades been almost taken for granted that the predisposing genetic 
elements should express themselves mainly as functional changes, but obviously 
they may as well have mainly structural consequences. For example, key enzyma
tic or membrane links of importance for muscle protein synthesis might be more 
efficient, so that their actions tend to reinforce the normal process of structural 
adaptation of cardiovascular muscle cells whenever they are exposed to eleva
tions of functional load [1, 2, 3, 20]. In such a case this process, which basically 
represents a 'secondary' response, even though it is so rapid as to be largely 
intertwined with functional excitatory elements [3], would in primary hyperten
sion also be one of the genetically endowed, truly 'primary' factors (section D:3). 

2. Principal structural changes 

Established primary hypertension is well-known to be characterized mainly by 
the elevated systemic resistance to flow, being the key phenomenon of hemo
dynamic alteration. It is therefore justified to devote an article like this mainly to 
the structural changes, and their hemodynamic consequences, for the systemic 
resistance vessels and then mainly for their precapillary section, even though 
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Figure 2. Outline of principal causative elements in primary hypertension illustrating its multifactorial 
nature, as well as the relationship of the 'structural factor' (IlIa, b) to other elements. In case the 
process of structural adaptation of heart and vessels is genetically reinforced (see section 0"3), it also 
forms one of the truly 'primary' elements. (From [2] with kind permission of the Editor of Clin Sci.) 

almost all other cardiovascular parts are also structurally altered with often quite 
important consequences [3, 13]. Far from being any sluggish, late 'complications' 
in primary hypertension these structural adaptive changes develop, as men
tioned, very early and can in rats be almost fully completed in 10 days or so, and in 
man perhaps in a few months [1, 2, 3]. Actually, morphometric microvascular 
analyses by Mulvany'S group [21] have revealed how considerable w/r j increases 
have been developed already after short periods of human preeclampsia hyper
tension. It follows that the 'structural factor' can certainly not be the rate-limiting 
factor which explains why human (and often rat) primary hypertension usually 
shows an almost insiduous rate of development. 

An increasing amount of hemodynamic as well as morphometric studies of e.g. 
forearm, hand, calf and renal vascular beds in hypertensive humans are now 
available, like a great number of more detailed analyses of the hindquarter, 
coronary, cerebral, renal mesenteric circuits, etc., in the various types of rat 
strains with primary hypertension, mainly then in the Okamoto-Aoki spon
taneously hypertensive rats (SHR) [1, 2, 3, 13]. They all indicate that wand wlri 

are increased and rj reduced, on an average, in the precapillary resistance vessels, 
and almost always to an extent as to largely balance off the raised arterial 
pressure. These structural changes prove to be particularly pronounced in the 
proximal sections and taper off gradually towards the capillary level, presumably 
because the distal sections are little exposed to any pressure rise thanks to the high 
upstream resistance [2, 22]. 
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As Rmin, i.e. the resistance to flow at complete smooth muscle relaxation, is in 
many circuits raised almost in proportion to the rise in pressure, when studied in 
human primary hypertension during resting conditions, it follows that the ratio 
between Rr and Rmin is here largely the same as in normotensive individuals [3, 
4,13,20]. From this fact it follows that there is, indeed, usually little or no sign of 
any raised smooth muscle activity in the resting steady state. Actually, it must 
often be even subnormal, as in the human skeletal muscle vascular bed, because 
blood flow is here often slightly above that in normotensive controls [3]. Thus, the 
systemic precapillary resistance vessels are in primary hypertension structurally 
redesigned to function at a higher pressure range, and can therefore maintain a 
higher resistance, and pressure, also at normal tonic smooth muscle activity, as 
schematically illustrated in Fig. 3 when curve H is compared with curve N. 

The precapillary resistance vessels are not only somewhat narrowed and more 
thick-walled but are, as a result of this, also stronger, more 'reactive' and less 
distensible than normotensive resistance vessels, which is shown by the experi
mental data in Fig. 4. Here the complex relationships between design, disten
sibility, transmural pressure and degree of smooth muscle contraction are ana
lysed in terms of their hemodynamic consequences, comparing pair-perfused 
SHR and WKY hindquarter resistance vessels, under circumstances where possi
ble differences in smooth muscle sensitivity were ruled out. This comparison 
illustrates particularly well how a geometric w/rj increase leads to 'vascular 
hyperreactivity'; i.e., steeper resistance increases ensue from given smooth mus
cle shortenings, and do so despite the higher distending pressure in SHR. This is 
clear from the 'resistance response curves' in the right part of Fig. 4, which are 
directly deduced from the experimental data shown in the left part of this Figure. 

Thus, the structural wand w/rj increases act as a 'structural amplifier' to 
produce this vascular hyperreactivity [2, 3, 24], and together with the rj reduction 
they result in an upward resetting of the entire range of resistance adjustments 
which may even be widened (ct. Fig. 4, right part). For the individual circuit, and 
its control, this process is from most points of view entirely appropriate, but it 
becomes dangerous when generalized to all systemic circuits, because a positive 
feedback interaction is then established between this 'structural amplifier' effect 
and functional pressor influences, as indicated in Fig. 3. Moreover, a raised 
systemic resistance can thereby, as mentioned, be maintained even when tonic 
vascular smooth muscle activity is entirely normal - a fact which is certainly 
disturbing for the common, sometimes almost dogmatic assumption that smooth 
muscle activity of the resistance vessels 'should' be increased in primary hyperten
sion. However, any closer analysis of the hemodynamic events, occurring when a 
structural w/rj increase of the resistance vessels is at hand, shows that resistance 
must be higher for a given smooth muscle activity, compared with normotensive 
resistance vessels. Neglect of this, after all, fairly simple hemodynamic conse
quence of a per se 'nomal' structural adaptive process has for decades led 
hypertensive research astray. 
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Figure 3. A diagrammatic illustration of the changed relationship between degree of smooth muscle 
shortening and increase of flow resistance when media hypertrophy increases average wall thickness 
(w) in association with a structural reduction of inner radius (r;) in the precapillary resistance vessels; 
both being local responses to increases of average pressure (,structural autoregulation'). Resistance 
curve N represents normotensive resistance vessels with wlr; around 0.2 at full relaxation while curve 
H represents the 'structurally autoregulated' vessels in established hypertension, r; being reduced 
some 7% and w increased some 35%. Note how any elevation of pressure load , whether caused by 
marginal increases in average smooth muscle activity and/or in cardiac output, may introduce a 
positive feedback interaction between such functional excitatory influences and the process of struc
tural autoregulation. Thus, both t~nd to reinforce each other with respect to the pressor effects, 
causing a gradual transfer towards steeper and steeper resistance curves as the structural adaptation 
becomes more pronounced . (From [2] with kind permission of the Editor of Clin Sci.) 

The fact that arterial pressure does not rise even more rapidly than is commonly 
the case in primary hypertension, thanks to the presence of the mentioned 
positive feedback interaction, is presumably due to the influence of some power
ful negative feedbacks in the cardiovascular system that are evidently still poorly 
understood. Actually, the negative feedbacks based on the baro- and volume
receptor reflexes and also that inherent in the renal 'barostat function' [2, 3, 13], 
seem to be fairly readily reset in hypertension. At least partly this seems to be due 
to the same type of structural adaptation, by causing a thickening and stiffening of 
aortic and left cardiac walls while in the renal vascular bed it tends to cause a 
structurally based increase of the pre/postglomerular resistance ratio [1, 2, 3, 13]. 
Thereby a higher pressure is needed for giving the same wall deformation and, in 
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Figure 4. Left panel: Relationships (,resistance lines') between mean arterial distending pressure (P A) 
and resistance to flow (PRU units; i.e. mm Hglflow in ml/min per 100 g tissue) for adult SHR and 
WKY hindquarter vascular beds. Each of the 'resistance lines' represents a steady constriction level, 
exposed to various distending pressures. The different constriction levels are evenly spread along the 
entire noradrenaline dose-response curve, as obtained during constant-flow perfusion and ranging 
from maximal vascular relaxation up to maximal vascular constriction (cf. Fig. 1). When plotted into 
this diagram these 'resistance curves' are represented by the slanting straight lines with maximal 
dilatation at '1', maximal constriction at '2' and EDso at '3'. The vertical straight lines represent the 
mean arterial pressures in vivo of the WKY and SHR groups. - This hemodynamic analysis reveals 
how the 'structurally autoregulated' SHR resistance vessels are 'hyperreactive', as well as stiffer and 
stronger than the normotensive WKY ones, when compared at equal levels of smooth muscle activity. 
Right panel: Derived from the intercepts between the vertical pressure lines and the 'resistance lines' 
in the left panel. By plotting these intercepts the average 'constant-pressure resistance curves' are also 
obtained, as they would appear if the SHR and WKY vascular beds had instead been perfused at their 
respective mean arterial pressures in vivo and at equal degrees of increasing smooth muscle activation 
up to maximal constriction. Note the considerable 'vascular hyperreactivity' in SHR despite the higher 
arterial distending pressure, a difference that is markedly accentuated if SHR and WKY are instead 
compared at equal pressures. (Modified from [23] with kind permission of the Editor of Acta Physiol 
Scand.) 

the kidneys, for maintaining glomerular filtration even if renal vascular smooth 
activity should be the same as in normotension. It is not impossible that the 
renomedullary depressor lipids of Muirhead et al. [25,26], and perhaps also the 
unmyelinated baroafferents, which seem to be less completely reset in hyperten
sion than the myelinated ones [27, 28], represent increasingly important negative 
feedbacks as primary hypertension develops and hence serve to counteract the 
positive feedback influence of the 'structural amplifier'. 

Even though some structural wall thickening usually occurs also on the venous 
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'low-pressure side', it hardly acts here as a significant 'structural amplifier', 
simply because the w/rj ratio is here,. anyhow, so low as to largely nullify the 
geometric impact of the increased w. However, the w thickening leads to a 
reduced venous compliance, which, for any level of smooth muscle activity, tends 
to 'centralize' the normally slightly reduced total blood volume in established 
primary hypertension with consequences for cardiac diastolic filling as discussed 
in other chapters of this book and in some of the present references [3, 13, 17]. 

3. Genetic reinforcement of the structural-adaptive process 

As reviewed elsewhere [3, 29] there is increasingly strong evidence that a genetic 
reinforcement of the 'structural factor' is present in at least some genetic types of 
primary hypertension (e.g. in SHR and perhaps also in human variants). While 
no single study provides unequivocal proof, the combined experimental evidence 
from various approaches lends strong support for this view, and perhaps stronger 
than for any other mechanism thought to be genetically reinforced in primary 
hypertension [29]. 

The following types of studies have been used: (a) comparisons of primary and 
secondary hypertension in rats suggest that the structural adaptation is stronger in 
primary hypertension for any given pressure level. This may be so also in man, 
because the line relating mean arterial pressure to Rmin in primary hypertension 
is placed modestly above that for normotension-secondary hypertension [19, 20], 
as shown in Fig. 5; (b) in early SHR, and perhaps also in early human primary 
hypertension, the structural cardiovascular changes may even precede the pres
sure elevation, according to several studies [29]; (c) it usually seems to be more 
difficult to prevent structural cardiovascular changes, or to cause regression if 
already established, in primary hypertension by pharmacological antihyperten
sive treatment when compared with secondary hypertension [29]; finally (d), 
tissue culture growth of vascular smooth muscle is more pronounced in SHR than 
in WKY, also when in the same medium. Thus, some 'intrinsic' smooth muscle 
characteristic, like some key enzyme involved in protein synthesis and/or some 
membrane transport mechanism, might be genetically 'reinforced' in SHR [30]. 
In addition, catecholamines further reinforce growth [29, 31], and sympathetic 
activity seems to be genetically increased in SHR, and evidently also in man in 
some common variants [3]. Thus, such findings suggest that genetically linked 
influences that are both 'intrinsic' and 'extrinsic' to cardiovascular muscle cells 
might reinforce their growth, at least in SHR. When taken together, such in vivo 
and in vitro findings strongly suggest that the process of cardiovascular structural 
adaptation may be in various ways genetically reinforced, both in man and in rats. 
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Figure 5. Relationship between mean arterial pressure and flow resistance in human forearm vascular 
beds at maximal vasodilatation (Rmin; given as PRU units). Three groups of subjects are studied: 
Normotensives, patients with primary hypertension and a small group of patients with secondary renal 
hypertension. Note how the controls form a homogeneous group, while Rmin increases with the MAP 
elevation in the hypertensive groups, where the regression line for the group of primary hypertensives 
is placed above that for secondary hypertension and above the mean value for the normotensive 
controls. This may reflect some genetic reinforcement of the 'normal' process of structural cardiovas
cular adaptation in human primary hypertension. (Modified from [19, 20J.) 

4. Therapeutic regression of structural cardiovascular adaptation 

It has already been mentioned that reduced load causes regression of wall 
thickness and somewhat increases rj in the resistance vessels. For example, 
regional hypotension [12], or reversal of shortlasting renal hypertension in rats 
[13,32] lead to such changes, and this regression can be fully completed in a few 
weeks. However, the more longlasting the hypertensive state, the slower and less 
complete the regression [13, 33]. Further, it is, as mentioned, more difficult to 
induce structural regression in e.g. SHR primary hypertension than in genetically 
normotensive rats with induced secondary hypertension [29]. 

It is further important to realize that acute pharmacological normalization of 
arterial pressure in chronic hypertension implies that a subnormal smooth muscle 
and/or cardiac activity is imposed on a cardiovascular system that is structurally 
adapted for operation at higher pressure [3, 13, 34]. As a result most control 
mechanisms are also reset, and consequently tend to counteract the pharmacolog
ical pressure lowering, which greatly contributes to the disturbing side-effects 
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experienced when too rapid and extensive pressure reductions are attempted in 
man. 

For such reasons structural regression can be expected to occur only gradually 
in man, being slower and less complete the less pronounced the pharmacological 
pressure reduction, the longer the high-pressure state has lasted, and/or the more 
genetically reinforced the 'structural factor' happens to be. It should then be 
remembered that a true hemodynamic normalization is possible only when a 
largely complete regression is at hand [13, 34] and still the genetic reinforcing 
elements always remain in the background in primary hypertension and tend to 
raise the pressure level again. These circumstances have recently been inter
estingly illustrated in experimental studies on human primary hypertension by 
Korner et al. [35]. 
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Baroreflex mechanisms and the high pressure 
system in hypertension 

EDUARDO KRIEGER 

Introduction 

The most important mechanism for maintaining the blood pressure stable within 
a narrow range under different physiological conditions is the baroreceptor 
reflex. It is activated by the carotid and aortic baroreceptors and regulates heart 
rate, myocardial contractility, cardiac output, regional vasoactivity and blood 
flow distribution. However, this mechanism cannot counteract a permanent 
increase in pressure because the baroreceptors automatically reset to operate at 
the new hypertensive level exhibited by the individual. The development of 
resetting during permanent change in blood pressure and the mechanisms in
volved in the resetting process will be discussed in this chapter. Major emphasis 
will be placed on resetting itself, and this review will not cover the sensitivity of 
the baroreceptor reflex and its implications in the pathogenesis of hypertension 
[1, 2] nor the 'central resetting', responsible for the set point of the baroreceptor 
reflex [3]. 

1. Resetting in chronic hypertension 

Evidence that the baroreceptors are able to respond to further excitation in 
addition to that caused by the existing hypertension was provided by Kezdi and 
Hilker [4] in experiments with hypertensive patients and by Matton [5] in renal 
hypertensive dogs, by local injection of norepinephrine into the adventia of the 
carotid sinuses. However, the first demonstration that the carotid and aortic 
baroreceptors indeed are reset in chronic hypertension was reported by McCub
bin, Green and Page [6] who used electroneurographic techniques to record the 
baroreceptor activity in renal hypertensive dogs. Additional evidence for the 
displacement of the pressure threshold and pressure range for baroreceptor 
activation in hypertension has been obtained in experiments using chronic hyper
tensive rats [7], chronic renal hypertensive rabbits [8] and SHR [9]. Therefore, 
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resetting of the baroreceptors in chronic hypertensives is well documented and is 
now a universally accepted phenomenon [for references see 1, 10, 11]. However, it 
is yet not clear how rapid and how complete the process of resetting is during the 
development of sustained hypertension nor what are the exact mechanisms of 
resetting in acute or chronic hypertension. 

2. Acute resetting of the baroreceptors 

The concept that the resetting of the baroreceptors lags behind the pressure rise 
was already stressed in 1956 by McCubbin, Green and Page [6]. Accordingly 
when the time required for complete resetting of the baroreceptors to a new level 
of hypertension is analysed, the time for the blood pressure to reach this level 
must be considered. If the hypertensives stimuli are applied progressively, rather 
than in a single step, the process would be expected to be completed only after the 
hypertension has attained a stable level. Using the technique of subdiaphragmatic 
aortic constriction which produces in the rat an immediate and maintained 
hypertension in the upper half of the body, where the aortic baroreceptors are 
located, a partial resetting of 39% (percent increase of baroreceptor pressure 
threshold over the total increase in pressure) was observed after 6 hours of 
hypertension [11, 12]. When the time course for complete resetting in hypotension 
was studied in rats, a partial resetting of 21 % was observed even after 15 minutes 
[11,13]. More recently the acute or rapid resetting observed after a short-lasting 
change in pressure (hypo- or hypertension) was studied in detail. 

Maximal resetting is usually observed as rapidly as 5 to 15 minutes after the 
pressure alteration is initiated and it remains stable for the first hours with no 
change in the baroreceptor gain. However, the acute resetting is incomplete 
because the displacement of the pressure threshold for baroreceptor activation is 
only a fraction of the total change produced in arterial pressure. The extent of 
acute resetting was described as 28,40 and 23%, respectively, in dogs [14], rabbits 
[15] and rats [16]. The detailed mechanism of acute resetting has not yet been 
established. It has been attributed to viscoelastic relaxation or 'creep' of the 
arterial wall [17], to ionic alteration [18] or to a change in the receptor ending itself 
[19]. Thus, there is a rapid or acute resetting that develops within the first 5 to 15 
minutes of hypertension and changes little within the first few hours. Acute 
resetting is partial and only becomes complete if the pressure change is held 
permanently. 

3. Complete resetting of the baroreceptor 

The full range of aortic baroreceptor activation, from threshold to maximum 
discharge, can be demonstrated in the rat when the whole-nerve activity is 
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recorded during rapid (10-15 seconds) changes in pressure produced by bleeding 
and reinjection of blood. The best single index for monitoring the process of 
resetting during hypertension is the relationship of the systolic threshold pressure 
(SPth) that initiates baroreceptor firing and the control diastolic pressure (COP) 
measured in freely moving rats, before the animals are anesthetized to record 
baroreceptor activity. As shown in Fig. 1 there is an exact coincidence between 
the SPth and COP in the control normotensive rats. Six hours after the onset of 
hypertension produced by subdiaphragmatic aortic constriction, a partial reset
ting of the baroreceptors of 39% (percent change of SPth over total COP) was 
observed. The extent of the average resetting was 57% after 24 hours and 88% 
after 2 days of hypertension, when 9 out of the 10 rats studied had complete 
resetting (the average resetting would be 100% if all rats had exhibited complete 
resetting). Therefore, for the majority of rats, complete resetting of the aortic 
baroreceptors occurred within the first 2 days after the pressure had been perma
nently elevated. The reflex bradycardia observed during the development of 
hypertension in the same model (aortic constriction) also takes 2 days to normal
ize [20], thus providing indirect confirmation of the time-course taken by the 
baroreceptors to complete the resetting process. Moreover, resetting is perma
nent since after 2 months of renal hypertension [21] SPth was similar to the COP 
(149 ± 4 vs 141 ± 5 mm/Hg). The sequence of baroreceptor resetting in hypoten
sion in rats [11, 13] was quite similar to that observed in hypertension: a partial 
resetting within the first 6 hours (44% in hypotension vs 39% in hypertension) 
and complete resetting within the first 2 days. Thus, resetting of the barorecep
tors occurs whenever there is a permanent change in arterial pressure to hyper
tensive or to hypotensive levels and the process is completed in approximately 2 
days as shown in rat aortic baroreceptors studies [10, 11]. 

4. Reversibility of the baroreceptor resetting 

The resetting process compromises the efficiency of the baroreceptors to coun
teract any mechanism trying to elevate blood pressure permanently. On the other 
hand, resetting can be considered to be helpful because it enables the barorecep
tors to function very effectively in regulating blood pressure within a narrow 
range, independently of the pressure permanently exhibited by the individual. 
However, the effectiveness of the baroreceptor reflex would be very limited if the 
resetting process were not reversible. Indeed reversal of baroreceptor resetting 
from hypertension and hypotension was demonstrated, and shown to be a faster 
process than that of complete resetting itself (approximately 6 hours versus 2 
days). As shown in Fig. 2, for rats with chronic renal hypertension of 2 months 
duration, the complete (100%) reversal of the resetting to normal was observed 
within 6 hours after the normalization of the arterial pressure [21]. A partial 
reversal of 46% was already demonstrable 1 hour after removing the clip from the 
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Figure 1. Time course for complete resetting of the aortic baroreceptors during the development of a 
sustained hypertension produced by subdiaphragmatic aortic constriction in rats. The extent of the 
resetting process was calculated as the percent change of systolic threshold pressure (SPth from 
shaded bars) over the total change of control diastolic pressure (CDP from open bars), studied in 
different groups of rats (n = 10) 6, 24 and 48 hours after onset of hypertension. After 48 hours the 
average resetting was 88% when 9 of the 10 rats showed complete resetting. (Adapted from Krieger 
[12] by permission of the American Journal of Physiology.) 

renal artery of the rats. The reversal of baroreceptor resetting from hypotension 
is also a much more rapid process than the resetting to hypotension [22]. 

S. Mechanisms of complete resetting 

The mechanism responsible for resetting of the baroreceptors in chronic hyper
tension is not yet clear. Apparently resetting is not caused by selective destruction 
of low threshold receptors, and it can develop in the absence of reduced arterial 
wall distensibility [for reference see 10,11]. The structural relationship between 
wall deformation and deformation of the receptors seems to play an important 
role in baroreceptor activation. As shown by Brown's group in a series of 
experiments using an vitro aortic arch-aortic nerve preparation, the baroreceptor 
sensitivity to strain somehow tries to compensate for alterations in the mechanical 
properties of the vessel produced by hypertension and growth, in order to 
maintain normal baroreceptor function [23-26]. However, it is suprising that only 
a few studies provide the information really necessary to evaluate the alternations 
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Figure 2. Downward displacement in the range of aortic baroreceptor activation indicates the reversal 
of the resetting following 1 and 6 hours of pressure normalization in rats with chronic renal hyperten· 
sion of 2 months duration. The interrupted rectangles indicate the pressure exhibited by the 13 rats: 
the control pressure was measured in the conscious state and the pressure 1 and 6 hours after 
unclipping was measured under pentobarbital anesthesia during the session to record the barorecep
tor activity. The extent of the resetting was calculated as the percent change of systolic threshold 
pressure (SPth from reticulated bars) over the total change of control diastolic pressure (CDP from 
the interrupted rectangles). The pressures necessary to produce 'normal' firing are indicated by 
shaded bars. (From Salgado and Krieger [21] modified with permission of Clinical Science.) 

in the degree of stretch produced in the arterial wall by the pulse pressure in intact 
hypertensive animals. Also, little information is available to correlate the se
quence followed by the resetting during the development of hypertension and the 
actual alterations produced by the increased pressure on the caliber and pulsation 
of the arteries, where baroreceptors are located. 

5.1 Sequence of aortic changes in hypertension 

The development of an electrolytic strain gauge of high sensitivity and stability 
permits the continuous measurement of the circumference of the aorta in freely 
moving rats for up to 20 days [27]. The device was used to analyse the changes in 
aortic caliber of conscious rats during onset and development of hypertensive 
produced by SUbdiaphragmatic aortic constriction, the same model of hyperten
sion in which the sequence of resetting was studied. While the increase in pressure 
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was immediate and remained constant after aortic constriction, the mean aortic 
dilated gradually: 1.2,3.4, and 6.8% after 6,24 and 48 hours respectively (Fig. 3). 
No further dilation was observed for up to 5 days of hypertension. It is remarka
ble that the time-course for the aortic caliber to achieve maximal dilation during 
onset and maintenance of hypertension closely coincides with the time taken by 
the baroreceptors to complete the resetting process. Analysis of the data of 
individual animals further emphasizes the temporal relationship between the two 
phenomena. Whereas complete resetting was observed in 1 of 10, 5 of 10 and 9 of 
10 rats [12], maximal dilation was observed in 1 oflO, 2 of 10 and 9 oflO rats studied 
[28, 29] 6, 24 and 48 hours after the onset of hypertension. 

5.2 Diastolic caliber versus pulsation changes in hypertension 

As shown in Fig. 3, during the development of hypertension the aortic pulsation 
increases (60,90 and 100% after 6,24 and 48 hours, respectively) but changes less 
from 6 to 48 hours than the mean aortic caliber, which exhibited a gradual dilation 
(1.2, 3.4 and 6.8% after 6, 24 and 48 hours, respectively). When the absolute 
values of systolic and diastolic calibers are considered it can be seen (Fig. 4) that 
of the total displacement of 6.8% of the mean aortic caliber (0.457 mm) the 
diastolic caliber accounted for 95%, whereas the increase in pulsation, which was 
double that of the control period, accounted for only 5%. The small dilation 
observed after 6 hours of hypertension was also achieved mainly by the perma
nent displacement of the resting diastolic caliber (83%). Therefore, there is a 
striking parallelism between the time for complete resetting of the aortic baro
receptors and the time required for the diastolic caliber to achieve a new resting 
position. In the new state of equilibrium the sustained diastolic pressure no longer 
stimulates the receptors which are distorted only when the resting caliber is again 
momentarily increased by the pulse pressure. 

5.3 Transient changes in aortic calibers 

The changes in diastolic caliber assume a major role not only during development 
of a sustained hypertension but also during transient increases in pressure. The 
diastolic caliber displacement, rather than the increase in aortic pulsation, ac
counts for most of the change observed in the mean aortic caliber [30]. As shown 
in Fig. 5 a 40 mm Hg increase in pressure produces increases of only 19% and 
20%, respectively, in the pulsation of normotensive and hypertensive rats, 
whereas the increase in diastolic caliber accounts for 81 % and 80%, respectively, 
of the total differences in systolic caliber. The predominance of diastolic caliber 
changes over the pulsation changes is also observed when sudden pressure 
alterations are produced in conscious rats in a pressure range of -40 to +40 
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Figure 3. Sequence of aortic pulsation and mean aortic caliber changes during the development of a 
sustained hypertension (subdiaphragmatic aortic constriction) in rats. Pulsation is expressed as 
dynamic strain (pulsation over diastolic caliber x 100) and mean caliber as mean strain (percent change 
of mean caliber over the control mean caliber). The dynamic strain increases 60,90 and 100% after 6, 
24 and 48 hours of onset of hypertension, whereas the mean caliber increases more gradually: 1.2,3.4 
and 6.8%, respectively. (From Michelini and Krieger [28J, with permission of the American Journal 
of Physiology.) 

mm Hg [30]. Therefore, the sustained distension of the diastolic caliber rather 
than vessel pulsation is the major determinant of baroreceptor distortion during 
rapid changes in pressure. 

5.4 Percent change of diastolic caliber 

As shown in Fig. 6 (upper panel B) aortic pulsation of chronic hypertensive rats is 
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Figure 4. Sequcmial increase of aortic pulsation and resting diastolic caliber during the development 
of hypertension produced by subdiaphragmatic aortic constrict ion in rats. The doubled pulsation 
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Figure 6. Aortic behavior during sudden pressure changes (-40 to +40 mm Hg) of normotensive and 
renal hypertensive rats. A. Actual values of mean aortic caliber at different pressures. B. Dynamic 
strain calculated as percent of the pulsation over the control diastolic caliber and mean as the percent 
change of the mean caliber over the control mean caliber. Note that the mean strain during transient 
pressure changes remains constant in spite of the fact that the aorta of hypertensive rats was 20% 
larger (adapted from Michelini and Krieger [30] with permission of Hypertension). 

larger and increases more in response to transient pressure elevation than that of 
the normotensive rats. However, the mean strain (percent displacement of mean 
caliber over control caliber) behaved exactly the same as in the normotensive 
rats, because in hypertension the aorta had a larger response to pressure which 
was proportional to the larger caliber (Fig. 6, lower panel b). This means that the 
ratio of diastolic displacement (which accounted for more than 80% of the mean 
aortic displacement) remained unchanged during rapid pressure change in hyper
tensive rats, in spite of the 20% dilation of the vessel. More recently it was also 
shown in rats that developed from 3 to 21 months of age and which had large 
increase in aortic caliber [31], that the percent change in the diastolic caliber in 
relation to control caliber remained essentially the same when the rats were 

---Figure 5. Relative increase in aortic pulsation and aortic diastolic caliber during a 40 mm Hg transient 
increase in pressure observed in normotensive and chronic renal hypertensive rats. From the total 
increase in the systolic caliber (100%) the relative (percentage) contribution of the diastolic caliber is 
much greater than that of aortic pulsation (indicated by arrows) for both normotensive and hyperten
sive rats (adapted from Michelini and Krieger [30] with permission of Hypertension). 
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submitted to rapid and progressive changes in pressure of -40 to +40 mm Hg 
(Sumitami, Michelini and Krieger, unpublished results). Therefore, the aortas of 
different calibers, produced by aging or hypertension, have a common character
istic when studied in freely moving rats: i.e. the percent change of the resting 
diastolic caliber during transient pressure changes remained relatively constant. 
Since the change of the diastolic caliber, rather than aortic pulsation, is the major 
determinant of the distortion of the aortic baroreceptors during rapid pressure 
changes, the fact that the percent change of the resting diastolic caliber remained 
relatively constant seems to be relevant for explaining the process of resetting. 
Because the absolute strain of the aortic wall produced by the pulse pressure in 
freely moving rats is increased during growth and chronic hypertension, (also the 
absolute displacement of the diastolic caliber during rapid pressure changes is 
greater in these animals) a decreased sensitivity of the baroreceptors to strain 
should be postulated to explain the normal excitation of the baroreceptors under 
these circumstances. With the use of an in vitro aortic arc-aortic preparation the 
increased distensibility of the aorta of rats during growth was shown to be 
matched by a proportional decrease in the strain sensitivity of the baroreceptors 
[23-26]. 

Concluding comments 

1. During development of sustained hypertension there is a rapid or acute 
resetting of the baroreceptors which attains a maximum within the first 5-15 
minutes and changes little within the first few hours. It is only a partial resetting 
because the pressure threshold for baroreceptor activation increases approx
imately 40% of the total pressure increase. For complete resetting, when the 
increase in pressure threshold matches the increase in pressure, hypertension 
must be sustained for a longer time. In the rat complete resetting usually occurs 
within the first 2 days after the pressure has been permanently elevated. 

2. The time course for complete resetting of the aortic baroreceptors in 
hypertension closely parallels the time taken by the aorta to achieve maximal 
dilation, when the resting diastolic caliber attains a new operational level. Even 
when pulsation is doubled, it is the displacement of the diastolic caliber which 
accounts for 95% of the total aortic dilation. At the new state of equilibrium the 
increased diastolic caliber compensates for the increased stress and the baro
receptors again are only stimulated by the pulse pressure and not by the increased 
diastolic pressure. 

3. The large increase in aortic caliber observed in freely moving rats during 
growth or chronic renal hypertension is caused primarily by the permanent 
displacement of the resting diastolic caliber and to a much less extent by the 
increase in aortic pulsation (even when pulsation can be twice the values seen in 
normotensive or younger rats). 
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4. The aortas of increased caliber produced by growth or chronic hypertension 
maintain a common behavior: the relative change of the diastolic caliber, in 
relation to control caliber, remains relatively constant during transient pressure 
changes (-40 to +40 mm Hg) produced in freely moving rats. This fact may be 
important for the process of resetting since the sustained distension of the resting 
diastolic caliber (which accounts for approximately 80% of the total systolic 
caliber displacement), rather than aortic pulsation, should be considered to be 
the major determinant for baroreceptor distortion during transient pressure 
changes. Therefore, the normal function of the baroreceptors in aortas of dif
ferent calibers suggests that the receptors also participate in the adaptive process 
within the arterial wall. 

S.Two findings derived from electroneuro-graphic studies of aortic barorecep
tors in rats emphasize that complete resetting is somehow related to achievement 
of a new operational level for the resting diastolic caliber. First, the lowest systolic 
pressure threshold for activation of the aortic baroreceptors is the same as the 
control diastolic pressure, suggesting that below resting diastolic caliber, strain of 
the aortic wall is not effective to stimulate the receptors in intact rats. Second, 
whenever pressure is permanently changed to hyper- or hypotensive levels, 
complete resetting occurs when the baroreceptors again begin to fire at a systolic 
pressure threshold similar to the new control diastolic pressure. 
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Part II 

Low pressure system and the concept of venous 
distensibility 



Venous compliance in essential hypertension 

G.M. LONDON and M.E. SAFAR 

Introduction 

The function of intravascular volume is to ensure the adequacy of the circulation, 
i.e. a cardiac output adapted to the metabolic needs of the tissues. The adequacy 
of the circulation depends on its filling pressure, especially on the filling pressure 
of the heart [1, 2]. For the overall circulatory system, a well-defined relationship 
must exist between changes in blood volume and changes in circulatory filling 
pressure [1]. The slope of the relationship between intravascular volume and 
pressure defines vascular compliance, which reflects the inherent elasticity of the 
vascular system [1, 2]. Changes in vascular.compliance are of primary importance 
in the control of cardiovascular function and extracellular fluid volume regulation 
[1,2,3]. 

In hypertension, complex hemodynamic abnormalities with derangements of 
various cardiovascular and fluid volume control mechanisms have been described 
[4,5,6,7,8]' resulting in a decrease in total vascular compliance, mainly in its 
venous compartment [9, 10, 11, 12]. While numerous reviews have dealt with the 
control and function of veins in animal hypertension [13, 14, 15], little research has 
been done in hypertension in man. The purpose of this report is to evaluate the 
importance of venous abnormalities and their hemodynamic correlates in hyper
tensive humans. Only the systemic capacitance function of the whole circulation 
will be considered. Studies on local segments of venous system will be included 
only when data on the total systemic venous bed are not available. This review 
will comprise information derived from a larger number of patients with un
treated and uncomplicated essential hypertension in which total vascular com
pliance (TVC) was measured in addition to measurements of cardiac output, total 
and cardiopulmonary blood volumes, and filling pressure of the heart. The 
methods used have been described in detail elsewhere [9, 16]. No reference will 
be made to the relationship of the veins to kidney function and interstitial fluid 
volume. 
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Definition of the pressure volume relationship in arteries and veins 

Blood vessels are elastic structures with the capacity to offer resistance to stretch
ing force and to return to their resting length after this force is removed. The 
relationship between the stretching force and the length changes is defined by 
Hooke's law: 

T= E.6L1L (1) 

In this equation, T is the tension developed by stretching an elastic element by a 
force (F) per cross-sectional area (S) (T = F/S). L is the initial length and .6L is 
the stretch-induced change in length. The quantity E is termed Young's modulus 
and defines the elasticity of the stretched structure. Hooke's law is applicable to 
longitudinal elements and is difficult to apply to anatomical structures which are 
rather like sacs (e.g. lungs) or cylinders (e.g. blood vessels). For this reason, 
physiologists have proposed quantifying the elasticity of anatomic structures by 
measuring the volume changes resulting from the changes in pressure which are 
able to distend these anatomical structures [17]. The distending pressure should 
be considered as the transmural pressure (difference between inside and outside 
pressures) . 

The slope of the curve relating volume (abcissa) and pressure (ordinate) is 
termed elastance (E'). Elastance is analogous to Young's modulus used in 
Hooke's law (E' = .6 PI .6 V), where .6P is the change in pressure and .6 V the 
change in volume. E' is quantitative evaluation of the elasticity of anatomical 
structures. Nevertheless, most physiologists define elastic behavior in terms of 
compliance (C), which is the reciprocal of elastance: 

c= .6V/.6P (2) 

However, in most anatomical structures, the pressure-volume relationship can
not be extrapolated toward zero, and intercept of the curve must be defined so 
that: 

c = (V - Vo)/P - 0 (3) 

In this equation, Vo is the unstressed volume, i.e. the volume contained within 
the compliant structure when the transmural pressure (P) is zero (0); V is the 
volume contained in the structure when the transmural pressure is P. Units for 
measuring compliance are expressed in ml/mm Hg or in mllkg/mm Hg. In such 
conditions, it is clear that compliance expresses the inherent elasticity of anatomi
cal structures. 
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Compliance of the overall vascular system in animal experiments 

In cardiovascular physiology, vascular compliances must be defined by the rela
tionship between changes in intravascular volume and changes in intravascular 
pressure. Over a wide range of pressure and volume changes the relationship is 
non-linear. However, for a limited range of pressure and volume changes, 
linearized curve may be approximated to define compliance [18]. In a lumped 
model of the circulation, vascular compliance represents total vascular com
pliance, which is the sum of the compliances of all vascular segments from arteries 
to central veins [17, 18]. Total vascular compliance is obtained in experimental 
animals from determination of Mean Circulatory Filling Pressure (MCFP)-blood 
volume curves. MCFP refers to the pressure level that would occur throughout 
the entire circulation if the heart is stopped suddenly and intravascular volume 
redistributed in the overall vascular system according to the capacity of the vessels 
[2,19]. Compliance is thus defined as the change in blood volume divided by the 
change in MCFP. From equation [3], it appears that total vascular compliance 
(TVC) is: 

TVC = (V - Vo)/(MCFP - 0) 
or TVC = LVI LMCFP 

(4) 
(5) 

where V is blood volume, Vo is unstressed blood volume, i.e. the blood volume 
contained in the vascular system when MCFP equals zero. 

From this definition, it is clear that the functional capacity of the circulatory 
system is determined by vascular compliance and unstressed volume. It is impor
tant to distinguish between these two parameters. When a given change in blood 
volume or cardiac output passively dilates or shrinks the vascular system, the 
resulting changes in pressure are determined by compliance. When the vascular 
tone is modified, the pressure resulting from volume changes is dependent on 
both unstressed volume and on compliance [18, 19, 20]. 

Classical estimation of MCFP requires that the systemic flow be stopped. To 
obviate this methodological constraint, different methods have been developed 
to measure compliance. Instead of MCFP, measurement of the pressure in 
central veins has been proposed [9, 18,20,21]. Under such conditions, it has been 
shown that the values for TVC are very close whatever the pressure studied. In 
dogs, values from 1.4 to 4.2 mllkg/mm Hg were observed with an average of 
2.57 mg/kg/mm Hg [2, 17, 18, 21, 22, 23]. Independent measurements of arterial 
compliance in dogs have revealed values of 0.067 ml/kg/mm Hg [20], which is a 
very small portion (1-3%) of the total vascular compliance. Total vascular 
compliance can be therefore approximated to the compliance of the venous 
system [17]. Total vascular compliance is then itself considered as the sum of the 
compliance of systemic veins and cardiopulmonary vessels. The compliance of 
the intrathoracic vascular system is lower than the compliance of systemic vessels. 
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In dogs, values are between 0.213 and 0.627 ml/kg/mm Hg [24, 25]. Since veins are 
able to hold large volumes of blood for small pressure changes, they are usually 
called capacitance vessels. They are considered as a reservoir connected in series 
with the heart pump. The characteristic pressure in this reservoir is MCFP which 
is defined according to equation [6] as: 

MCFP= (V-Vo)/TVC (6) 

Thus MCFP is the upstream pressure for venous return, which depends on the 
two dominant characteristics of the capacitance system: the compliance and the 
intravascular volume. 

Total effective compliance in normal and hypertensive humans 

Mean circulatory filling pressure cannot be measured in humans and an alterna
tive index of capacitance function has to be defined. For this purpose another 
circulatory pressure than MCFP must be recorded. Studies in animals and hu
mans have shown that similar correlations are observed when the circulation is 
not interrupted between blood volume changes and pressures measured in dif
ferent parts of the venous system [18, 20]. The pressures are usually recorded in 
the central veins or in the right atrium [9, 18, 20]. The slope of the correlation 
between central venous pressure (CVP) and blood volume (6 V/6CVP ratio) 
has the dimension of compliance (mllmm Hg). To differentiate the 6 VI 6CVP 
ratio from the 'true' compliance measured from MCFP, the ratio is called 
'effective' total vascular compliance [21]. 

This differentiation is necessary since CVP does not depend exclusively on 
vascular volume and the elastic properties of the vascular bed. The right atrial 
pressure is both function of venous return and of the pumping ability of the heart 
[2]. CVP would reflect the blood volume or compliance modifications only when 
the heart function as a pump is normal. Changes in cardiac output induced by 
volume expansion have only a minor effect on right atrial pressure and com
pliance estimation [2, 18, 21]. Changes in blood volume per se also do not 
influence compliance estimation, unless they induce humoral or neural modifica
tions on venous tone [18, 20]. Time-dependent variations in compliance must be 
excluded so that the measurement should be done in the shortest interval possible 
[20]. Even under such conditions, CVP does not reflect MCFP completely. 
MCFP may be computed as the CVP plus flow-related pressure drop along the 
veins due to a finite (although low) resistance of the veins to blood flow. During 
blood volume changes, the pressures at various sites of the venous system vary in 
parallel [18, 21], but it seems that the gradient for venous returns changes at the 
same time [21, 23]. CVP should therefore be corrected for changes in pressure 
drop [14]. Finally, modifications in CVP induce activations of various reflexes 
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which might influence the mechanical properties of the vessels and possibly the 
compliance estimation [20, 21]. For all these reasons, only 'effective' compliance 
may be measured in man. 

Total 'effective' vascular compliance is easily determined in man by simul
taneous recording of right atrial presssure (CVP) changes induced by transfusions 
or bleeding [9, 21]. Several studies have shown that 'effective' total vascular 
compliance in normal man has the character of a biological constant with values 
ranging from 2.1 to 2.7ml/kg [9, 21, 24, 25, 26]. Total effective vascular com
pliance is the sum of compliances of the arterial system, which is very low in man 
[27] (0.034ml/mmHg/kg, i.e. 1-3% of the total compliance), and the venous 
system, which accounts for 97-98% of the total compliance. Compliance of the 
cardiopulmonary circulation was estimated as being between 0.9 to 1.2 mll 
kg/mm Hg in normal man, i.e. between 42 to 55% of total compliance. More 
direct evaluation of the intrathoracic circulatory compliance gave a value 0.45 mll 
kg/mm Hg [28], i.e. about 20% of total compliance. These values are closer to 
those observed experimentally in animals [24,25]. 

In patients with uncomplicated sustained essential hypertension, total effective 
vascular compliance is reduced in comparison with normal subjects of the similar 
age and sex [9, 16] (Table 1): For the same volume expansion as in normotensive 
controls, central venous pressure is significantly higher in hypertensives. The 
reduction in compliance is related to a decrease in the systemic vessels and not in 
the cardiopulmonary circulation [28]. As in animals [29, 30], these findings reflect 
a reduced distensibility of the peripheral (nonintrathoracic) venous system in 
hypertensive humans [10]. 

Table 1. Different values of compliance in controls and hypertensive men. Normalization of left 
ventricular compliance could not be obtained in the literature [46]. 

Controls 

Total effective vascular 
compliance 
(ml/mm Hg/kg) 
Cardiopulmonary effective 
vascular compliance 
(ml/mm Hg/kg) 

2.08 ± 0.09 

0.45 ± 0.03 

Arterial compliance 0.044 ± 0.004 
(mllmm Hg/kg) 
Left ventricular compliance 0.07 ± 0.16 
(ml/mm Hg . 10) 

± 1 standard error of the mean. 
* * * p<O.OOl. 

Sustained essential 
hypertensive 
patients 

1.49 ± 0.06* * * 

0.45 ± 0.06 

0.025 ± 0.0019* * * 

0.04 ± 0.10* * * 

Reference 

10 

28 

27 

46 
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Due to the difficulties in methodology when considering central venous pres
sure instead of MCFP, the finding of decreased 'effective' vascular compliance in 
hypertensive men as a reflection of decreased venous compliance may be ques
tionable. However, this interpretation is corroborated by two important observa
tions. First, total effective vascular compliance is strongly and positively correl
ated with venous compliance measured by plethysmography. Second, using an 
original mathematical method [4], the data of rapid volume expansion measured 
in man have been introduced into cardiovascular models of the circulation. 
Adequate mathematical analysis of the model has been performed and could rule 
out that the higher central venous pressure observed after volume expansion in 
hypertensives could not be related to a dominant cardiac factor such as congestive 
heart failure or cardiac hypertrophy (see also below in this report). On the other 
hand, it was shown that modifications in unstressed blood volume had no influ
ence on the results observed. Finally, the higher central venous pressure observed 
after volume expansion in hypertensives was predominantly due to a decrease in 
the compliance of the venous system. Thus, the use of cardiovascular models 
taking into account both CVP and MCFP for the interpretation of clinical data 
clearly demonstrated that compliance of the overall venous system was reduced 
in patients with sustained essential hypertension. 

Venous compliance and intravascular volume in hypertensive humans 

Since the capacitance system holds about 80% of the intravascular volume [15, 21] 
estimation of intravascular blood volume serves to approximate the volume 
contained within the capacitance vessels. Indeed, the blood volume is distributed 
between systemic and intrathoracic vascular beds according to the distensibility of 
these compartments and an estimation of total and intrathoracic blood volume is 
a prerequisite for understanding the complex relationship between vascular 
compliance and intravascular volume in hypertension. 

Table 2 shows the values of total blood volume in normal subjects and in 
patients with essential hypertension. Plasma or blood volumes are never in
creased in hypertension. Most investigators have found the intravascular volume 
to be significantly reduced [31]. Discrepancies result from methodological prob
lems. When comparing blood or plasma volume of two distinct populations such 
as normal people and patients with sustained essential hypertension, two techni
cal points should be considered. The first is the necessity of serial blood sam
plings. Indeed there is an increased escape rate of markers (i.e. radio iodinated 
albumin or Evan's blue) from circulation in hypertensives [32, 33], leading to 
overestimation of plasma volume in this group when the single sample method is 
used [31]. The second methodological problem concerns the choice of an ade
quate frame of reference. When intravascular volume is expressed in mllcm of 
body height, increased values can be found since blood volume in mllcm is highly 
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correlated with body weight [31] and obesity is a characteristic feature of patients 
with essential hypertension [34]. On the other hand, when volume is expressed in 
mllkg, the decrease in intravascular volume could be overestimated. Using a new 
mathematical approach, Chau et al. [35] have shown that the best reference 
parameter was body surface area. However, taking into consideration all these 
criticisms for the blood volume estimation, it appears clear that intravascular 
volume is significantly reduced in men with essential hypertension, even in 
patients with obesity [31]. 

While total blood volume (TBV) is reduced in sustained essential hyperten
sion, cardiopulmonary blood volume (CPBV) is constantly normal (Table 3), 
resulting in a slight increase in the CPBV/TBV ratio [9, 36, 37]. Such a situation 
may favor cardiopulmonary mechanoreceptor stimulation during acute volume 
load. Indeed during acute volume expansion, cardiopulmonary blood volume 
increases more in hypertensive patients than in controls, resulting in a higher 
stretch of cardiac mechanoreceptors [38]. 

Control mechanisms for intravascular volume do not maintain a rigid fixed 
volume. On the contrary, their role is rather to control blood volume relative to 
the holding capacity of vascular space. For a long time, the finding of an inverse 
correlation between blood (or plasma volume) and blood pressure (or total 
peripheral resistance) (TPR) was considered to reflect this consideration and was 
used in an attempt to differentiate essential hypertensives into subgroups with 
'hypovolemia' or 'hypervolemia' [5, 12, 39, 40]. From a pathophysiological point 
of view, such a correlation cannot provide an acceptable basis for the apprecia
tion of the circulatory 'fullness', i.e. the control of blood volume relative to the 
holding capacity of vascular space. Arterial pressure and TPR are hemodynamic 

Table 2. Blood volume characteristics in normal subjects and hypertensive patients (personal data). 
All subjects are men. 

Group Normal Hypertensive 

Number of subjects 50 150 
Age 35 ± 10 37 ± 10 
BW (kg) 67 ± 10 75 ± 9* * 
BH (em) 173 ± 5 173 ± 6 
SAP (mmHg) 124 ± 15 184 ± 28* * * 
DAP (mmHg) 68 ± 9 107 ± 15* * * 
BV (ml) 5284 ± 551 5213 ± 692 
BV/BW (mllkg) 79.6 ± 8.3 70±7.9*** 
BV/BH (mllcm) 30.6 ± 3.2 30.1 ± 3.8 
BV/BSA (mllm) 2953 ± 228 2774 ± 297* * * 

Abbreviations: ± standard deviation. 
* = p<0.05, * * = p<O.01, * * * p = 0.001. 
BW = body weight, BH = body height, SAP = systolic arterial blood pressure, DAP = diastolic 
arterial pressure, BV = blood volume, BSA = body surface area. 



60 

parameters related to the 'high-pressure' system whose function is almost entirely 
'resistive'. The compliance of this system is low and its capacitative role small [2, 
17, 21]. The circulatory 'reservoir' function is that of the low-pressure, post
capillary venous system [2, 17, 21]. Therefore, for classification of hypertensive 
patients, the relationship of blood volume to mechanical properties of the capaci
tance low-pressure system is more appropriate. Thus blood volume must be 
analyzed as a function of the compliance of the vascular system. In normal 
people, a positive correlation is observed between intravascular volume and 
TVC. Subjects with high vascular compliance have a tendency to have higher 
blood volume and vice versa [10, 37]. This tendency is less marked in patients with 
essential hypertension, but when normal people and hypertensive patients are 
studied together, the whole population shows the same trend (Fig. 1): blood 
volume and TVC are positively related according to only one regression and 
hypertensive patients are neither 'hypervolemic' nor 'hypovolemic'. Intravascu
lar volume is reduced in patients with essential hypertension but, from a 'hemo
dynamic' viewpoint, the circulatory fullness is normal or even more than normal, 
as further detailed below. 

Filling pressure of the heart, venous compliance and cardiac ouput control in 
hypertensive men 

In human studies, the pressure which is considered as the most representative for 
the circulatory filling is the right atrial pressure (central venous pressure). In 
patients with sustained essential hypertension, all reports in the literature have 
shown that right atrial pressure is slightly but significantly increased, even in the 
absence of congestive heart failure [37,38,41]. In parallel to the elevation of atrial 
pressure, there is also an increase in pulmonary arterial and wedge pressures [38, 
41]. The pressure gradient across the pulmonary circulation is identical to that of 
normal subjects and the total resistance of the pulmonary circuit is also similar to 
normotensive controls [38, 41]. Furthermore, all circulatory pressures (arterial, 
right atrial, pulmonary and pulmonary wedge pressures) are positively correlated 
with each other [38, 41]. 

The right atrial pressure is influenced by parameters regulating both venous 
return and the pumping ability of the right ventricle [2]. Theoretically, an 
elevated CVP in hypertension could result from three possibilities: a decreased or 
modified pumping function of the heart, a decreased vascular compliance, or an 
increased blood volume. 

The basic mechanism adjusting the stroke volume to blood inflow is described 
as the Frank-Starling law of the heart and expressed in terms of cardiac function 
curves, by plotting stroke volume or cardiac output against right atrial pressure 
[2]. In patients with essential hypertension, compared to normal people, right 
cardiac function curves exhibit a rightward shift of otherwise normally shaped 
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Figure 1. Steady-state relationship between total effective vascular compliance and total blood volume 
(personal data). 

curves [10, 28]. The 'pump' operates normally but at a higher 'basic pressure 
level'. The increased basic pressure level might theoretically be a passive conse
quence of heart hypertrophy and result from a backward effect of elevated 
arterial pressure [41]. However, such a 'passive' mechanism cannot be the princi
pal factor accounting for an elevated central venous pressure in hypertension. 
Cardiopulmonary and low pressure systems are compliant and, as such, they 
increase their volume, when they are submitted to an increased pressure. Never
theless, an elevated CVP is observed in patients with essential hypertension but 
cardiopulmonary blood volume and total blood volume are normal and decreased 
respectively. Thus only a decrease of venous compliance could satisfactorily 
explain the changes in right atrial pressure. Several findings support this inter
pretation in clinical investigations. In normal and hypertensive populations, a 
negative correlation is observed between central venous pressure and blood 
volume [37] and also between central venous pressure and total vascular com
pliance [37]. In other words, in essential hypertension, the slight increase in 
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central venous pressure is obtained through a reduction of total vascular com
pliance and this in the presence of blood volume reduction. 

In patients with essential hypertension, the contribution of vascular capaci
tance to the regulation of cardiac output is especially important in view of the 
three characteristic hemodynamic features of the heart in hypertension: normal 
cardiac output, decreased intravascular volume and cardiac hypertrophy without 
congestive heart failure. Indeed, it is well accepted that the normal cardiac output 
in the presence of increased afterload is achieved through cardiac hypertrophy 
which causes a decrease in left ventricular compliance [7, 8, 12]. In such condi
tions, the presence of established cardiac hypertrophy would lead to a reduction 
in stroke volume without adequate compensation. Such compensation could be 
found in the form of increased cardiac filling pressure of the left and right 
ventricles. In patients with essential hyperten~ion, an increase in capillary wedge 
pressure is observed, indirectly reflecting an increase in left atrial pressure [38, 
41]. Right atrial pressure is also increased [38, 41]. This, in turn could call for 
decreased venous compliance in order to produce an adequate driving pressure 
for the hypertrophied heart. During an isotonic saline intravenous volume load, 
Ulrych et al. [42] showed that the increase in cardiac output was enhanced in 
hypertensives and suggested that a reduction in peripheral vascular capacity was 
responsible for this finding. More direct evidence is provided by the observation 
of a negative correlation observed between cardiac output or stroke volume and 
effective vascular compliance in patients with essential hypertension (Fig. 2): the 
more reduced the compliance, the higher the cardiac output level [9]. Thus, 
despite cardiac hypertrophy and decreased intravascular volume, a normal car
diac output in sustained essential hypertension is achieved by a reduction in 
venous compliance [43]. 

Conclusion 

On the basis of animal experiments. it has been suggested during recent years that 
a decrease in venous compliance could be an initiating factor in hypertension, 
causing an increase in cardiac output with resulting autoregulatory mechanisms 
leading to the elevation of total peripheral resistance. Since most of the data 
presented in this review are based on cross-sectional analysis. clinical findings 
clearly do not delineate any argument in favor of this hypothesis. However, 
observations in man strongly suggest that reduced venous compliance plays an 
important role in the maintenance of normal cardiac output in essential hyperten
sion and therefore metabolic needs of the tissues. As reported elsewhere [38], 
such mechanisms also involve the cardiac mechanoreceptor stimulation in the 
low-pressure system and the renal control of fluid volumes. 

For a long time. venous abnormalities in hypertension have been interpreted as 
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secondary effects of arterial and cardiac changes. Recent studies have shown 
that, as arterial blood pressure and resistance increase with age, venous com
pliance also decreases with aging, with a steeper slope of the curve in hyperten
sives. Similar results are observed for central venous pressure [16,44-45] (Fig. 3). 
In other words, there are possibilities that modifications of the venous system in 
hypertension may have the same influence as the alterations of the arterial system 
in the course of the disease. The lack of basic knowledge about venous abnor
malities is probably related to the difficulty in obtaining appropriate clinical 
methods for investigations of the venous system in man. This important problem 
remains to be solved and requires further investigations. 
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Functional and structural components of reduced 
forearm venous distensibility in human 
hypertension 

GEZA SIMON 

To the hypertensinologist, the veins are of interest for two reasons. First, the 
veins contribute both passively and actively to the distribution of blood volume 
between the peripheral and pulmonary vascular beds, thereby influencing cardiac 
filling and regulating cardiac output. Second, the veins may serve as an experi
mental model for the study of vascular smooth muscle which is not exposed to the 
increased intraluminal pressure associated with arterial hypertension. Although 
subtle elevation of venous pressure in uncomplicated hypertension cannot be 
ruled out, alterations in venous function and composition are more likely to be 
the result of chronic neural or humoral influences than of increased intraluminal 
pressure. For our purposes, the veins constitute an experimental model for the 
study of pressure-independent vascular changes in hypertension. 

Anatomy and function of veins 

Veins are composed of the same passive and active components as are arteries, 
but with some important quantitative differences [1]. Also, the composition of 
veins is more variable than that of arteries [2]. The large veins contain a high 
percentage of collagen fibers. In the smaller veins and in the veins of the lower 
extremities which are subject to a large hydrostatic pressure, the muscular mass 
exceeds that of collagen fibers. The inferior mesenteric vein of humans, for 
instance, is made up primarily of collagen and elastin (>90%), while the skin 
veins of the foot are 50-60% smooth muscle [2]. Veins lack the heavy elastic 
investment of the media of arteries. The elastic modulus defined as 6P/ 6 VIV, 
(where 6P is pressure in dynes/cm2 and V is volume in ml) ofthe various vascular 
wall elements is as follows: collagen: 300 x 106 dynes/cm2 ; elastin: 6 x 106 ; smooth 
muscle and endothelium: 0.1 x 106 [3]. On this basis, collagen fibers are 3000 
times stiffer (or less distensible) than smooth muscle fibers. Any consideration of 
vascular distensibility has to take into account the contribution of collagen fibers, 
especially in the higher pressure ranges, along the rapidly rising portion of the 
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pressure-volume curve (see below), where the connective tissue elements of the 
vessel wall are being stretched. 

There are other important differences between veins and arteries [1, 2]. The 
veins are more securely embedded in the surrounding tissues than arteries. 
Changes in in situ venous distensibility could be due in part to changes in 
interstitial tissue compliance. Veins receive nutrients through the vasa venarum 
which extend to the intima but do not penetrate it for venous drainage. Oxygen 
and nutrients do not pass in significant amounts from lumen into the surrounding 
tissue of the vein wall. As a result, the humoral environment of venous smooth 
muscle is similar to that of small arteries. Although veins are innervated, the 
degree of innervation is much less than that of resistance vessels. The innervation 
of veins is sympathetic in nature, consisting exclusively of constrictor fibers. The 
superficial, subcutaneous and iliac veins have less innervation than the veins of 
the viscera or the saphenous or cephalic veins. Because of the great variability in 
the anatomy and, therefore, function of veins , generalizations are difficult. This is 
especially true in human studies, which are restricted to the veins of the extremi
ties. 

In the physiologic pressure ranges, veins are more compliant than arteries [1]. 
As a result, some 70 percent of intravascular blood volume resides in the venous 
system, with 50-60 percent in veins greater than 1 mm in diameter [1, 4]. Volume 
shifts in and out of this reservoir are determined by its compliance. Compliance is 
a property of the vascular wall arising from its distensibility. Each component of 
the vessel wall, smooth muscle, elastin, collagen and groud substance contribute 
to compliance. Compliance is expressed in terms of blood volume in the vascular 
segment and the attending pressure differences across the vascular wall. It is 
estimated by measurements of pressure-volume relationship within the vascular 
segment. Mathematically, it is the slope of the pressure-volume relationship at a 
specified point on the curve. To facilitate comparisons, compliance may be 
'normalized' to a unit body weight or organ volume of the subject or animal. 
Ideally, one should measure venous pressure-volume relationships over the 
entire physiologic volume range, from unstressed volume (volume at atmospheric 
transmural pressure) to volumes which result in transmural pressures of 40-50 
mm Hg. Assuming that the initial unstressed volume in two groups of subjects is 
the same, a shift of the pressure-volume curve in one group versus the other will 
indicate a difference in compliance over some if not all volume ranges. 

In vitro and in vivo study of veins revealed two types of pressure-volume 
(compliance) curves [1]. One was described as curvilinear with convexity toward 
the volume axis, the other sigmoid in character (Fig. 1). The latter is observed 
when the veins are in spasm or constricted by neural or humoral stimuli. When 
the state of contraction is eliminated by warming, venodilator agents or metabolic 
inhibitors, the curvilinear pressure-volume curve is observed. The sigmoidal 
curve has been interpreted as a manifestation of the resistance to stretch of 
venous smooth muscle. The curvilinear curve with convexity toward the volume 
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Figure 1, Pressure-volume relationships in an isolated segment of dog's saphenous vein before (solid 
circles) and during electrical stimulation (15 Hz) (crosses), (From Shepherd JT, Vanhoutte PM, ref. 5. 
By permission.) 

axis represents primarily the resistance to stretch of the connective tissue el
ements of the venous wall, the smooth muscle elements being in a state of 
relaxation. 

Another feature of vascular distensibility or compliance is the marked time 
dependency in elastic behavior, sometimes referred to as 'elastic hysteresis', 
'delayed compliance', or 'stress relaxation', the latter implying that pressure 
dissipates following sudden distention to a constant volume [1]. As a result, 
pressure-volume curves observed on injection or filling and pressure-volume 
curves on withdrawal of fluid or emptying form a loop (Fig. 2). The width of this 
loop demonstrates time dependency, in that it becomes narrower at very fast and 
very slow rates of injection and withdrawal of fluid. The initial state of vas
oconstriction or vasodilatation has a greater influence on the pressure-volume 
curve observed during injection than during emptying. The latter curve is more 
reproducible than the former, being subject to fewer stimuli (Fig. 2). Stretch 
relaxation also implies that a second stretch curve differs greatly from an initial 
stretch unless sufficient time is allowed between measurements for a complete 
restoration of the resting distensibility state (Fig. 2). Studies have shown that this 
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Figure 2. Pressure changes accompanying the injection and withdrawal of 5 ml of blood at 1 mVsec into 
the venous end of an isolated intestinal loop with inflow and outflow occluded. (1) indicates initial 
cycle of injection and (2) second cycle immediately following the first. Arrow pointing to the left 
indicates withdrawal. (From Alexander RS et al., 1953. eire Res 1: 271-277. By permission.) 

critical time period is between 20-30 minutes for veins [1]. 
From the experimental point of view, especially, when one is trying to compare 

pressure-volume data from different groups of subjects, these characteristics of 
vascular distensibility have important practical implications. An attempt has to be 
made to measure or define the initial unstressed volume. Identical rates and 
magnitudes of distension and emptying should be used. The time interval be
tween subsequent pressure-volume determinations should be set. Waiting for 
20-30 minutes for the complete restoration of the resting distensibility state may 
not be necessary as long as the pressure-volume measurements are performed at 
regular interval throughout the studies. If possible, entire pressure-volume 
curves, from unstressed volume to the physiologic upper limits of pressure, 
should be compared. 

Methods for study of venous system in man 

Studies of veins in human subjects have been restricted to the limbs. Two 
approaches have been used to measure venous pressure changes at constant 
volume [5]. In the first, a small catheter or needle is introduced into a collateral
free segment (3-5 cm) of a cutaneous vein, usually in the forearm, for pressure 
monitoring. The segment is isolated from the remainder of the circulation by 
means of two wedges placed over the arm. Because blood flow is arrested changes 
in intraluminal pressure represent changes in venomotor tone. Pressure-volume 
relationships in the occluded segment can be obtained by the infusion of saline 
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and continuous pressure measurements through a T-tube arrangement. Because 
of the great variability of the size of cutaneous veins among individuals, inter
group comparisons of cutaneous vein pressure-volume relationships by this 
method are difficult if not impossible due to the tremendous scatter of data points 
(G. Simon, unpublished observations). 

In the second approach, arterial inflow to a segment of the limb is occluded by 
means of a pneumatic cuff inflated to suprasystolic pressure, and the pressure 
within one of the large veins in the limb is measured. After 15-45 seconds, venous 
pressure comes to an equilibrium, defined as intrinsic pressure. There is one 
report of increased intrinsic pressure, measured in this way, in hypertensive 
subjects, but others could not confirm this finding [6, 7]. Because initial vascular 
volume is not defined, and infusion of fluid would require arterial catheteriza
tion, the method is not readily adapted for pressure-volume measurements. 
Venous pressure measurements at constant blood volume are useful for the study 
of rapidly occurring reflex changes in venomotor tone but not for estimation of 
venous compliance. 

To measure or estimate venous compliance of the limb, changes in volume that 
accompany stepwise changes in venous pressure are recorded. The forearm has 
been studied most frequently, followed by the digits, the calf, and the hand. 
Changes in volume are detected by plethysmography [8, 9]. For direct measure
ment of volume changes, a water plethysmograph is used. The method is some
what cumbersome and has the additional drawback of exposing the limb to an 
external pressure of 10-25 cm of water, depending on the water level in the 
plethysmograph. This will cause collapse of veins initially, some of which may not 
be reopened by arterial inflow as long as the limb is under water. Non-uniform 
filling of veins may result during stepwise venous congestion. The majority of 
investigators in the field have used an indirect method for the measurement of 
volume changes, termed electrocapacitance or mercury-in-rubber strain gauge 
plethysmography, whereby changes in the electrical conductance of an elastic 
tubing encircling the limb are translated through calibration procedures into 
volume changes [9]. For calibration an electrical calibrator with known volume 
equivalent or cylindrical formers of known circumference are used. To produce 
volume changes, a congesting cuff is positioned proximal to the elbow or knee for 
studies of the forearm or calf. at the wrist for studies of the hand, or over the 
proximal portion of the digit. The congesting cuff is inflated to known pressures, 
which after a short period of equilibrium results in equivalent pressure changes in 
the limb veins. Various maneuvers have been used to 'standardize' the initial limb 
volume. In the water plethysmograph, the level of water can be adjusted to give 
rise to a transmural or effective venous pressure of 1 to 2 mm Hg. For indirect 
plethysmography, the limb to be studied used to be elevated above heart level to 
achieve low initial venous pressure and volume. This maneuver like the introduc
tion of water into the water plethysmograph will result in the collapse of some 
veins. The preferred method is to determine directly the minimal occluding 
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pressure in the congesting cuff that causes a measurable increase in limb volume, 
and to use it as the initial pressure (and volume) (Fig. 3). At minimal occluding 
pressure the veins are uniformly filled with blood and cylindrical in shape. Any 
additional increase in venous pressure will result in distention of veins rather than 
being dissipated in opening up collapsed veins. Estimation of minimal occluding 
pressure by extrapolation of the pressure-volume curve through zero volume 
change is based on the assumption that the curve is linear in the low pressure 
ranges when it is not (Fig. 4). Direct measurement of minimal occluding pressure 
is, therefore, the preferred method. Venous pressure-volume curves are derived 
by stepwise increases of venous pressure to 30-40 mm Hg by inflating the con
gesting cuff. Alternatively, venous pressure-volume curves can be obtained 
during deflation by first inflating the cuff to 30 mm Hg above minimal occluding 
pressure, allowing the volume curve to reach a plateau (3 to 5 minutes), then 
deflating the cuff in a stepwise fashion and recording volume at each step (Fig. 3). 
In the forearm, due to non-uniform filling of superficial and deep veins, pressure
volume measurements during inflation phase have been shown to be poorly 
reproducible [10]. Non-uniform filling of forearm veins is especially troublesome 
when the hand is excluded from the measurements by inflation of a wrist cuff to 
suprasystolic pressure. Consequently, investigators have often resorted to mea
surements of pressure-volume relationships during deflation. These measure
ments may take up to 5 minutes to complete during which capillary filtration may 
contribute measurably to the volume changes observed. When different groups of 
subjects are being compared, the assumption is made that capillary filtration rate 
in the groups is the same. This may not always be the case, and, ideally, capillary 
filtration rate should be measured by maintaining congesting pressure above 
capillary pressure and recording the slow shift of the volume curve to higher 
values over several minutes (Fig. 3). As in the case of in vitro studies, in each 
subject identical rates and magnitudes of inflation and deflation should be used, 
and the time interval between repeat measurements should also be the same. 

Reduced forearm venous distensibility in human hypertension 

Early studies did not reveal a difference in forearm venous distensibility between 
normotensive and hypertensive subjects [11, 12]. Abramson and Fierst used water 
plethysmography to measure forearm (and calf) venous distensibility during 
inflation phase in a large group of normotensive and hypertensive subjects. The 
lack of difference in venous distensibility between the two groups of subjects in 
this study may have been due to methodological problems. The authors did not 
measure minimal occluding pressure; therefore, initial venous pressure and 
volume could have varied greatly among subjects. In normotensive subjects, the 
initial 20 mm Hg occluding pressure resulted in a volume increment of only 
0.lOml/100ml forearm volume (mean), and the maximum volume increment at 
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Figure 3. Recording of forearm plethysmographic measurements: A. Minimal occluding pressure 
(2cm H20); B. Venous distensibility at 30cm H20 effective distending pressure (VV 30) and venous 
pressure-volume curve (deflation phase); C. Slope of forearm volume curve between 3 and 5 minutes 
after venous distention at 30cm H 20; D. Calibration curve. Each step represents shortening or 
lengthening of the mercury-filled rubber tubing by one turn (0.6mm) of the adjusting nut on the 
gauge. (From Simon G et aI. , ref. 15. By permission.) 
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Figure 4. Forearm venous pressure-volume curves (inflation phase) in 5 subjects with borderline 
hypertension (circles) and 5 normotensive subjects (triangles) before (solid lines) and after (dashed 
lines) phentolamine 5 mg iv. (From Takeshita A et al., ref. 16. By permission.) 
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70mmHg occluding pressure was 2.29 ml/lOO ml. These numbers are low (see 
Fig. 4 for comparison). When the results are plotted on a pressure-volume curve, 
the rapidly rising portion of a typical distensibility curve is never reached. Thus, a 
difference in distensibility in the higher effective intravenous pressure ranges 
between hypertensives and normotensives could have been missed by the au
thors. Wood also used water plethysmography but was careful to set initial 
effective intravenous pressure in a large vein of the forearm to 1 mm Hg in each 
subject by inflating the congesting cuff slightly. Pressure-volume measurements 
were obtained during inflation of the congesting cuff. The lack of difference in 
forearm venous distensibility between hypertensive and normotensive subjects in 
Wood's study could have been due to the small number of subjects (10 hyperten
sive, 14 normotensive) and, perhaps, to the exclusion of the hand from the 
circulation by inflation of a wrist cuff to suprasystolic pressure, which results in 
sluggish and non-uniform filling of veins (see above). 

The first report of decreased venous distensibility in human hypertension was 
by Caliva and coworkers [13]. They studied a highly specialized vascular bed, the 
finger tip, using a pneumoplethysmograph. The authors had to contend with a 
sizeable artifact in their measurements due to the close proximity of the con
gesting cuff to the plethysmograph. Following occlusion of venous outflow, the 
time course of volume increase in the fingertip was measured until outflow 
pressure exceeded the occlusion pressure. The pressure-volume curves of hyper
tensive subjects were steeper than those of normotensive subjects. In the sys
temic circulation about 70 percent of blood is contained in veins, therefore, a 
steeper pressure-volume curve can be interpreted to be due to reduced venous 
compliance. However, in the highly specialized vascular bed of the fingertip with 
its numerous A V shunts, a major contribution of small arteries to vascular 
capacitance cannot be excluded. 

More convincing evidence for reduced venous distensibility in human hyper
tension resulted from the work of Walsh and coworkers [14]. The authors used an 
electrocapacitance plethysmograph to measure forearm venous pressure-volume 
relationships during deflation phase and with the hand included. These modifica
tions resulted in smooth pressure-volume curves which were highly reproducible 
in the same sitting. The day-to-day reproducibility of measurements was much 
less. This has been the experience of the majority of plethysmographers indi
cating that the measurements are subject to day-to-day variations in the charac
teristics of the apparatus which are not easily controlled for. It has to be realized 
that at a venous occlusion pressure of 30 mm Hg the absolute increment in 
forearm circumference is about 6-7 mm, which one tries to measure accurately by 
translating changes in electrical conductance into changes in girth. This type of 
investigation would be aided by obtaining several measurements in the same 
subjects on different days and using average values from each subject for group 
comparisons. Walsh and coworkers did this in some oftheir subjects. They found 
a marked shift of forearm venous pressure-volume curves toward the pressure 
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axis in hypertensive subjects in comparison to those in normotensive subjects. All 
but one of their hypertensive subjects were black in contrast to the normotensive 
group of subjects which was half black and half white or oriental. The mean 
arterial pressure of hypertensive subjects was 120 mm Hg (mean, range 103-158). 
The severity of hypertension had no significant bearing on venous forearm 
volume at 30 mm Hg distending pressure (VV 30). A small increase in VV 30 was 
detected in subjects who received antihypertensive therapy with guanethidine or 
reserpine for at least one month. 

Our group has studied forearm venous distensibility in white men with mild
to-moderate essential hypertension and closely matched normotensive men [15]. 
We used the same mercury-in-rubber strain-gauge plethysmograph throughout 
the study. For more accurate measurement of venous occluding pressure, a water 
manometer was used. Minimal occluding pressure was determined at the begin
ning of the experiments and venous distending pressure was defined as the cuff 
pressure minus minimal occluding pressure. The inflation and deflation of the 
congesting cuff were timed, and venous pressure-volume curves were recorded 
during deflation. A wrist cuff was not used. Capillary filtration rate was also 
measured. VV 30 (cm of H20) was reduced and forearm venous pressure-volume 
curves were shifted toward the pressure axis in hypertensive subjects, but the 
differences between hypertensives and normotensives were smaller than in the 
study of Walsh et al. Capillary filtration rate was slightly higher in hypertensives 
than in normotensives, which reduced the differences in VV 30 between the two 
groups. 

Takeshita and Mark studied forearm venous distensibility in white men with 
borderline hypertension, using a water plethysmograph [16]. Venous pressure 
was measured directly through an indwelling catheter, and the initial pressure in a 
large forearm vein was set at about 1.5 mm Hg by raising the water level in the 
plethysmograph to 23 cm above the upper aspect of the forearm. Changes in 
forearm volume were recorded during stepwise increases in transmural venous 
pressure. Transmural venous pressure was increased slowly to minimize non
uniform filling of veins and was held constant at each step until changes in 
forearm volume became stable. Compared to normotensive control subjects, 
forearm venous distensibility in young men with borderline hypertension was 
reduced (Fig. 4). Measurements were repeated after phentolamine 5 mg iv. 
Despite a small degree of venodilation, the differences in venous distensibility 
between hypertensives and normotensives persisted (Fig. 4). 

Reports of reduced venous distensibility in essential hypertension are sup
ported by experimental data. Shifts of pressure-volume curves toward the pres
sure axis in isolated veins and venous beds were demonstrated in dogs with one
kidney, one wrapped, rats with two- and one-kidney, one clip, and rats with 
spontaneous hypertension (Fig. 5) [17-20]. The isogravimetric method was used 
to demonstrate similar changes in the veins of dogs with deoxycorticosterone-salt 
and rats with spontaneous hypertension [21,22]. 
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Pathophysiology of reduced venous distensibility in hypertension 

Characteristics of venous pressure-volume relationships in human hypertension 
and the way these measurements were obtained suggests that active venoconstric
tion did not significantly contribute to the findings. The methodology is such that 
3-5 minutes are required after venous distention to complete the measurements. 
During this time stretch relaxation will occur, and active venoconstriction to a 
large extent will be overcome. The investigators who found a shift of venous 
pressure-volume curves toward the pressure-axis in human hypertension have 
either made these measurements during deflation of the venous congesting cuff or 
inflated the cuff slowly in stepwise fashion to minimize non-uniform filling of 
veins. The initial state of active venoconstriction has only a minor influence on 
pressure-volume curves observed during emptying or slow congestion of veins 
(see above and Fig. 2). The reported venous pressure-volume curves in human 
hypertension are curvilinear with convexity toward the volume axis. This type of 
curve is seen when active venoconstriction is eliminated by venodilator agents or 
by prolonged stretch and stretch relaxation (see above and Fig. 1). The shift of the 
venous pressure-volume curves persisted in the higher pressure ranges, where the 
resistance to stretch is provided by the connective tissue elements of veins. Using 
forearm venous plethysmography, it has been difficult to demonstrate either 
active venoconstriction by, for instance, tilting of subjects, or active venodilation 
by intravenous phentolamine (Fig. 4). The demonstrated changes have been 
minor and poorly reproducible, indicating that the method is more suitable for 
detecting passive (structural) than active compliance changes. Phentolamine 
resulted in a shift of forearm venous pressure-volume curves toward the volume 
axis in subjects with borderline hypertension but the differences in venous 
distensibility between hypertensives and normotensives persisted (Fig. 4), sug
gesting that there was a structural component to reduced venous distensibility in 
hypertension [16]. There was only a minor increase in VV 30 of hypertensive 
subjects after long-term guanethidine or reserpine treatment [14]. 

It was possible to examine the nature of venoconstriction in greater detail and 
under extreme circumstances in the experimental models of hypertension. The 
findings indicate that reduced venous compliance in experimental hypertension is 
predominantly structural in nature. Reduced compliance was demonstrated dur
ing both filling and emptying of veins (Fig. 5) and in vivo and in vitro [18-20]. 
Anti-adrenergic agents, venodilators and metabolic inhibitors did not reverse the 
shift of venous pressure-volume curves toward the pressure axis [17, 18]. Com
pliance changes persisted for several weeks after the reversal of hypertension in 
rats with one-kidney, one clip hypertension [23]. 

While there is evidence that reduced venous distensibility in human hyperten
sion is predominantly structural in nature, the pathologic basis of this alteration is 
unclear. There is a paucity of pathologic examination of veins in human hyperten
sion. We have examined the water, electrolyte, and glycosaminoglycan content of 
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Figure 5. In vivo mesenteric vein pressure-volume curves (injection phase) in dogs with chronic one
kidney, one wrapped hypertension (dashed line, N = 15) and normotensive control dogs (solid line, 
N = 15). Dash-dot lines represent withdrawal phase. (From Simon G et al., ref. 18. By permission.) 

saphenous veins removed from hypertensive and normotensive patients undergo
ing coronary artery bypass surgery [24]. We found a small increase in the water 
and glycosaminoglycan content of veins from hypertensive subjects, but the 
electrolyte contents of their veins were unchanged. Our studies were hampered 
by the concomitant use of multiple medications, including diuretics, especially, 
by hypertensives, and the presence of complicating diseases. Extensive biochemi
cal examination of veins has been carried out in the experimental models of 
hypertension. The principal finding has been the demonstration of waterlogging 
and increased sodium content of veins in experimental renal hypertension [19, 23, 
25]. However, waterlogging and increased sodium content of veins do not fully 
explain reduced compliance because water and electrolyte changes may occur in 
the absence of demonstrable compliance changes and vice versa. In parabiotic 
rats, one unoperated and the other renal-hypertensive, we found increased water 
and sodium content of veins in both members of the pair, but venous pressure
volume changes were demonstrable only in the hypertensive rat [26]. Increased 
water and sodium content of veins in rats with one-kidney, one clip hypertension 
was reversed by reversing the hypertension but venous pressure-volume changes 
persisted for several weeks after the procedure [23]. Changes in the connective 
tissue elements of veins appear to playa more important role in the pathogenesis 
of reduced compliance than water and electrolyte changes. In rats with severe 
one-kidney, one clip hypertension, we found increased glycosaminoglycan con
tent of veins [27]. The collagen content of veins, expressed per kg dry weight, was 
unchanged but changes in the physicochemical properties of collagen, making it 
less distensible, could not be ruled out [28, 29]. In spontaneously hypertensive 
rats, venous smooth muscle hypertrophy appears to be the cause of reduced 
venous distensibility [30]. 
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The pathogenesis of human hypertension is not known; nor is the pathogenesis 
of reduced venous distensibility in hypertension. The structural changes in the 
wall of veins which maintain reduced compliance are not likely to be secondary to 
increased intraluminal pressure because venous pressure changes in human (and 
experimental) hypertension appear to be minor and transient. Rather, they must 
be the result of chronically acting neural or humoral stimuli. Because of the 
unpredictable and gradual onset of hypertension in human subjects, the inves
tigation of the role of neural and humoral stimuli in the pathogenesis of reduced 
venous distensibility in this condition is difficult. In rats with chronic one-kidney, 
one clip hypertension, neonatal sympathectomy with guanethidine and bilateral 
adrenal medullectomy did not prevent the development of venous compliance 
changes, suggesting that the sympathetic nervous system did not playa predomi
nant role in their pathogenesis [31]. We have provided several lines of evidence 
for the role of circulating humoral factors in the pathogenesis of increased water 
and sodium content of vascular tissue in the experimental models of renal 
hypertension, but these changes do not directly account for reduced venous 
compliance (see above) [26, 32, 33]. However, they may be markers for changes 
in the physicochemical properties of the connective tissue elements of the vessel 
wall, which may result in reduced compliance [29]. Based on parabiotic experi
ments with spontaneously hypertensive and Wistar-Kyoto normotensive rats, 
Greenberg also suggested that a circulatory humoral factor may be responsible 
for venous muscle hypertrophy and reduced compliance in hypertensive rats [34]. 
The identity and source of these putative humoral agents are not known. 

Summary 

Measured by plethysmography, forearm venous distensibility is reduced in 
chronic established and borderline essential hypertension. The reduction in 
venous distensibility is not reversed by either acute or chronic administration of 
anti-adrenergic agents. Characteristics of venous pressure-volume relationships 
in human hypertension suggest that active venoconstriction did not significantly 
contribute to reduced compliance. Venous compliance is also reduced in experi
mental animals with chronic renal, deoxycorticosterone-salt and spontaneous 
hypertension. Reduced venous compliance in the experimental models of hyper
tension has been shown to be predominantly structural in nature. The structural 
basis of reduced venous compliance in human and experimental hypertension 
appears to be the accumulation of ion-binding connective tissue polysaccharides 
in the wall of veins. An as yet unidentified circulating humoral agent may playa 
role in the pathogenesis of reduced venous distensibility in hypertension. 
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Cardiac mechanoreceptors in hypertension 

ALLYN L. MARK 

Introduction 

There is renewed awareness of the role of neurogenic mechanisms in the patho
genesis of hypertension. For many years, the interest in reflex mechanisms in 
hypertension focused on arterial baroreceptors. However, with the recognition 
that cardiac mechanoreceptors contribute physiologically to the regulation of 
sympathetic nerve activity, renin release and vasopressin secretion, several inves
tigators have evaluated the possibility that these receptors might be involved in 
the pathophysiology of arterial hypertension. 

In this chapter, I review briefly recent studies on cardiac mechanoreceptors in 
spontaneously hypertensive rats; in the Dahl strain of salt-sensitive and resistant 
rats; in renal hypertensive animals; and in humans with hypertension. 

Several conclusions emerge from these studies. First, hypertension is fre
quently associated with an increase in the pressure threshold for cardiac mecha
noreceptor discharge and a decrease in the discharge of these receptors over the 
physiological range of cardiac filling pressures. Second, these alterations may be 
offset by increases in the stimulus to cardiac mechanoreceptors so that the 
inhibitory influence of these receptors may be normal or augmented rather than 
decreased in hypertension. Third, cardiac mechanoreceptor function in hyper
tension is not static. Instead, it appears to vary with the severity or duration of 
hypertension (presumably with the magnitude and duration of cardiac hypertro
phy) and with sodium balance. Fourth, alterations in cardiac mechanoreceptor 
function may contribute to abnormalities in sodium excretion, vascular resistance 
and arterial pressure as well as renin and vasopressin in hypertension. 

Spontaneously hypertensive rats (SUR) 

The function of cardiac mechanoreceptors in SHR has been described in a series 
of studies by Ricksten, Noresson and Thoren [1-6]. 
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Figure 1. Abnormalities in cardiac sensory receptor function in spontaneously hypertensive rats 
compared with function in normotensive Wistar-Kyoto rats. The left panel shows resetting of the 
threshold for left atrial receptor activity to a higher pressure in spontaneously hypertensive rats than in 
Wistar-Kyoto rats (10.2 versus 4.6 mm Hg). The right panel shows the threshold and sensitivity for 
cardiac vagal afferent inhibition of renal sympathetic nerve activity during increases in left atrial 
pressure. The threshold was higher in spontaneously hypertensive rats than in Wistar-Kyoto rats (9.2 
versus 5.4 mm Hg), and the slope of the curve relating atrial pressure to inhibition of sympathetic 
nerve activity tended to be flatter in spontaneously hypertensive rats. (From Ricksten, Noresson and 
Thoren [1, 2].) 

The pressure threshold for high-frequency left atrial endings was elevated in 
SHR compared to normotensive Wistar-Kyoto rats (Fig. 1). As a result the 
pressure-discharge curve was shifted to the right in SHR although the maximal 
discharge of the left atrial endings did not differ in SHR and WKY (Fig. 1). The 
higher threshold of the atrial endings in SHR was accompanied by a correspond
ing alteration in the vagal afferent inhibition of renal sympathetic nerve activity. 
During volume expansion, a higher left atrial pressure was needed to inhibit renal 
sympathetic nerve activity in SHR than in WKY (Fig. 1). Furthermore, over a 
physiological range of left atrial pressures, e.g. 5 to 12 mm Hg, decreases in 
sympathetic nerve activity were less in SHR than WKY. 

These alterations would be expected to decrease cardiac mechanoreceptor 
restraint on sympathetic activity in SHR. However, subsequent studies revealed 
that the higher pressure threshold of atrial endings in the SHR is offset (and 
perhaps even caused) by an elevation of left atrial pressure in the SHR [3]. The 
elevation of atrial pressure (10.3 mm Hg in SHR vs 4.6 mm Hg in WKY) results 
from a decrease in peripheral venous distensibility [4]. The decrease in venous 
distensibility also augments the increases in atrial pressure produced by volume 
expansion in SHR (Fig. 2). 

As a result of the higher atrial pressures, the inhibition of sympathetic nerve 
activity during a 10% blood volume expansion is slightly greater in SHR than 
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Figure 2. Increases in mean left atrial pressure and decreases in renal sympathetic nerve activity 
(SNA) during volume expansion in SHR and in Wistar-Kyoto normotensive control rats (NCR). 
Volume expansion caused greater increases in atrial pressure and a slightly greater inhibition of renal 
SNA in SHR. This indicates that the greater stimulus to cardiac mechanoreceptors in SHR (i.e. 
greater increases in atrial pressure) compensates for the higher pressure threshold of atrial endings in 
SHR. (From Ricksten, et al. [5].) 

WKY (Fig. 2). In other words, the decreases in venous distensibility and the 
exaggerated increases in artrial pressure more than compensate for the higher 
pressure threshold of atrial endings in SHR so that the inhibitory influence of 
cardiac mechanoreceptors on renal sympathetic activity is augmented in SHR. 

The augmented cardiac mechanoreceptor inhibition of renal sympathetic nerve 
activity in SHR appears to contribute to exaggerated natriuresis during volume 
expansion in SHR (Fig. 3) since the exaggerated natriuresis is attenuated by renal 
sympathetic denervation [6, 7]. 

The functional significance of the augmented cardiac receptor influence is also 
demonstrated by the work of Hoka et ai. [8], who found that vagotomy produced 
greater increases in vascular resistance in young (12 weeks) SHR than in young 
WKY (Fig. 4). This demonstrates augmented cardiac vagal afferent modulation 
of vascular resistance in SHR with early established hypertension. 

Thus, studies by investigators in Sweden and Japan indicate that the inhibitory 
influence of cardiac mechanoreceptors with vagal afferents is augmented in SHR 
with early established hypertension. 

This augmented influence of cardiac vagal afferents disappears, however, in 
older SHR with chronic established hypertension [8]. Interrupting vagal afferents 
produced smaller increases in vascular resistance in old SHR compared with old 
WKY (35 weeks old). This decrease in cardiac vagal afferent influence in older 
SHR with chronic established hypertension occurred despite persistent elevation 
in atrial pressllre. These observations indicate that with severe chronic hyperten
sion, progressive impairment in cardiac sensory endings exceeds compensatory 
adjustments so that cardiac vagal afferent function decreases. 
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Figure 3, During volume expansion , there is an exaggerated inhibition of renal sympathetic nerve 
activity (SNA) in conscious SHR (solid lines) compared with normotensive Wi star-Kyoto rats (WKR) 
(broken lines). This is accompanied by exaggerated natriuresis in the SHR (from Ricksten, DiBona, et 

al. [6)). In a separate study [7], it was shown that the exaggerated natriuresis is attenuated by renal 
denervation. 

Dahl salt-sensitive rats 

Dahl genetically salt-sensitive (S) rats develop hypertension when fed a low 
sodium diet, but remain normotensive when fed a rigorously low sodium diet. 
Dahl S rats thus afford a valuable opportunity to study hypertension-prone 
animals in a prehypertensive phase and to examine mechanisms of salt -dependent 
hypertension. Dahl salt-resistant (R) rats remain normotensive with either low or 
high salt diet. Dahl R rats thus afford an opportunity to explore mechanisms of 
salt resistance. 

Based on studies employing parabiosis and interstrain renal transplantation, 
Dahl and colleagues proposed that humoral and renal factors are paramount in 
the pathogenesis of the salt-induced hypertension in Dahl rats [9, 10]. Subsequent 
studies have implicated alterations in neurogenic control of vascular resistance in 
Dahl salFdependent hypertension [11, 12]. These alterations in neurogenic con
trol may relate partially to peripheral adrenergic [11] or central neural mecha-
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Figure 4. Effects of interrupting vagal afferents on hindlimb vascular resistance in young (12 weeks) 
and old (35 weeks) WKY and SHR. In young animals, vagotomy produced greater (* p<O.05) 
increases in resistance in SHR compared with WKY. In old animals , vagotomy produced smaller 
(* p<O.05) increases in resistance in SHR compared with WKY. This indicates that vagal afferent 
modulation of vascular resistance is augmented in young SHR and decreased in old SHR. (From 
Hoka, Takeshita el al. [8].) 

nisms [13, 14], but recent studies in our laboratory have also identified abnor
malities in afferent mechanisms [15- 18], including cardiac mechanoreceptors with 
vagal afferents [18]. 

Ferrari et al. [18] compared cardiac mechanoreceptor function in prehyperten
sive Dahl Sand R rats fed a low salt (0.4% NaCl) diet before increases in arterial 
or cardiac filling pressures and before the development of cardiac hypertrophy . 
Arterial baroreceptors were denervated and splanchnic sympathetic nerve ac
tivity was recorded during stimulation of cardiac baroreceptors by volume expan
sion with dextran. Volume expansion caused greater increases in cardiac filling 
pressures in Dahl S than in Dahl R rats [18]. Despite the greater stimulus to 
cardiac baroreceptors in S rats during volume expansion, there was less inhibition 
of sympathetic nerve activity in S compared with R rats so that cardiac baroreflex 
gain, calculated as percent inhibition of SNA divided by the increase in left 
ventricular end diastolic pressure was reduced in hypertension-prone S rats 
(-3.2 ± 0.2 in S vs -4.9 ± 0.6 in R; p< 0.05). 

This difference in cardiac baroreflex function appears to relate in large part to 
alterations in cardiac vagal afferents. Thoren et at. [19] found that atrial receptors 
with vagal unmyelinated afferents had a higher threshold in S rats (10 ± 1 mm Hg) 
than in R rats (6 ± 1 mm Hg). 
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Although the pressure threshold for atrial endings was reset to a higher level in 
the S rats, the maximal gain of the atrial endings was not different in Sand R rats 
[19]. However, because of the resetting and shift to the right of the pressure
discharge curve, the increase in discharge of the atrial endings over a physiologi
cal range of cardiac filling pressures, e.g. 5 to 12 mm Hg, was less in S than R rats 
[19]. 

This resetting of the cardiac baroreceptors does not appear to relate to an 
alteration in the mechanical properties of the heart in S rats since Ferrari et af. [18] 
found no significant difference between prehypertensive Sand R rats in atrial 
distensibility or heart weights. It appears, therefore, that the most likely explana
tion for the resetting of cardiac baroreceptors in prehypertensive DS rats is a 
genetic abnormality in the receptors, in their coupling to cardiac tissues, or in 
their humoral and ionic environment. 

The resetting of cardiac baroreflexes may have hemodynamic consequences 
which could predispose to hypertension during sodium and volume loading. For 
example, Ferrari et af. [18] found that in sino aortic denervated rats, volume 
expansion produced greater increases in mean arterial pressure in S (+43 ± 
4 mm Hg) than in R (+28 ± 5 mm Hg) rats. This difference was abolished by 
interrupting vagal afferents (+44 ± 5 in S vs +41 ± 4 in R). This suggests that 
alterations in the cardiac mechanoreceptors with vagal afferents impair buffering 
of the pressor response to volume expansion in Dahl S rats. 

Plasticity of mechanoreceptors in Dahl rats 

There is recent evidence that the gain or sensitivity of cardiac baroreflexes is 
influenced by dietary sodium intake. Victor et af. [20] found that the gain of 
cardiac baroreflex inhibition of sympathetic nerve activity was augmented by a 
high salt diet in Dahl R rats, but was attenuated by high salt diet in S rats (Table 
1). These changes parallel alterations in aortic baroreceptor afferent function in R 

Table 1. Effects of dietary sodium on the gain of cardiac baroreflex in Dahl resistant and sensitive rats. 

Dahl resistant rats 
Dahl sensitive rats 

Cardiopulmonary baroreflex gain 

Low salt diet 
(0.1% NaCl) 

-4.38 ± 0.37 
-3.59 ± 0.44 

p<0.05 
p= ns 

High salt diet 
(8% NaCl) 

-6.24 ± 0.49 
-2.49 ± 0.47 

Cardiopulmonary baroreflex gain is expressed as the percentage decrease in sympathetic nerve 
activity per. mm Hg increase in left ventricalar end diastolic pressure produced by acute volume 
expansion in sinoaortic denervated rats. High salt diet augmented the gain in R rats, but tended to 
decrease gain in S rats. (Adapted from Victor et al. [20].) 
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and S rats during changes in dietary sodium [21]. High salt diet augments aortic 
baroreceptor discharge sensitivity in R but not in S rats. Thus, chronic increases in 
dietary salt sensitize both cardiac and arterial baroreceptor function in Dahl 
resistant rats. This plasticity in cardiac baroreceptor function, which might help 
protect against salt-induced hypertension, is lacking in Dahl sensitive rats, per
haps because of the development of hypertension and cardiac hypertrophy. 

The mechanism of the salt-induced sensitization of cardiac mechanoreceptors 
in Dahl resistant rats is not clear. It does not appear to relate to salt-induced 
changes in cardiac distensibility [20]. It may involve ionic or humoral mecha
nisms. There is evidence for ionic sensitivity of cardiac [22] as well as arterial 
mechanoreceptors [23]. Thus, one possible explanation for salt-induced changes 
in cardiac baroreflexes might be salt-induced changes in the ionic environment of 
sensory endings in the heart. High salt diet does not alter concentrations of 
sodium and potassium in serum or arterial walls of Dahl rats [21, 24] which 
mitigates against these factors, but salt-induced changes in extracellular calcium 
remain a possible factor. Another possibility includes receptor sensitization by 
humoral factors released by high salt diet including the purported natriuretic 
hormone which inhibits Na-K ATPase [25]. Inhibition of Na-K ATPase with 
cardiac glycosides sensitizes both cardiac and arterial baroreceptors [26, 27]. 

Renal hypertension 

Kezdi in 1976 reported the first studies of cardiac mechanoreceptor reflexes in 
hypertension [28]. He compared cardiac vagal afferent control of vascular resis
tance in normotensive and renal hypertensive dogs and observed that the cardiac 
pressure threshold for reflex vasodilation was higher in hypertensive dogs al
though the sensitivity of the cardiac vagal afferent reflex appeared to be pre
served. 

Thames and Johnson [29] recently studied vagal cardiopulmonary reflex con
trol of renal sympathetic nerve activity in renal hypertensive and normotensive 
rabbits. In rabbits with arterial baroreflexes eliminated by sinoaortic denerva
tion, stimulation of vagal afferents with volume expansion produced substantially 
smaller decreases in renal sympathetic nerve activity in renal hypertensive rabbits 
(Fig. 5). 

These studies demonstrate that there is an increased pressure threshold and an 
impairment of the sensitivity of cardiac mechanoreceptors with vagal afferents in 
renal hypertensive animals. These observations indicate that alterations in car
diac mechanoreceptor function are found in acquired as well as spontaneous 
hypertension. The locus and mechanisms of these abnormalities are unclear. 
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Figure 5. Relationship between changes in renal nerve activity and left atrial pressure during graded 
volume expansion in normotensive and renal hypertensive rabbits following sino aortic baroreceptor 
dene~vation. Note the striking impairment of the inhibition of renal nerve traffic in the hypertensive 
group. Data are mean ± SE. (From Thames and Johnson [29].) 

Hypertension in humans 

Abnormalities in control of vascular resistance in human hypertensives have been 
attributed in part to abnormal neurogenic control. Bevegard et al. [30] and 
Kerber and I [31] studied reflex vasoconstrictor responses to inhibition of low 
pressure baroreflexes during decreases in cardiac filling pressure produced by 
lower body negative pressure (LBNP) in mild to moderately hypertensive men. 
Reflex forearm vasoconstrictor responses to LBNP were exaggerated in the 
hypertensive compared to normotensive subjects whereas reflex vasoconstrictor 
responses during inhibition of carotid baroreceptors with neck pressure were 
reduced in the hypertensive subjects (Fig. 6). 

The augmented vasoconstrictor response could not be attributed to a non
specific influence of increased baseline resistance or to a generalized abnormality 
in reflex control since vasoconstrictor responses to another reflex stimulus, i.e. 
the cold pressor test, did not differ in the hypertensive and normotensive men 
[31] . 

The exaggerated reflex responses to LBNP in hypertensive subjects cannot be 
explained by an exaggerated influence of arterial baroreceptors since vasocon
strictor responses to neck pressure were less, not greater, in the hypertensive than 
in the normotensive subjects (Fig. 6). 

The finding that the vasoconstrictor response to reducing the influence of 
cardiac mechanoreceptors is exaggerated in mild to moderately hypertensive 
humans suggests that the tonic inhibitory influence of cardiac mechanoreceptors 
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Figure 6. Forearm vascular responses to. lower body negative pressure (LBNP) and neck pressure in 
patients with borderline hypertension (BHT) and normotensive subjects (NT). Forearm vasoconstric
tor responses to lower body negative pressure were augmented whereas forearm vasoconstrictor 
responses to neck pressure were impaired in the hypertensive subjects. This finding supports the view 
that cardiopulmonary baroreflexes are augmented and carotid baroreflexes are impaired in young 
men with borderline hypertension. (From Mark [31].) 

is augmented in these subjects. 
These observations have been extended by London et al. [32] who found a 

potentiated reflex forearm vasodilator response to stimulation of cardiac mecha
noreceptors during head down tilting in patients with essential hypertension. This 
augmented reflex vasodilation was accompanied by greater increases in central 
venous pressure in the hypertensives, presumably secondary to decreased venous 
distensibility. 

Several factors may contribute to the augmented inhibitory influence of cardiac 
mechanoreceptors. First, there is increasing evidence that cardiac filling pres
sures are elevated in human hypertensives, probably as a result of the decreased 
peripheral venous distensibility. Thus, the augmented influence of cardiac mech
anoreceptors might reflect in large part a greater mechanical stimulus during 
diastole. Second, the higher left ventricular systolic pressure in hypertension may 
enhance the firing of left ventricular mechanoreceptors. Third, impaired arterial 
baroreflexes might contribute to the augmented inhibitory influence of cardiac 
mechanoreceptors. There is a central interaction of arterial and cardiac baro
receptors such that the inhibitory or buffering influence of cardiac baroreceptors 
is heightened when the inhibitory input from arterial baroreceptors is reduced as 
appears to be the case in chronic hypertension [33]. The possibility that this 
interaction may contribute to the augmented influence of cardiac mechanorecep
tors in human hypertensives receives support from the observation that the slope 
of the relationship between central venous pressure and forearm vascular resis-
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Figure 7. Relationship between central venous pressure and forearm vascular resistance in normoten
sive (NT) and borderline hypertensive (BHT) subjects. From right to left, the five values for each 
group were obtained in supine resting state and during lower body negative pressure (LBNP) at -5, 
-10, -20, and -40 mm Hg, respectively. The slope of the increases in forearm resistance divided by 
the decreases in central venous pressure during LBNP was significantly greater (p<0.05) in BHT 
(-1.92 ± 0.43) than in NT (-1.00 ± 0.28). (From Mark and Kerber [30].) 

tance was steeper in hypertensive compared to normotensive subjects (Fig. 7). 
We speculate that an augmented inhibitory influence of cardiac mechanorecep

tors might help explain several previous observations regarding humans with mild 
hypertension. During orthostatic stress, patients with borderline or mild hyper
tension have exaggerated increases in systemic vascular resistance [34-36] and 
plasma renin activity [37, 38]. These have been attributed at least partly to 
abnormalities in central neural or efferent mechanisms, but could relate partly to 
the finding of augmented cardiopulmonary baroreflex control. In mildly hyper
tensive subjects in the supine position, cardiopulmonary baroreceptors appear to 
exert an exaggerated inhibitory or buffering influence. Removal or reduction of 
this augmented inhibitory input during orthostatic stress (similar in effect to 
LBNP) might contribute to exaggerated reflex increases in vascular resistance 
and perhaps renin in BHT. 

Conclusion 

There is mounting evidence for alterations in cardiac mechanoreceptors in hyper
tension. These include an increase in the pressure threshold for mechanoreceptor 
discharge and a decrease in discharge of the receptors over a physiological range 
of cardiac filling pressures. These alterations in cardiac mechanoreceptor func-
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tion are often offset by decreases in peripheral venous distensibility and increases 
in cardiac filling pressure, i.e. increases in the stimulus to the cardiac mecha
noreceptors. As a result the inhibitory influence of cardiac mechanoreflexes may 
be normal or increased rather than decreased in hypertension. Cardiac mecha
noreceptor function can differ in various models and stages of hypertension and 
with factors such as sodium balance so that the inhibitory influence of cardiac 
mechanoreceptors in hypertension is dynamic. There is increasing evidence that 
the alterations in cardiac mechanoreceptor function have implications for altered 
control of sodium excretion, vascular resistance and arterial pressure in hyperten
sive states. 
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Venous system, extracellular fluid volume and 
the kidney in essential hypertension 

G.M. LONDON and M.E. SAFAR 

The regulation of extracellular fluid (ECF) is a remarkable example of home
ostasis. Despite large and discontinuous variations in the salt and water intake, 
both ECF and plasma volume are held constant. The ECF regulation implicitly 
expresses the concept that volume is not regulated per se but is controlled relative 
to the holding capacity of the vascular and interstitial spaces. In fact, ECF control 
is nearly similar to the control of circulatory fullness, i.e. the control of mean 
circulatory pressure and filling pressure of the heart so as to ensure adequacy of 
the circulation, especially of the cardiac output. Changes in circulatory capaci
tance have a direct effect on circulatory filling pressure, with two consequences 
for ECF volume control. The first can be regarded as purely mechanical: the 
changes in circulatory filling pressure can influence the Starling forces regulating 
transcapillary fluid movements. The second is triggering of the response of 
various cardiac pulmonary mechanoreceptors affecting: (i) peripheral vascular 
resistances and the pre-to-postcapillary resistance ratio, and (ii) the renal mecha
nisms of excretion of sodium and water through changes in renal haemo
dynamics, plasma renin activity and other hormonal substances [1]. 

Venous compliance and the distribution of extracellular fluid volume 

It has been reported that extracellular fluid volume is slightly, but significantly, 
increased in hypertension. However, in most of these studies, analyzed exten
sively in references [2], [3] and [4], an appreciable number of patients with renal 
parenchymal disease, cardiac impairment or malignant hypertension were in
cluded. Increased values of EFV and exchangeable sodium have also been 
observed in several (but not all) patients with primary aldosteronism [2-3]. But if 
the data presented in different reports are restricted to patients with uncompli
cated sustained essential hypertension, there is no. increase in EFV and ex
changeable sodium [4]. 

The finding of reduced plasma volume (see Part II, p. 53ff.) and normal ECF in 
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hypertension would suggest a disturbance in distribution between the intravascu
lar and the interstitial compartments of ECF. Indeed, a decrease in the ratio 
between PV and interstitial fluid volume (IFV) has been shown in patients with 
sustained essential hypertension [2]. The decrease is found to be significant in 
severe [2-5], but not in mild hypertensives [6], reflecting a negative correlation 
between PV/IFV and blood pressure [5]. 

A normal EFV with reduced PV/IFV ratio suggests some disturbance in the 
mechanisms regulating EFV distribution. It has been established that any dif
ference in resistance between the pre- and post-capillary vessels affects capillary 
hydrostatic pressure, and modifies capillary filtration [2]. Capillary filtration, 
which also depends on several factors such as arterial pressure, right atrial 
pressure and filtration coefficient, determines the distribution of body fluids 
between the intravascular and interstitial compartments. Thus, the decrease in 
the PV/IFV ratio could indicate an increase in filtration across the capillaries. 
Indeed, an increase in the transcapillary escape rate of albumin and Evans blue 
dye has been observed in essential hypertension [7-8]. The direct correlation of 
the transcapillary escape rate with the mean arterial pressure [7-8] was assumed 
to reflect an elevated capillary filtering pressure for which two explanations are 
possible: (i) inadequate protection by the precapillary sphincters and arterioles 
from the high systemic pressure, and (ii) changes in the post-capillary segment, 
mainly in venular distensibility and resistance. The findings of an inverse relation
ship between the intravascular volume and the PV/IFV ratio with blood pressure 
or total peripheral resistance could be taken to support the former possibility 
[2-5]. However, the correlation of arterial pressure with PV/IFV is weak, which 
excludes the precapillary factors from being the dominant mechanism of the 
decreased PV/IFV ratio [9]. It is more likely that the reduced PV/IFV ratio is 
related to decreased compliance of the venous bed. As well established [10], 
decreased venous compliance increases venous and cardiac filling pressures, thus 
directly influencing capillary hydrostatic pressure and fluid volume distribution. 
The strongly positive correlation observed between effective vascular compliance 
and the PV/IFV ratio (Fig. 1) in hypertensive supports this possibility and 
indicates the importance of venous factors in the mechanism of the decreased 
PV/IFV ratio [9]. 

Low pressure system, extracellular fluid volume and renal indices 

In patients with sustained essential hypertension, glomerular filtration rate is 
normal and renal plasma and blood flow (RPF, RBF) are reduced. Thus the renal 
filtration fraction (FF) is increased [3]. In past years, the relationship between the 
kidneys and hypertension has been explored in man by studying the correlations 
between RFP or FF with blood pressure [2-11]. Although the kidney has a 
dominant role in the control of fluid volumes [12], no attempt was made to detect 
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Figure 1. Sustained essential hypertension: relationship between the effective compliance of the 
vascular bed (ll VI LIP) and the ratio between plasma (PV) and interstitial (IF) fluid volumes (with 
courtesy of Circulation; see reference 9). 

correlations between fluid volumes and renal indices. Such relationships are 
difficult to observe in normal subjects. However, they were found in hyperten
sives studied under steady-state conditions. 

The first observation in hypertensives, taking fluid volume into consideration, 
concerned the finding of a pressure (or resistance) - volume disturbance. Indeed, 
several investigators have shown that, in essential hypertension, blood pressure 
and blood (or plasma) volume are inversely related [2]. A similar relationship has 
been observed between blood (or plasma) volume and the total peripheral 
resistance [2-3]. The latter correlation is more significant than the pressure
volume relationship and has been found in different types of hypertension, 
including borderline and sustained essential hypertension, renal artery disease, 
primary aldosteronism and pheochromocytoma. The pressure-volume and the 
resistance-volume relationships do no seem to depend on the methodology used 
for estimating blood volume. In addition, whatever reference to body size 
(weight, height, body surface area) is used to express blood volume, the relation
ships do not change [2, 5, 13, 14]. The negative pressure-volume relationship 
suggested an adaptive process between pressure and volume in man, i.e. when 
pressure is increased, volume is decreased, and thus contributes to maintain 
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pressure within the normal range. Study of a large population of normotensive 
and hypertensive men of the same age facilitated the interpretation of the 
pressure (or resistance)-volume relationship [13-15]. When studied over a wide 
range of diastolic pressure (from 50 to 150 mm Hg), the pressure (or resistance)
volume curve was found to be curvilinear even using a semi-logarithmic scale [13-
15]. Further, it can be clearly shown that the slope of the curve relating pressure 
(or resistance) and blood volume (dV/dP) was significantly steeper in normal and 
normotensive subjects than in hypertensive patients. The dV/dP value was shown 
to correlate well with RBF: the greater the inability to decrease the volume per 
unit rise in pressure, the greater the reduction in renal blood flow [13-15]. This 
suggested that, in essential hypertension, the blood volume was too high for the 
level of blood pressure, suggesting some modification in vascular compliance [16, 
17]. 

Changes in vascular capacity could be partly responsible for the maintenance of 
sodium balance in hypertension. Lowenstein and coworkers [18] have found that 
renal venous pressure was higher in essential hypertensives than in normals and 
increased more during volume load [18]. Such modifications could account for the 
normal basic natriuresis and possibly explain the phenomenon of exaggerated 
natriuresis after sodium load in patients with essential hypertension [18]. Recent 
data of our laboratory [19] showed that the increase in hydrostatic forces in the 
low-pressure system could compensate for the increased peritubular oncotic 
forces in hypertensive kidneys. The renal filtration fraction is negatively related 
to vascular capacitance (Fig. 2) [17] and a negative correlation is observed 
between peritubular oncotic pressure and vascular compliance. Moreover, a 
positive correlation is observed between central venous pressure and postglome
rular oncotic pressure [19]. Thus, the increase in 'low-pressure system' filling 
pressure due to decreased systemic capacitance may cause an abnormal fluid 
movement in the systemic capillaries with a fluid shift and a decreased PV IIF ratio 
and the same hydrostatic force, at the renal peritubular capillary level, may 
correct and cancel the higher oncotic pressure, equilibrating the Starling forces 
[3]. 

Cardiopulmonary receptors and the low pressure system 

The reduced vascular compliance in hypertensives is associated with increased 
cardiac filling pressure and normal cardiopulmonary blood volume. This creates 
favorable conditions for cardiopulmonary mechanoreceptors stimulation and 
neurohumoral control of the ECF volume and systemic circulation. This is 
especially true in conditions of acute volume load, since CVP and cardiopulmon
ary blood volume increase more in hypertensive patients than in controls [9, 20], 
resulting in a higher stretch of cardiac mechanoreceptors. In the absence of 
cardiac hypertrophy, such an increased stretch could induce an exaggerated 
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Figure 2. Sustained essential hypertension: relationship between effective compliance of the vascular 
bed (ordinate) and the renal filtration fraction (abcissa) in comparison with normotensive subjects 
(with courtesy of Kidney International; see reference 17). 

reflex response while, in the presence of cardiac hypertrophy, such a modification 
could maintain normal reflex responses [21-23]. In patients with essential hyper
tension, information about the cardiopulmonary reflexes is scarce. Only the 
reflex regulation of forearm blood flow and plasma renin activity received par
ticular attention [23-25]. 

Control of the forearm resistive vessels in man is under the influence of 
cardiopulmonary receptors [26-28]. Increase in central venous pressure and/or 
cardiopulmonary blood volume induces a reflex vasodilation of the forearm 
circulation and vice versa [23-25]. In borderline and established essential hyper
tension, an augmentation of forearm vascular reflexes has been observed [23-25]. 
In patients with established hypertension, this augmentation is due to an in
creased reflexogenic stimulus, i.e. a higher elevation in central venous pressure 
during central blood volume expansion [24]. The intensity of the reflex response 
is correlated with the basal degree of 'venous constriction' , a fact which supports 
the role of the mechanical properties of capacitance system in the circulatory 
reflex control [24]. The nature of augmented forearm response in patients with 
borderline hypertension seems different since the changes in central venous 
pressure were similar in controls and in borderline hypertensive subjects [23]. 
However, the interpretation is difficult since, in patients with borderline hyper
tension, the changes in cardiopulmonary blood volume were not evaluated at the 
same time [23]. 

In normal man, the study of the response of plasma renin activity to changes in 
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cardiopulmonary blood volume and/or presssure indicates that these changes are 
reciprocal, i.e. an increase in central volume and pressure induces a decrease in 
plasma renin activity and vice versa [29, 30]. In patients with sustained essential 
hypertension the relationship between plasma renin activity and cardiopulmon
ary blood volume (or pressure variations) is not well documented. It seems that 
hypertensive patients respond normally to changes in central venous pressure, 
i.e. plasma renin activity decreases when cardiopulmonary blood pressure in
creases, and, to the contrary, plasma renin activity increases when central venous 
pressure decreases [24]. The role of the capacitance system in the reflex control 
remains still unclear, but the decrease in compliance of veins seems to be 
responsible for a 'resetting' of the reflex both in animals and in men [22, 24]. 

The role of venous compliance in the maintenance of cardiopulmonary blood 
volume and pressure could, theoretically, have many consequences on the regu
lation of several hormonal systems, especially those responsible for the 'natriure
tic' activity of the plasma. The maintenance of a diastolic stretch of the car
diopulmonary circulation in hypertensives could explain the finding of elevated 
circulating concentrations of natriuretic substances [31]. On the other hand, 
during acute sodium and volume load, the higher cardiopulmonary expansion 
which occurs in hypertensives could also produce a higher concentration of natri
uretic factors and thus participate to the phenomenon of 'exaggerated natriuresis' 
observed in patients with essential hypertension [31, 32]. 
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Part III 

Large vessels and the concept of arterial 
compliance 



Systolic hypertension in the elderly 

EDWARD D. FROHLICH and FRANZ H. MESSERLI 

The overall problem of hypertension in the aging patient has received increasing 
attention in recent years. Appreciation of this major concern has increased for 
several reasons: (1) the elderly segment of most Western industrialized popula
tions (i.e., individuals older than 65 years of age) has more than doubled during 
this generation to upwards of 10 to 15 percent of the total population [1, 2] and this 
proportion is still increasing; (2) upwards of 50 percent of this elderly population 
have either diastolic or isolated systolic hypertension [3, 4]; (3) relatively recent 
reports demonstrate that the rise of arterial pressure with aging is neither a 
'normal' nor an innocuous physiological phenomenon [5-10]; (4) reduction of 
arterial pressure in elderly individuals may be expected to be associated with an 
overall reduction in cardiovascular morbidity and mortality [11-14]; and (5) the 
recent emphasis on the feasibility of reducing isolated systolic arterial pressure 
elevation by pharmacological means [15] has led to a large multicenter study 
designed to demonstrate the safety and efficacy of its pharmacological treatment. 

Although much emphasis has been put over the past three decades on the role 
of the pharmacological treatment of diastolic pressure elevation with its ensuing 
improvement of morbidity and mortality we must bear in mind the clear lessons 
from epidemiological data: systolic pressure elevation is most likely a better 
predictor of the cardiovascular complications of hypertension than diastolic 
pressure elevation [8]; and isolated systolic hypertension imparts a two- to five
fold excess risk of cardiovascular death [9], an incidence of stroke 2.5 times more 
than for those without isolated systolic hypertension [10], and a 51 percent excess 
mortality as compared with age-matched normotensive controls [16]. 

Epidemiological considerations 

Classification 

In the United States and elsewhere, severity of hypertension has been classified 
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primarily by the height of diastolic pressure [17, 18]. However, the upper limit of 
normal has recently been defined in the United States as 89 mm Hg; and a level of 
'high normal blood pressure' has also been defined as occurring in patients whose 
diastolic pressures fall between 85 and 89 mm Hg [17]. It was reasoned that these 
latter individuals were at a higher risk of developing hypertension and other 
cardiovascular problems later in life [19]. Another difference occurred with the 
definition of mild essential hypertension. In the recent Joint National Com
mittee's third report this was defined as diastolic pressure falling between 90 
through 104 mm Hg [17], whereas the World Health Organization has defined this 
range of diastolic pressures as between 95 through 104 mm Hg [18]. It is important 
to recognize these definitions with respect to diastolic pressure in order to identify 
patients classified with respect to systolic pressures (Table 1). 

According to the Joint National Committee's third report, systolic pressure 
elevation has been said to occur in those individuals whose systolic pressure is in 
excess of 139 mm Hg. Patients whose diastolic pressures are less than 90 mm Hg 
but whose systolic pressures fall between 140 through 159 mm Hg are said to have 
borderline systolic hypertension; and if the systolic pressure is 160 mm Hg and 
greater (with diastolic pressure <90 mm Hg), they have isolated systolic hyperten
sion. It is this latter group of patients whose problem falls under the purview of 
this discussion. 

Prevalence of Isolated Systolic Hypertension (ISH) 

There have been two major reports that have focused on the prevalence of 
patients with ISH, one from the Evans County Study [20] and the other from the 
Hypertension Detection and Follow-Up Program (HDFP) [21]. Earlier, the 
National Center for Health Statistics reported an 8.5 percent prevalence of ISH in 

Table I. Classification of blood pressures [17]. 

Pressure range (mm Hg) 

Systolic (when diastolic <90): 

<140 
140-159 
~160 

Diastolic: 
<85 
85-89 
90-104 
105-114 
~1l5 

Classification 

Normal blood pressure 
Borderline isolated systolic hypertension 
Isolated systolic hypertension 

Normal blood pressure 
High normal blood pressure 
Mild hypertension 
Moderate hypertension 
Severe hypertension 
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elderly individuals 65 through 74 years of age (the 1971-74 census) [22]. This 
finding compares favorably to the 8.4 percent prevalence of ISH for individuals 
whose ages fell between 40 and 90 years of age in Evans County [20] and a 6.8 
percent prevalence in the HDFP study [21]. These prevalence data, however, are 
at variance with the present definitions outlined above since ISH was defined as 
occurring when diastolic pressures were less than 95 mm Hg (not 90 mm Hg). 
Further differences related to the means of obtaining the pressure measurements: 
the Evans County study pressure measurements were obtained in the study clinics 
whereas in the HDFP study pressures were also obtained in the individuals' home 
settings. From these data, the HDFP reported an all-cause mortality rate (ad
justed for age, race, and sex) of 17.6 percent in people with ISH as compared with 
a 7.7 percent in those whose systolic pressures were less than 160 mm Hg [21]. 

Implications 

The implications of these epidemiological findings are clear. ISH in the elderly is 
a frequent finding that imparts a definite excess risk of 'all-cause' as well as 
cardiovascular mortality (and morbidity). As indicated from the prospectively 
conducted Framingham Study this abnormality confers an increased predisposi
tion for later development of coronary heart disease, sudden death, congestive 
heart failure, and stroke. Since these data are clear-cut two natural questions 
follow: (1) will control of the elevated isolated systolic pressure result in a reduced 
morbidity and mortality; and (2) what is the best means of achieving this pressure 

Table 2. Hemodynamic differences in younger and older men with isolatd systolic hypertension data 
represent the mean (± ISEM) [24]. 

Younger men «35 years) Older men (>35 years) 

Normal ISH Normal ISH 

Number of men 11 13 7 13 
Age (years) 23 (1.5) 27 (1.0) 45 (3.1) 49 (1.6) 
Arterial pressures (mm Hg): 

Systolic 120 (3.3) 155 (1.5)* 132 (5.8) 159 (1.9)* 
Diastolic 74 (1.6) 87 (1.4)* 76 (1.8) 87 (1.3)* 
Mean 91 (2.0) 110 (1.1)* 95 (3.1) 112 (1.1)* 

Heart rate (bpm) 65 (1.6) 74 (3.9)* 70 (5.2) 67 (2.2) 
Cardiac index (Umin/m2) 2.9(0.1) 3.3 (0.1) 3.2 (0.16) 2.5 (0.1)* 
Left ventricular ejection rate 

index (mllsec/m2) 145 (7.8) 171 (8.1)* 152 (4.5) 127 (7.5)* 
Total peripheral resistance 

index (IL/m2) 33 (2) 35 (2) 29 (I) 45 (2)' 

, Denotes statistical significance with a p-value of at least <0.05. 
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control? A recent small multicenter feasibility study conducted by the National 
Heart, Lung, and Blood Institute [15] suggested that a larger study be initiated 
and that the use of a thiazide congener diuretic might provide the best form of 
therapy [23]. These studies are, at best, preliminary and the overall results will 
not be forthcoming for several years. Nevertheless, a better insight into the 
disease and its treatment should be achieved from an understanding of the 
fundamental pathophysiological alterations associated with ISH. This will be the 
substance of most of this discussion. 

Pathophysiological considerations 

Despite the high prevalence of the problem, as indicated from the foregoing 
discussion of its epidemiological considerations, there has been a paucity of 
reports detailing the pathophysiological changes associated with an isolated 
arterial pressure rise. Most of our physiological information concerning these 
changes has been inferred from information obtained from patients with systolic 
hypertension coexisting with diastolic pressure elevation. The following discus
sion will be concerned primarily with isolated systolic hypertension. Where 
information is available related to patients with both systolic and diastolic pres
sure elevation this will be so delineated. 

Systemic hemodynamics 

Several years ago, in the first systematic study of this problem, we compared 
systemic hemodynamic changes in younger (under 35 years of age) and older 
(over 35 years) individuals with systolic arterial pressure elevation who were 
matched with normotensive individuals of the same age, race, and sex [24]. 
Several important findings became apparent. First, even though systolic pres
sures were elevated by design of the study and patients with diastolic pressure 
elevation were likewise excluded, the patients with the 'isolated systolic hyper
tension' had significantly higher diastolic pressures than age- and sex-matched 
normotensive control subjects - whether older or younger than 35 years. Sec
ondly, the elevated systolic pressure elevation in the younger individuals was 
associated with a hyperdynamic circulation manifested by an increased heart rate, 
elevated cardiac output and a greater index of left ventricular contractility. In 
contrast, the systolic pressure elevation of the 'older' patients was associated with 
a significantly reduced cardiac output and left ventricular ejection rate and an 
increased total peripheral resistance. Thirdly, the intravascular (plasma) volume 
was normal in the younger patients but was contracted significantly in the older 
patients. Our succeeding studies, performed in different patients and with dif
ferent associates, continued to demonstrate that the elevated arterial pressure of 



109 

aging subjects was associated with (1) a normal or reduced cardiac output heart 
rate, and myocardial contractility; (2) an increased total peripheral resistance; 
and (3) a contracted plasma volume (18.2 ± 0.8 vs. 16.4 ± 0.4 mllcm) [24]. In one 
recent study, however, we found that the systolic pressure was significantly 
higher and diastolic pressure lower in elderly hypertensive patients (average age 
73 years) whose mean arterial pressure was matched with young subjects [25] 
(Fig. 1). In another study from our laboratory with a different group of patients 
whose age averaged 50 years [26], we confirmed the systemic hemodynamic 
characteristics of older patients with ISH that we had reported earlier [24]. 

In a study conducted similarly to those reported from our laboratory, but 
designed primarily to evaluate the compliance of the larger arteries, Simon and 
his associates demonstrated that the ISH of their older group of patients (age 51 
years) was associated with a significant reduction in arterial compliance (as 
estimated from the monoexponential blood pressure-time curve during diastole 
[27]. These data, from several different laboratories, strongly demonstrate that 
vastly different hemodynamic mechanisms underlie the pathophysiological 
changes in younger and older patients with ISH. Thus, in the younger patients the 
systolic pressure elevation is associated with a hyperdynamic circulation that may 
be driven by adrenergically mediated factors. In contrast, the elevated systolic 
pressure of the older patients was maintained by factors subserving an increased 
total peripheral resistance and reduced compliance of the larger arteries. 

Notwithstanding this implication of potentially different mechanisms underly
ing the ISH (i.e., adrenergic participation in the younger and loss of arterial 
elasticity and distensibility in the older patients) two important additional con
cepts are apparent. First, in these studies the initial thought - that atherosclerosis 
may underlie the alterations that make the arteries less compliant in the older 
individual- may not be the sole explanation. These older patients were, on the 
average, 51 and 49 years in the Simon et al. studies, and ours, respectively. 
Clinically significant large arterial atherosclerotic vascular disease was not pres
ent and the physiological alteration was not fixed since pharmacological agents 
that dilated the arteries reversed the compliance changes [27]. Secondly, there 
was a contraction in plasma volume in the older patients. Volume contraction 
would not be possible with only a precapillary pressure rise, and therefore a 
certain degree of postcapillary constriction must have taken place to permit the 
transcapillary exchange of plasma from the intravascular compartment. And, in 
this regard, it is of interest that large arterial constriction may not be the sole 
explanation for the increased total peripheral resistance; arteriolar constriction 
may also participate since, in our early study, patients with systolic hypertension 
also had significantly higher diastolic pressures than the matched normotensive 
subjects. 
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Figure 1. Systolic and diastolic pressures of elderly patients with hypertension (right column) who 
were matched with younger patients (left column) according to mean arterial pressure. T = systolic 
pressure; ... = diastolic pressure. 

Reduced large arterial compliance 

An important hemodynamic consideration, particularly when one must consider 
the possibility of therapeutic options, is the role of the larger arterial vessels as 
well as the smaller arterioles that account for the increased total peripheral 
resistance. The large arterial vessels contribute a certain degree of active con
striction mediated by an increased state of contractility of the vascular smooth 
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muscle in the wall of these vessels. But, in addition, other factors compound this 
increased resistance to the forward flow of blood by reducing arterial disten
sibility. This latter factor may be explained on the basis of an altered viscoelastic 
state of these larger arteries [28-31]. These changes are observed in hypertension 
even in the absence of advancing age or clinically significant atherosclerosis [26, 
27,31-36] and have been explained, in part, on the basis of structural changes that 
have been associated with hypertensive vascular disease [26-28, 33-38]. It is 
possible however, that these changes may be related to still other complicating 
factors including aging and atherosclerosis, processes that are most difficult to 
dissociate from the hypertensive disease [39-43]. Moreover, in a few elderly 
subjects the arterial stiffening may become so excessive as to interfere with the 
measurement of arterial pressure by cuff (pseudohypertension). This entity may 
be suspected clinically by a palpable radial artery even after the ipsilateral 
occlusion of blood flow by cuff pressures exceeding systolic values (Osler's 
maneuver) [44]. 

That these changes of reduced arterial compliance and distensibility are, most 
likely, at least in part related to the problem of hypertensive vascular disease may 
be inferred by its presence in patients with borderline or mild essential hyperten
sion who are in their late 30s or early 40s [34-36, 43-48]. Moreover, were these 
alterations exclusively related to fixed structural changes brought about by aging 
and atherosclerotic changes they would not likely be reversed, at least to some 
extent, immediately by pharmacological interventions [27] or with a variety of 
forms of prolonged antihypertensive therapy including diuretics [23, 48-51]. 

That these patients with ISH may not be volume-dependent [24] and may 
demonstrate a spectrum of plasma renin activity by 'renin-profiling' and respon
siveness to antihypertensive therapy with diuretic therapy as well as angiotensin 
converting enzyme or beta-adrenergic receptor inhibiting therapy [52] suggests 
that there may be no one pathophysiological factor that will explain ISH. Once 
again, then, the mosaic of factors underlying the control of arterial pressure is 
suggested [53, 54]. It therefore seems reasonable to conclude that the large (and 
small) arterial changes that account for the elevated total peripheral resistance 
and reduced compliance and distensibility in patients with ISH are not solely 
explained by fixed structural changes associated with aging or atherosclerosis. 

Conclusion 

Earlier reports seemed to relate the changes of isolated systolic hypertension to 
increased stroke volume, and increased rate of systolic ejection; however these 
findings are not supported by recent and more controlled studies. Increased 
arterial stiffness, explained on the bases of aging and atherosclerosis, was the 
explanation for the changes; but, as suggested by Koch-Weser, were this the case 
diastolic pressures should be reduced and this is not the usual finding [55]. In fact, 
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as suggested by our earlier report [24], diastolic pressures may be even higher 
than in an age-, sex-, and racially matched group of normotensive subjects. Thus, 
more information is needed to explain more clearly the physiological mechanisms 
that subserve these functional derangements of increased arteriolar resistance 
and reduced arterial compliance in ISH. As suggested above, these mechanisms 
most likely are interdependent with one another and in some patients one or 
more may participate more than others. To conclude prematurely that one form 
of therapy is more likely than others to be effective may exclude those therapeutic 
options such as the possibility of monotherapy and reducing the chances of drug 
interactions and side effects. In an older population who may be using other drugs 
for coexistent diseases or who may be more predisposed to side effects because of 
those drugs, this may be an unwise and precipitous therapeutic decision. Thus, it 
seems entirely appropriate to draw from our clinical and investigative experiences 
over the years in patients with essential hypertension to view ISH as another 
expression of multifactorial essential hypertension. 
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Large arteries in borderline and sustained 
essential hypertension 

ALAIN SIMON and JAIME LEVENSON 

The large arteries are important to consider in hypertension, because they serve 
two important functions: a) to conduct the blood from the heart to the capillary 
beds; and b) to store a fraction of ventricular outflow in their distensible walls in 
order to buffer the pulsatile hemodynamics generated by the heart [1]. Another 
reason of interest is that large arteries represent the specific site of the circulation 
where the degenerative vascular damage occurs [2]. However, until recently, the 
large arteries have received little attention in clinical investigation, because of the 
serious difficulties in measuring non-invasively and quantitatively their state and 
function in man. Recent innovations in vascular technology have reversed this 
situation and led to important gains in knowledge of human large arteries 
especially in hypertension, which is the most common pathological model which 
affects early the arterial system in man. Because the large arteries include 
multiple branches from the proximal aorta to the peripheral arteries, only some of 
them have focused attention to date: the aorta, which is the main distensible 
chamber of the arterial tree and the brachial artery which represents the clinical 
site of pressure measurements [2]. 

I. The aorta 

Two kinds of techniques are available for the quantification of human aorta 
properties: (i) the aortic imput impedance, which relates simultaneously re
corded aortic pressure and flow waveforms under specific mathematical condi
tions and operations and (ii) the systemic arterial compliance which is defined 
from the quantitative analysis of the morphology of the aortic pressure curve. 

1. The imput impedance of the aorta 

Aortic imput impedance represents one measure of the opposition to pulsatile 
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ventricular outflow presented by the physical properties of the systemic arteries 
and of the blood. It is calculated as the instantaneous ratio of pressure and flow 
waves in the ascending aorta [3]; practical calculation of this pressure-flow ratio 
requires to transform pressure and flow pulses into a sum of sinusoidal waves, or 
harmonics, superimposed on the mean pressure and flow, according to the 
Fourrier theorem, by using an analog-to-digital converter and a computer. Each 
harmonic of pressure and flow is a complex number, described by its modulus 
(amplitude), phase angle (timing in relation to other harmonics) and frequency 
(multiple of the fundamental frequency equal to heart rate). Harmonics of 
impedance are calculated as the ratio of pressure and flow modulus and as the 
difference between pressure and flow phases at the same frequency and are 
represented (impedance spectrum) as a plot of moduli and phases of the imped
ance against the frequency of its harmonic [3]. 

In human hypertension, the general form of aortic impedance spectrum ex
hibits several differences with normal state [4, 6] (Table 1). The elevation of 
peripheral resistance reflects the reduction in the caliber of arterioles which is 
classically admitted as the hall-mark of sustained essential hypertension. The 
increase in impedance moduli at low frequencies (especially in the first harmonic) 
has not got a clear physiological signification, but it implies that more ventricular 
energy than in normal state is lost in vascular pulsations [7]. The shift to the right 
of modulus minimum and phase cross-over reflects a functional reflection site 
nearer from the heart than in normal because the frequency of modulus minimum 
and phase cross-over represents the frequency at which reflecting sites are one 
quarter wave length away [3]; this nearer reflecting site can be explained by 
enhanced constriction of the peripheral arterioles and also by increased pulse 
wave velocity, as observed in the hypertensive human aorta [5], so contributing to 
earlier return of wave reflection. The increased characteristic impedance is the 
more specific feature of hypertensive aorta which is not dependent on age since it 
persists when hypertensive patients are compared to age-matched normal sub
jects [10]; characteristic impedance which represents the impedance of the aorta, 
considered as an open tube in the absence of reflections [3], is directly related to 
the elastic properties of the aortic walls but inversely related to its cross-sectional 
area [3]; since the aorta radius was reported to be increased in hypertension [5], 

Table 1. Effects of hypertension on the general form of aortic impedance spectrum comparatively with 
the normotensive state. 

Impedance Patterns 

Peripheral resistance 
Impedance moduli at low frequencies 
Minimum of impedance moduli 
Characteristic impedance 

Effects of Hypertension 

Increase 
Increase 
Shift to the right 
Increase 
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the enhanced characteristic impedance implies a loss of aortic distensibility even 
in the presence of compensatory effect of its larger cross-sectional area. 

Thus, the alterations of the impedance spectrum at the entrance of hyperten
sive aorta imply profound changes in the distensible properties of the aorta. The 
question is raised if the hypertensive changes in impedance reflect only the effect 
of elevated distending pressure itself on the stretch of the aortic walls [8]; indeed 
arteries become stiffer as they are distended, presumably because more and more 
of the wall stress is borne by collagen as the diameter increases [8]. This fact can 
be observed for the elevation of pressure that follows intravenous infusion of 
norepinephrine [9], or angiotensin [5] in normotensive subjects; the impedance 
spectrum of the aorta then exhibits modifications comparable to those observed 
in chronic hypertension; inversely the decrease in arterial pressure that follows 
intravenous infusion of sodium nitroprussid [5] in hypertensive subjects is ac
companied by a decrease in the impedance moduli at low frequencies, a shift to 
the left of the frequency of the modulus minimum and a decrease of the character
istic impedance. These observations suggest that abnormality of the aortic imped
ance spectrum in hypertension could depend mainly on the elevated transmural 
pressure; however, the modifications observed with vasoactive substance impair 
the interpretation of the role of pressure 'per se' because their pharmacological 
action may also alter the active tension of smooth muscles of the arterial wall [10]. 
Thus to date, it cannot be concluded if increased aortic impedance in hyperten
sion depends only on elevated transmural pressure or rather on structural adap
tive changes of the arterial walls consecutive to chronic state of hypertension as 
suggested by experimental studies [11]. 

2. The systemic arterial compliance 

Systemic arterial compliance, or absolute volume distensibility of the aorta and 
peripheral elastic arteries is the ratio of arterial volume rise to the accompanying 
rise in pressure (dV IdP) [11]; its evaluation is based on the analysis of the 
morphology of the arterial pressure wave via a reasonably simple model of the 
arterial circulation [12, 13]. The analysis of the pressure wave as function in time, 
is facilitated when it is restricted to the diastolic segment of the pressure curve 
because, during the diastole, the aortic valves are closed [13]; thus the diastolic 
waveform can be considered as the transient response of the arterial system to the 
pressure change occurring in systole [14]; the general shape of diastolic pressure 
assumes a simple mono-exponential form [14] with some oscillations superim
posed, principally in the first part of diastole [12]. The fact that the oscillations of 
the pressure curve are practically absent in the last part of diastole, is related to 
the fact that the last part of diastole contains mainly the low frequencies of the 
impedance spectrum [15]; the lack of pressure fluctuations in telediastole permits 
with some exceptions to use the mono-exponential decline in pressure to calcu-
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late arterial compliance on the basis of a simple 'Windkessel' model [13]. The 
fundamental property of this model is that the product between the compliance 
and the resistance equals the reciprocal of the semilogarithmic linear slope of the 
exponential decline in pressure - i.e. the time constant of the system - (Fig. 1). 
Thus the compliance of large arteries, or systemic arterial compliance, can be 
simply calculated as the ratio between the time constant of the mono-exponential 
pressure decay in the last two-thirds of diastole (Fig. 1), and the resistance of the 
arterial tree assumed to be the total peripheral resistance; this latter assumption is 
justified by the existence of a close linear relation through zero between the time 
constant of the diastolic pressure and the total peripheral resistance calculated as 
the mean arterial pressure divided by cardiac output [13]. In practice, arterial 
pressure was directly recorded from a punction into the brachial artery rather 
than from aortic catheterisation because the diastolic portion of the pressure 
wave, has few significant distortions during its travel from the aorta to the 
brachial artery [16]. 

In human hypertension, the reduction in systemic arterial compliance is a 
constant pathological feature which was observed at different stages of the 
disease, such as juvenile borderline hypertension [12], sustained systolodiastolic 
hypertension [13] and systolic hypertension in elderly patients [19]. The observa
tion that systemic arterial compliance is reduced in young borderline hyperten
sive patients comparatively to normal subjects of similar age is of interest. It 
shows that the decrease in compliance of the large arteries begins early in the 
development of hypertensive disease; one might argue that this decreased arterial 
compliance could be caused by the elevated pressure [8] 'per se' because of the 
non-uniform elastic composition of human large arteries; however, the 30% 
decrease in arterial compliance observed in these patients was associated with an 
only 9% increase in mean arterial pressure compared with that of the normal 
subjects, so that arterial compliance was clearly inappropriately more reduced 
than would be expected from the slight increase in arterial pressure alone. 
Thereby it seems likely that other factors involving the activation of the sympa
thetic nervous system contribute to reduce arterial compliance in borderline 
hypertensive patients. Further morphological and biochemical studies are, how
ever, necessary to document and delineate such factors in humans with bor
derline hypertension. In chronic systolo-diastolic hypertension, systemic arterial 
compliance is strongly decreased comparatively with normotensive state [12, 13] 
at similar age (Fig. 2); then the reduction in arterial compliance could reflect the 
decrease in arterial distensibility which occurs with pressure increase, because of 
the non-linear elastic properties of human arteries [8] or the adaptative change of 
arterial walls to chronic hypertension [11, 17]. The first possibility is supported by 
the fact that intravenous angiotensin infusion in normotensive subjects decreased 
sytemic arterial compliance concomitantly to pressure elevation toward values 
observed iIi chronic hypertension [18]. However, this observation did not demon
strate the exclusive role in pressure for decreasing arterial compliance; pressure 
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Figure 1. Method for calculation of the time constant of the diastolic pressure decay. From Simon et al. 
[13] with permission. 

changes are induced in acute and not in long-term situation, and vasoactive agents 
may modify the active tension of the arterial wall [10]. In isolated systolic 
hypertension (systolic level above 160 mm Hg and diastolic level less than 95 
mm Hg) of patients over 50 years of age systemic arterial compliance was found to 
be strongly decreased comparatively to age-matched normotensive controls (Fig. 
2); and inversely related to the value of systolic arterial pressure [19]. Moreover, 
intravenous infusions of sodium nitroprusside or nitroglycerine increased sys
temic arterial compliance and decreased concomitantly systolic pressure toward 
normotensive values [19]. These observations suggest that isolated systolic hyper
tensive of patients over 50 years of age is directly related to a reduction of 
compliance of the aorta and large arteries. The mechanism of this arterial 
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Figure 2. Systemic and forearm arterial compliance in normotensive subjects and in hypertensive 
patients. Values are mean ± 1 SEM. Pure systolic hypertensives denote isolated systolic hypertension 
in the elderly, while hypertensives (mild, moderate, sustained) denote hypertension in the middle 
aged. 
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compliance reduction cannot be related to a distending pressure effect since 
diastolic and mean level of blood pressure are not different in patients and in 
controls [19]. Thus it remains that the reduced arterial compliance reflects a 
chronic increased rigidity of the walls of the large arteries, which is consistent with 
the frequency of arterial calcifications or atherosclerotic lesions in older patients 
with systolic hypertension [20]. 

II. The brachial artery 

Although it supplies the forearm circulation which is not a site particularly 
affected by vascular complications, the brachial artery is of primary importance in 
human hypertension because it represents the site of pressure measurements in 
clinical and epidemiological studies. Its investigation is based upon two types of 
methodology: (i) estimation of pulse wave velocity and (ii) pulsed Doppler 
arterial measurements. 

1. Pulse wave velocity 

The velocity with which a pulse wave (pressure or flow) travels along an artery is 
accepted as a good measure of arterial distensibility and commonly used in 
clinical studies to express the relative volume distensibility according to the 
equation of Bramwell and Hill [21]. 

C2 = lIgD 

D is the relative volume distensibility which represents the ratio between the 
percent change in arterial volume dV/V and the unit rise in pressure dP; p is the 
blood density. Transforming the equation of Bramwell and Hill for a circum
ferential tube whose radius is R and length L, the absolute volume distensibility 
per unit length of artery, or arterial compliance (dV/dP), can be expressed as 
follows [22, 23]: 

dV/dP = 1TR2/gC2 

From this equation it appears that a simple measurement of pulse wave velocity 
along an artery permits to estimate arterial compliance, providing that the arterial 
radius is concomitantly evaluated [23]. The most common method of determining 
the pulse wave velocity along the brachial artery is to apply, non-invasively, two 
strain-gauge tranducers to the skin, over the course of the vessel, and to measure 
the ratio of the distance between the two transducers to the time-delay between 
the two pulses curves recorded. The time delay can be measured from the foot of 
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the curves - i.e. the point at which the curves begin to rise at the end of diastole 
(foot-to-foot velocity) because this point has been found little affected by reflec
tions, and closely related to the apparent or 'true phase velocity' [23, 24]. 

In human hypertension pulse wave velocity was reported increased in the 
brachial artery which indicates that distensibility is reduced in hypertensive 
patients comparatively to normotensive subjects [23]. However, the precise 
mechanism of these arterial changes is questioned. Age is the first variable to be 
taken into consideration since pulse wave velocity was found to increase with age 
probably because of loss of arterial distensibility due to the process of aging [25, 
26]. Another factor to discuss is the distending arterial pressure which can 'per se' 
increase pulse wave velocity because the elastic modulus of the artery becomes 
greater as it is stretched by increase in pressure. To elucidate the role of these two 
factors in the increased pulse wave velocity of hypertensive patients, the patients 
were compared in terms of the continuous gradation that occurs in normal 
subjects between pulse wave velocity, and the product of age and arterial pres
sure [23] (Fig. 3). Such relations are supposed to express the effect of the natural 
aging process on arterial properties, and the product of age and pressure repre
sents a quantitative expression of the accelerating effect of pressure on this aging 
phenomenon [26]. In some hypertensive patients pulse wave velocity was ob
served to be higher than the value corresponding to the normal aging and pressure 
effect. This observation permitted the classification of hypertensive patients 
according to whether their pulse wave velocity was inside (Group 1) or outside 
(Group 2) the 95% confidence bands of normal regression of pulse velocity with 
the product of age and pressure. These two groups of patients had similar values 
of age and pressure but showed marked differences with respect to the state and 
function of large arteries (Fig. 4). In Group 1, the observation that pulse wave 
velocity increased within the limits of the normal regression with the product of 
age and pressure indicates that 1) the aging factor is related to these arterial 
modifications by the same relationship as in normal subjects and 2) pressure 
elevation acts in concurrence with the normal evolution of aging as an accelerat
ing factor of this aging process. In addition to exhibiting the same aging process as 
that seen in Group 1, patients of Group 2 exhibited marked arterial changes. 
Their pulse wave velocity was more elevated than expected from their level of age 
and pressure. Their brachial artery diameter failed to increase significantly above 
the normal value, in contrast to Group 1 and despite having the same pressure and 
age levels as the latter (Fig. 4). This finding gives an additional indication of 
abnormal stiffness of their arterial walls. Moreover, this lesser arterial dilatation 
could not compensate for the marked elevation of pulse wave velocity, which 
would explain the decrease in arterial compliance and abnormal elevation in 
characteristic impedance of these patients (Fig. 4). One consequence of the 
alteration of their arterial function was an increased amplitude of pulse pressure 
inversely related to the level of arterial compliance. The mechanisms responsible 
for the arterial modifications of patients of Group 2 are unclear. In addition to the 
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aging and pressure, they include other unidentified factors possibly related in part 
to subclinical atherosclerosis, as suggested by pulse wave velocity studies in 
animals [27]. Results from investigations of pulse wave velocity suggest that early 
modifications of large arteries of the forearm occur in essential hypertension. 
These changes, however, may be attributed to different mechanisms. The first 
change, which affected most of the hypertensive patients in this study, could be 
considered to be an accelerated aging process. The second form of arterial disease 
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concerned a minority of patients and was associated with the natural aging 
process and the effects of other factors, perhaps atherosclerotic in nature. 
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2. Pulsed Doppler arterial measurements 

Diameter, blood velocity and flow 
The arterial diameter and the blood velocity of the brachial artery can be non
invasively measured by means of a pulsed Doppler velocimeter which operates at 
a frequency of 8 Mhz and has a double transducer probe and a range-gated time 
system of reception [28]. The two transducers are located in the tip of the Doppler 
probe and form between them an angle of 120° so that the velocity signals 
recorded by each transducer represent the two components of the blood column 
velocity vector projected on the axis of the ultrasonic beams emitted by each 
transducer; when the absolute values of these two velocity components are equal, 
simple geometry shows that the two ultrasonic beams are each at an angle of 60° to 
the blood column axis. The adjustable time system of reception permits to deduce 
the distance of the moving red cells from the transducer by means of a simple 
time-distance echo graphic relation and to calculate the width ofthe measurement 
volume giving the Doppler signals from the duration of the reception. When the 
measurement volume is focused to its smallest value and its distance from the 
transducer is increased step by step, the arterial lumen is crossed over by the 
measurement volume; which permits to record a peak-to-peak velocity profile 
where the first and the last peak velocity indicates the entering and the coming out 
of the vessel, thus enabling to deduce simply the internal diameter (D) of the 
artery. The cross-sectional velocity of the blood volume is determined by adjust
ing the width of the measurement volume to the value of the arterial diameter and 
its distance from the transducer to the value of the depth of the proximal arterial 
wall. The mean arterial blood flow Q is calculated with the following formula: 

Q = 1TD/4.V 

D is the internal arterial diameter and V the mean arterial blood velocity obtained 
from integration of the instantaneous blood velocity curve [28]. 

In human hypertension the mean brachial artery blood flow was found normal 
[27-29] but the Doppler measurements enabled us to observe that the internal 
diameter of the brachial artery was somewhat higher and the blood velocity inside 
the artery lower in hypertensive than in normotensives subjects. The elevation of 
arterial caliber was not found dependent of age, but directly related to the level of 
blood pressure suggesting, that, as the arterial pressure increases, the large 
arteries dilate in proportion; however, the question remains whether this arterial 
dilatation is a direct mechanical consequence of the distending pressure eleva
tion, by increased stretch of the arterial walls, or whether it represents adaptative 
functional and/or structural change of the artery, related to a chronic state of 
hypertension; findings in chronic experimental hypertension suggest that dilata
tion of large arteries might rather reflect structural arterial modifications [17]. 
Whatever its precise mechanism, the dilated brachial artery caliber may appear as 
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a mechanism to maintain a normal arterial blood flow despite of the reduction in 
blood velocity in the forearm circulation of hypertensive patients. 

Forearm arterial compliance 
The elastic properties of the large arteries of the forearm can be adequately 
represented by the forearm arterial compliance which expresses the capacity of 
increase arterial volume of the forearm by unit rise in arterial pressure [30]. One 
estimation of forearm arterial compliance was deduced from the analysis of the 
diastolic pressure-flow curves in the brachial artery using a first-order model of 
the forearm arterial circulation [30]; in this procedure, intra-arterial pressure is 
recorded directly into the brachial artery, and flow is transcutaneously obtained 
by bidimensional pulsed Doppler velocimeter. The model of the forearm circula
tion consists of a capacitance, representing the large arteries, branched in series 
on a resistance representing the arterioles. During the last part of diastole, the 
outflow of the system (Qout) is approximately Poisseuillean (Qout = P/R, P 
being the pressure at any time in diastole, and R the forearm resistance) and the 
inflow of the system is approximately constant and represents the diastolic 
brachial artery blood flow (Q) which assumes during the last part of diastole a 
relatively stable plateau (Fig. 5). From these hypotheses the equation of the 
model during the diastole is: 

QD = C dpldt + P/R 

and the pressure (P) solution of this equation is 

P = RQD - (RQD - Po )expo( -tiRe) 

Where Po is the value of pressure corresponding to the zero time of the model, 
and RQ the value of pressure extrapolated to infinite time (Ra). The pressure (P) 
predicted by the model has a mono-exponential form just as the actual recorded 
intra-arterial blood pressure; the exponential slope of pressure of the model 
(liRe) and that of the actual recorded pressure during diastole (a) are equal and 
their equality permits to calculate the forearm arterial compliance (e) as follows: 

C= liaR 

R the forearm resistance is calculated as the ratio between the mean arterial 
pressure and the mean brachial artery blood flow. The slope (a) of the exponen
tial decay of brachial artery blood pressure during diastole is calculated by 
correlating semi logarithmically with time the difference between the brachial 
pressure P at any time in diastole and the pressure of the model extrapolated to 
infinite time, (Fig. 5) [30]. 

In human hypertension the forearm arterial compliance was found decreased 



ARTERIAL BLOOD 
FLOW (MUSEC) 

1 

J----lr-l-~_T_ -~." - - - - - '- - - - - . - - ~D 

ARTERIAL BLOOD LAST : 
PRESSURE (MMHg) TWO·THIRDS 

'M 0 0lAS'7 
100 : r ' .. 

J I'" -

o 
i 

o 1 ~ec-
I I INFINITE TIME 

TIME (S) /---

127 

Figure 5. Simultaneous recording of flow and pressure waves in the brachial artery. The upper part 
shows a typical phasic flow contour with a stable plateau (Q) during diastole. The lower part shows the 
exponential pressure decay diastole. P is the value of pressure predicted by the model of the forearm 
circulation at infinite time and is equal to the product RQ, R, being the forearm resistance. The 
vertical lines represent the differences between pressure and P used in the exponential pressure-time 
correlation. Modified from Simon el al. [30]. 

comparatively with normal subjects [30] even at the stage of borderline hyperten
sion; indeed, a recent study showed that a subgroup of young patients with 
borderline hypertension and normal cardiac output had forearm arterial com
pliance significantly lower than in normal controls of similar age [31]. Reduced 
arterial compliance of the forearm was also observed in middle-aged, systolo
diastolic hypertensive patients (Fig. 2); the role of pressure could explain these 
reductions in arterial compliance, because of the nonlinear elasticity of the 
human arteries. However, a predominant role of pressure 'per se' appears 
unlikely for several reasons. (i) in patients with borderline hypertension forearm 
arterial compliance is reduced despite the fact that blood pressure is not markedly 
elevated [31]; (ii) in sustained hypertension, patients with a normal resting intra
arterial pressure had the same degree of reduction of forearm arterial compliance 
as patients with more marked pressure elevation [30]; lastly (iii) patients with 
moderate hypertension whose arterial pressure was normalized with intravenous 
dihydralazine kept a reduced forearm arterial compliance [30]. Thus, the reduc
tion of forearm arterial compliance observed at different phases of hypertension 
cannot be predominantly related to the magnitude of elevation in pressure 'per 
se'; and probably expresses functional and/or structural adaptive changes of the 
arterial walls consecutive to the chronic state of hypertension [17]. 



128 

Imput impedance of the brachial artery 
Another methodology for estimating the physical properties of the large arteries 
of the forearm is to calculate the imput impedance of the brachial artery, from the 
instantaneous ratio of pressure and flow waves in this vessel. Pressure and flow 
curves are obtained by punction of the brachial artery and transcutaneous pulsed 
Doppler velocimetry [32]. The pressure-flow ratio calculations were made on the 
harmonic waves of pressure and flow obtained by Fourier analysis of the recorded 
curves by means of an analog-to-digital converter and a computer. Imput imped
ance modulus at each harmonic frequency was calculated by dividing flow modu
lus into pressure modulus, and impedance phase by substracting the phase angle 
of flow from that a pressure. Impedance spectrum obtained in hypertensive 
subjects exhibits a classical form [32]: amplitude of modulus shows a sharp 
decrease during the six first harmonics, a minimum about the 6 harmonic, and a 
climb until the 10 harmonic. By decreasing systolic blood pressure with intra
venous nitroglycerin, the impedance moduli curve becomes flatter with signifi
cant reduction in the low frequencies moduli and shifts to the right of the 
minimum of moduli [32]; this suggests an improvement of the viscoelastic proper
ties of the forearm arteries with reduction in pressure of hypertensive subjects. 

IV. Conclusion 

The arterial hemodynamic findings reported in this review provide evidence that 
human essential hypertension at its different stages of evolution appears associ
ated with marked changes in the physical properties of large arteries consisting in 
an increased arterial caliber, a decreased arterial compliance, an increased char
acteristic impedance and an increased pulse wave velocity. Among the respon
sible mechanisms of these large arteries abnormalities of hypertension, the 
distending arterial pressure is a critical variable because it governs the diameter 
and the distensibility of the arteries; indeed, an elevation in distending pressure 
by more stretching the arterial walls induces an increase in arterial diameter and, 
because of the non-linear elasticity of human arteries, a decrease in arterial 
distensibility. This net effect of distending pressure is difficult to analyse 'per se' 
because it is impossible to compare hypertensive patients and normotensive 
subjects at the same level of distending pressure without inducing pharmacologi
cal pressure changes which are also associated to modification of the smooth 
muscle lone of the arterial walls. However, several arguments obtained from the 
observation of arterial abnormalities in borderline hypertension [12, 31] or in mild 
sustained hypertension [30] tend to indicate that the direct role of elevation of 
distending pressure is not exclusive for explaining the alterations of the large 
arteries properties and that adaptive modifications of the arterial wall are surely 
implicated, as well demonstrated in hypertensive experimental animals [11, 17]. 

A second important point resulting from these arterial studies is that the 
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functions of large arteries are modified in hypertension as a consequence to the 
alterations of their physical properties. The buffering function which results from 
the fact that the arterial distensibility acts as an elastic chamber for damping the 
pulsatile nature of pressure and flow, is altered in hypertension because of the 
decreased compliance of the large arteries. Modifications of pulsatile arterial 
hemodynamics ensue, consisting principally of an increase in the amplitude of the 
pulse pressure and an increase in the amplitude of the low frequencies moduli of 
the aortic impedance spectrum. The increase in the pulse pressure amplitude 
leads to an elevation of systolic arterial pressure disproportionate with the 
diastolic level; its more striking expression is achieved in isolated systolic hyper
tension of elderly subjects [19]. The elevation of systolic pressure reacts adversely 
against the cardiac function by increasing the internal ventricular work and the 
pulsatile external work of the ventricule [33]. The effects of increased pulsatile 
arterial dynamics appear also adverse against the large arteries themselves and 
could contribute to accelerate the process of degenerative change of their physical 
properties by increasing the pulsatile stress of their walls [33]. The conducting 
function of large arteries, which consists in delivering an adequate supply of 
blood to peripheral organs through the different branchs of the arterial tree, 
seems less altered than the buffering function in uncomplicated hypertension. 
Indeed, arterial blood flow remains unchanged although arterial caliber and 
blood velocity undergo profound variations. The hypertensive brachial artery is a 
typical example of this observation [23, 29]; its flow is normal whereas its caliber 
is abnormally elevated and its blood velocity reduced; thus, the reduction in 
arterial blood velocity which expresses the downstream opposition to flow in
duced by the increased arterioloresistence of the forearm, is compensated by the 
brachial artery dilatation which permits to maintain a normal flow. It is suggested 
that the increase in diameter of large arteries acts as a mechanism enabling to 
maintain the homeostasis of flow delivered to tissues. 
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Pulse wave velocity and hypertension 

A.P. AVOLIO 

1. Introduction 

Of the many factors implicated in the genesis and maintenance of elevated 
arterial pressure, the pulsatile function of the arterial system has received little 
attention in comparison to other cardiovascular related phenomena such as 
increase in peripheral resistance, regulation of cardiac output, the role of the 
autonomic nervous system, glomerular filtration and the renin-angiotensin axis. 
This, despite the fact that ventricular ejection is by necessity intermittent, gener
ating a pulsatile aortic pressure wave which is propagated throughout the arterial 
vasculature at a finite speed. 

The early descriptions of high arterial pressure as 'essential hypertension' 
equated the sustained state of high arterial pressure with chronic elevation of 
peripheral resistance [1]. However, other interpretations suggested that increase 
in peripheral resistance is only an adaptive mechanism secondary to overall 
regulation of cardiac output [2]. Although Guyton suggested that, in the quest for 
aetiology of hypertension, investigators need to consciously alter their perspec
tive in relation to causes and effects of high blood pressure, there has been little 
integration of pulsatile mechanisms in the complex array of parameters involved 
in the relationship between arterial pressure and hypertension [2]. Since the early 
simple association of essential hypertension with peripheral resistance, the prob
lem has become one of multifactorial dimensions resulting in descriptions of 
many forms of essential or 'primary hypertension' [3], with an uncertain delinea
tion between causes and effects [4]. High arterial pressure is now known to exist 
in the presence of normal peripheral resistance [5] and in cases where increases in 
cardiac output are not necessary related to increases in blood volume [6]. 

Many of the apparent discrepancies or anomalies which exist in the current 
understanding of haemodynamics in hypertension could be resolved by consider
ing the pulsatile function of large arteries as an important and integral factor in 
the genesis of high blood pressure. In the search for more efficacious antihyper
tensive treatment, recent investigations have focused on the structure and func-
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function of large central and peripheral arteries [7, 8] where haemodynamics are 
determined by the relationship between oscillatory pressure and flow and by 
wave propagation characteristics of the arterial system. Although this has been a 
result of a series of progression of ideas, it is essentially a return to early concepts 
proposed by physicians such as Young [9] and Mahomed [10] in the 18th and 19th 
century, when understanding of the function of arteries and the arterial pulse was 
not confounded by the seemingly exaggerated importance of sphygmomano
metric measurement of diastolic pressure in the brachial artery [11]. Early inter
pretations of maximum (systolic) and minimum (diastolic) pressure in the 
brachial artery lead to such simplified and erroneous concepts as associating 
systolic pressure with the contractile force of the heart and diastolic pressure with 
peripheral resistance [11]. 

Fundamental investigations into dynamic relationships between blood pres
sure and flow [12] have emphasised the concept of arterial pressure being con
sidered as a steady pressure over which is superimposed an oscillatory pressure 
wave [13]. The steady component, determined by cardiac output and total pe
ripheral resistance, is essentially constant throughout the arterial system. The 
oscillatory component, however. varies in amplitude between central and pe
ripheral locations and is determined by geometric and elastic properties of the 
conduit arteries, timing and intensity of wave reflection and propagation proper
ties of the arterial system [12-14]. 

Pulse wave velocity is determined primarily by the distensibility of the arterial 
wall, and varies throughout the arterial system due to non-uniform elasticity. This 
elastic 'taper' [15], in addition to peripheral wave reflection, is responsible for the 
amplification of the travelling pressure pulse resulting in marked differences 
between systolic pressure in the central aorta and in the brachial artery [16]. 

Because the elastic modulus of the artery wall increases with circumferential 
tension [17], pulse wave velocity depends on arterial pressure: the higher the 
pressure, the faster the speed of wave travel. In hypertension this mechanism 
causes a state of positive feedback where increase in pressure causes increase in 
pulse wave velocity resulting in earlier return of reflected waves further augment
ing systolic pressure (Fig. 1). The positive feedback mechanism described by 
Folkow [3] in relation to structural adaptation of arterioles, where increase in 
pressure produces further increases in peripheral resistance, applies to the steady 
component of arterial pressure. Similarly, a positive feedback mechanism in the 
function of large elastic arteries is associated with increase in the pulsatile compo
nent of arterial pressure. This concept of positive feedback effect has been 
re-enforced recently by Korner [4] to include the functional role of the hyper
trophied heart and blood vessels as cardiac and vascular 'amplifiers' in the 
maintenance of elevated arterial pressure. The amplification effect, due to in
crease in stroke volume in the initial phase, becomes progressively attenuated by 
the amplification effect of the peripheral vasculature due to increase in peripheral 
resistance and to reduced 'cushioning' function of the large elastic conduit 
arteries [4, 13]. 
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Figure 1. Schematic diagram of major determinants of arterial pressure considered in terms of steady 

(mean pressure) and oscillatory (pulse pressure) component. Pathways designated by heavy arrows 
indicate positive feedback loops affecting pulse pressure. The state of elevated arterial pressure 

(whether acute or chronic, as in essential hypertension) increases the 'gain' of parameters in the 
positive feedback loop resulting in further increase in the pulsatile component of arterial pressure. 

Increase in peripheral resistance results in a concomitant increase in intensity 
of peripheral wave reflection. When this occurs together with increase in pulse 
wave velocity, the early return of reflected energy augments systolic pressure at 
the aortic root while the ventricle is still ejecting [13]. This results in increased 
systolic wall stress increasing myocardial oxygen consumption [18]. Reduction of 
pulse wave velocity such that reflected waves return after aortic valve closure has 
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a beneficial effect on vascular-ventricular coupling by augmenting pressure at the 
aortic root during diastole increasing perfusion pressure in the coronary circula
tion [19]. 

The most important factor contributing to increase in pulse wave velocity in 
human populations is age [20-24]. This is due to increased arterial stiffness 
because of medial calcification and loss of elasticity with age [25]. Although this 
produces an increase in the pulsatile component of arterial pressure, this is not 
manifest in all human populations as an increasing prevalence of hypertension 
with age [26]. The increased arterial stiffness may be partly offset by decrease in 
stroke volume which occurs with age [27], resulting in little or no change in 
arterial pressure. 

Arterial pressure is determined by ventricular ejection and the impedance of 
the arterial vasculature to both steady and pulsatile flow. It is a quantity which 
depends simultaneously on cardiac and arterial function. In contrast, pulse wave 
velocity depends entirely on the physical properties of the arterial system and is 
completely independent of cardiac function. It is, however, dependent on intra
arterial pressure which affects wall tension and so distensibility of the artery wall. 
Thus, measurement of pulse wave velocity, in addition to blood pressure, gives a 
more complete description of the 'cushioning' function of large arteries [13] and is 
an important parameter determining both cardiac afterload and the relation 
between central and peripheral pulsatile pressure. In hypertension, this property 
becomes more pronounced since it is a major component of the positive feedback 
loop where both arterial function and the interaction between the heart and 
arterial vasculature become compromised. 

2. Pulse wave velocity and the arterial wall 

The pressure pulse generated by ventricular ejection is propagated throughout 
the arterial tree at a speed determined by the elastic and geometric properties of 
the arterial wall and the density of blood. Since fluid is contained in a system of 
elastic conduits, energy propagation occurs predominantly along the wall of the 
distensible boundary (artery wall) and not through the incompressible medium 
(blood). The material properties of the artery wall, its thickness and the lumen 
calibre thus become the major determinants of the speed of propagation. These 
physical concepts have been formalised in many mathematical forms where the 
arterial segment is considered as a thin- [28] or thick-walled tube [29]. For large 
arteries, pulse wave velocity (c) is given by (i) the Moens-Korteweg equation: 

c= vEh12gR 

(assuming a thin perfectly elastic wall and non-viscous fluid) or (ii) the Bramwell
Hill equation: 



where 

c= Y6.P·V/6.V·Q 

E = Young's Modulus of the wall 
h = wall thickness 
R = vessel radius 
Q = blood density 

6. V, 6.P = change in pressure and volume respectively 
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6.p. VI 6. V = relative volume elasticity of the vessel segment 
Volume distensibility (VD) may be calculated from pulse wave velocity using a 

modification of the Bramwell-Hill [20] equation: 

VD = (3.S/c)2 

The main load-bearing components of the arterial wall are located in the media 
and consist of fibrous structures (elastin and collagen) and, in muscular arteries, 
smooth muscle cells. Elastin is arranged to form concentric lamellae [30] sup
ported by a collagenous and cellular matrix. Throughout many mammalian 
species, the tension per lamellar unit in the aorta has been shown to be remarka
bly constant despite a 20-fold variation in vessel diameter. The increase in wall 
tension due to higher pressure or larger diameter is compensated by increase in 
wall thickness [30]. In man, this is complicated by the degenerative effects of age 
[31] where increase in size of arteries is accompanied by degradation of elastic 
properties of the arterial wall resulting in progressive deterioration of the 
'cushioning' function of the whole arterial system. While there is abundant 
information (essentially qualitative) on pathological processes which occur in the 
arterial wall, to date there is little quantitative information on the precise mecha
nisms responsible for the progressive loss of function of the load-bearing compo
nents in ageing human arteries. 

Alteration of structural and geometrical components of the arterial media leads 
to functional changes such as modification of vascular impedance and associated 
change in pulse wave velocity. Disintegration of elastic fibres caused by increased 
circumferential tension with high arterial pressure and fatiguing effects of cyclic 
mechanical stress [13], cross-linking of collagen, hypertrophy of smooth muscle 
cells and accumulation of calcium deposits within the media, all lead to increased 
stiffness of the artery wall resulting in decreased arterial compliance and in
creased pulse wave velocity. 

An additional factor which influences functional properties of the artery wall is 
the accumulation of intracellular and extracellular water [32]. This becomes 
significant when increased arterial pressure is directly or indirectly related to fluid 
balance within the body. The direct effect on pulse wave velocity is not known, 
but this mechanism may be related to the increase in volume distensibility with 
diuretics observed in the brachial artery of hypertensive subjects [33] and the 
decrease in brachial artery compliance following saline infusion [34]. 
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3. Measurement of pulse wave velocity 

Arterial pulse wave velocity (c) is a parameter derived from measurements of 
pulse transit time (t) and the distance (d) travelled by the pulse between two 
recording sites: c = d/t. Transit time is determined from the time delay between 
two corresponding points on the proximal and distal pulse waves. Because of the 
effects of wave reflection, damping and dispersion [12], the foot ofthe wave is the 
time event which is least affected by these phenomena. Hence, accurate estima
tion of the 'foot' of the wave becomes extremely important in measurement of 
pulse wave velocity. In high fidelity intra-arterial recordings of pressure, the foot 
is identifiable as the beginning of the initial upstroke. When this is not readily 
obtained, the foot is estimated as the point of intersection of tangents drawn 
along the upstroke in early systole and through the latter part of diastole of the 
preceding wave [23]. 

Accurate measurements of the distance travelled by the pulse is obtained only 
with invasive procedures such as catheterisation or angiography. Non-invasive 
procedures allow only an estimate from superficial measurements of distance 
with possible corrections based on anatomical dimensions of the body [35]. Since 
arteries become tortuous with age [31], the path lengths determined from linear 
superficial measurements are generally underestimated and so the real pulse 
wave velocity in the elderly is actually higher than that calculated from surface 
measurements. Pulse wave velocity in the aorta is usually determined between 
the pulse detected in the region of the base of the neck and in the femoral artery, 
in the arm between the brachial and radial artery and in the leg between the 
femoral artery and post-tibial or dorsalis pedis artery. When aortic pulse wave 
velocity is obtained using the carotid pulse instead of the pulse in the aortic arch, 
the distance from the suprasternal notch to the carotid location is subtracted from 
the total distance to account for the pulse travelling in the opposite direction [23]. 

The arterial pulse may be detected and displayed as a time varying signal of 
pressure, flow velocity or vessel diameter, and the time delay obtained from any 
of these is identical. For invasive measurements, the method of choice is intra
arterial pressure using high fidelity transducers. If pressure-sensitive transducers 
are used for non-invasive procedures, measurement is restricted to superficial 
arteries where the pulse may be externally palpated. Ultrasound techniques, 
however, do not have this limitation, and transcutaneous Doppler transducers 
are often used to detect the flow velocity pulse in the aorta and other arteries [23, 
24]. In severely hypertensive subjects, a major difficulty is often encountered in 
detecting the aortic pulse at the base of the neck: pulsations due to high systolic 
pressure cause large displacement of both arterial and muscular structures result
ing in unreliable Doppler velocity waveforms (unpublished observations). In 
these situations the carotid pulse is detected more reliably and the appropriate 
corrections are applied for determination of pulse wave velocity. 
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4. Change of pulse wave velocity with blood pressure and age 

Because of the non-linear stress-strain relationship of the arterial wall and its 
dependence on wall tension, the elastic modulus is a function of intra-arterial 
pressure [17]. Since pulse wave velocity is related to wall elasticity, it becomes 
directly related to distending pressure. For foot-to-foot velocity, it would seem 
logical that the corresponding pressure which determines wall tension would be 
diastolic pressure. However, varying correlation coefficients have been reported 
between pulse wave velocity and systolic, diastolic, and mean pressure [36]. This 
variation is probably attributable to the inherent variability in both pulse wave 
velocity and blood pressure within and across individual subjects. While some 
studies use changes in pulse transit time (measured non-invasively) to reflect 
direct changes in arterial pressure following psychological manoeuvers (e.g. 
conditioned response) in the same subject [37], other studies report variable 
relationships between blood pressure and pulse wave velocity. Eliakim et al. [38] 
found higher values in hypertensive subjects only after age 60. Population studies 
by Schimmler in German subjects [22] found definite increase of pulse wave 
velocity with mean arterial pressure at all ages (Fig. 2), whereas a less definite 
relationship was found by Avolio et al. [23,24] in Chinese subjects, where age was 
the main determinant. This difference may be due to the relatively smaller 
numbers of subjects in the respective subgroups of age and blood pressure in the 
Chinese study compared with the much larger numbers in similar subgroups in 
the German study. 

Measurement of local diameter, arterial compliance and pulse wave velocity in 
the brachial artery in normotensive and hypertensive subjects aged 17-63 years 
suggested that in many subjects the increase in pulse wave velocity could be 
related to the concomitant increase in blood pressure with age [39]. However, a 
subgroup of hypertensive subjects was identified which showed abnormally high 
pulse wave velocity, when normalised for age and blood pressure, indicating the 
presence of early degenerative changes in the arterial wall associated with accel
eration of hypertension [39]. 

Other studies in the brachial artery, where the arm was placed in a pressurised 
box, have shown that increase in pulse wave velocity with increased intra-arterial 
pressure could be abolished if comparisons are made at similar transmural 
pressure [40]. Further studies based on these findings suggested that if age-related 
changes in blood pressure are taken into account, volume distensibility of the 
brachial artery actually increases with age [41]. Although there was considerable 
scatter in the data relating calculated volume distensibility in the brachial artery 
and transmural pressure, it was nonetheless concluded that increased arterial 
stiffness with age is a consequence rather than the cause of elevated arterial 
pressure [33]. While these findings may be a combination of many factors 
including measurements made from relatively short transit times (20-30 milli
seconds) and individual variations of ageing effects on calculated volume disten-
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Figure 2. Aortic pulse wave velocity and age as a function of mean arterial pressure determined from 
external recordings of carotid and femoral pulses. Data obtained from Schimmler's study in 2500 
German subjects [22]. 

sibility of the brachial artery, it is unclear how this relates to the aorta and other 
central large arteries which are known to exhibit definite age-related changes in 
structural components of the artery wall [25, 31]. 

The early findings of increased arterial pulse wave velocity with age described 
by Bramwell and Hill in 1922 [19] have been confirmed by subsequent studies in 
humans both in health and disease [13, 21-24, 38, 39]. While this is a well 
established property of the ageing cardiovascular system, the mechanisms re
sponsible are as yet unclear. There are conflicting reports regarding the effects of 
age-related development of atherosclerosis on arterial distensibility. Some stud
ies suggest that increase in pulse wave velocity could be an early indicator of 
development of atherosclerosis with diabetes mellitis [42]. Other studies showed 
no significant difference (compared to normals matched for age and blood 
pressure) in changes in pulse wave velocity (or volume distensibility) with age in 
subjects predisposed to high risk for atherosclerosis such as familial hyper
cholesterolaemia [43] nor in populations with different prevalence of athero
sclerosis [22, 23, 44]. Similar findings were obtained in much earlier studies of 
pulse wave velocity by Haynes et at. in 1936 [45]. They found that aortic pulse 
wave velocity in patients with clinical and X-ray evidence of marked thickening 
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and calcification of arteries, but with normal blood pressure, was not higher than 
that for age-matched controls. 

Results from the same study also showed a significant relationship between 
aortic pulse wave velocity and pulse pressure when all data were pooled, with the 
exception of data from patients with aortic regurgitation (Fig. 3). The effect of 
increased pulse pressure is additive to the effect of age per se, since the mean age 
of each group was essentially similar, with the exception of the arterosclerosis 
group which was older, but having similar values of pulse wave velocity to the 
control group. 

Although there has long been a qualitative association between the process of 
atherosclerosis with 'hardening of the arteries', pulse wave velocity studies 
indicate that hypertension contributes more than atherosclerosis to increased 
arterial stiffening with age [23, 24, 45]. 

5. Pulse wave velocity and the relation between aortic and brachial artery pulse 
pressure 

The contour of the aortic pressure pulse alters as it travels toward the periphery. 
Pulse amplitude generally increases and the sharp incisura caused by aortic valve 
closure becomes progressively damped [13, 14, 16]. In the brachial artery, pulse 
pressure can exceed that in the aorta by more than 50% [14]. The relationship 
between proximal (aortic) and distal pressure is complex and depends on physical 
properties of the arterial segment between the two sites and on the vascular bed 
beyond the distal site [12]. Transmission (or transfer function) is frequency
dependent where different harmonic components of the wave are amplified (or 
attenuated) and delayed to different degrees [12, 13, 16]. Factors responsible for 
these characteristics are non-uniform arterial elasticity and peripheral wave 
reflection [12-16]. The difference in distensibility of the aorta and peripheral 
arteries is manifest as different values of pulse wave velocity found in the aorta 
and limbs. Aortic pulse wave velocity is generally lower but increases to greater 
degree with age. 

Using a simple transmission line model, values of pulse wave velocity in the 
aorta and brachial artery can be used to estimate the amplification of the pulse 
due to non-uniform arterial elasticity. From the 'water hammer' formula [12], 
pulse wave velocity (c) is related to characteristic impedance (Zo, impedance in 
the absence of wave reflection) of an artery and blood density (Q) as 

c= ZO·Q 

For a lossless transmission line which alters its characteristic impedance along its 
length, the ratio of proximal (Pp) to distal (Pd) pressure amplitude is proportional 
to the square root of the characteristic impedance [15]: 
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Figure 3. Aortic pulse wave velocity as a function of pulse pressure in control subjects (age range 
18-79; mean 44) and in patients with arterosclerosis (age 50-76; mean 69), hypertension (age 16-77; 
mean 46), pre-existing hypertension (age 38-62; mean 48) and aortic regurgitation (age 22-58; mean 
48). Note that patients with clinical evidence of arterosclerosis (thickening and calcification of the 
arterial wall) have pulse wave velocities within the normal range. In patients with aortic regurgitation, 
pulse wave velocity is independent of pulse pressure. This is because a high pulse pressure (eg . 1601 
15 mm Hg) corresponds to a relatively low mean pressure (61 mm Hg) , hence the low values of pulse 
wave velocity . Regression equation for aortic pulse wave velocity (y , m/sec) and pulse pressure (x, 
mm Hg) was calculated for all data (n = 60) with the exception of data from patients with aortic 
regurgitation: y = O.lx + 2.64; r = 0.82; p<O.OOl. Data from Haynes et al. [45]. 

Pp/Pd = VZo(prox) /Zo(dist) 

Hence, in terms of pulse wave velocity (c): 

P(brachial)/P( aorta) = V c(brachial )/c( aorta) 

This ratio was calculated for different ages (Fig.4) where it reaches a maximum of 
24% below age 20 and drops to almost zero above age 70. This corresponded to a 
maximal difference of 10 mm Hg between brachial artery and aortic pulse pres
sure. 

Because peripheral wave reflection is also responsible for pulse wave ampli
fication, this calculated difference is an underestimation of the true value since it 
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is based only on the one mechanism of non-uniform elasticity and does not 
consider the possible effect of duration of ejection which has been shown to be a 
significant factor [14]. However, this method does provide a means of at least 
estimating the minimum difference in aortic and brachial artery pulse pressure 
which in itself is substantial, and is an important factor in measurement of blood 
pressure in the young. 

6. Pulse wave velocity in populations with different prevalence of hypertension 

Findings from epidemiological surveys in populations with different levels of 
acculturation have shown that increase in blood pressure with age is not a uniform 
occurrence in all human communities [46, 47], that dietary patterns and living 
standards are responsible for different prevalences of hypertension [47] and that 
westernisation leads to increase in prevalence of many forms of cardiovascular 
disease [48]. To minimise the age-related effects of atherosclerosis on cardiovas
cular function, as occurs in Western populations, studies were conducted in two 
Chinese populations with known low prevalence of atherosclerosis, but markedly 
different prevalence of hypertension. 

The first study was conducted in 480 normal subjects, age 3 to 89 years, in urban 
Beijing during October-November, 1981 [23], and the second in 524 normal 
subjects, age 2 months to 94 years, in the rural districts of Guangzhou in October, 
1983 [24]. Our findings of change in blood pressure with age were consistent with 
those of a recent nationwide study in a sample of over 4 million subjects [49] 
which showed distinct regional differences in prevalence of hypertension 
throughout China. Markedly different prevalence of hypertension was found 
between the two groups; overall prevalence of hypertension was: Guangzhou, 
4.9%; Beijing, 15.6%, using the WHO criteria of supine systolic pressure 
> 160 mm Hg or supine diastolic pressure >95 mm Hg. Pulse wave velocity mea
sured in the aorta, arm and leg increased with age in both groups, but to a much 
greater degree in urban Beijing subjects. The following regression equations 
were obtained for pulse wave velocity (y, cm/sec) and age (x, years): 

Urban Beijing (Overall prevalence of hypertension: 15.6%) 
Aorta: y = 9.2x + 615; r = 0.673; p<O.OOI 
Arm: y = 4.8x + 998; r = 0.453; p<O.OOI 
Leg: y = 5.6x + 791; r = 0.630; p<O.OOI 

Rural Guangzhou (Overall prevalence of hypertension: 4.9%) 
Aorta: y = 5.1x + 533; r = 0.552; p<0.05 
Arm: y = 0.61x + 817; r = 0.121; p<0.05 
Leg: y = 4.4x + 718; r = 0.512; p<0.005 

Although many studies have shown that the increase in pulse wave velocity with 
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age is associated with a concomitant increase in blood pressure [22, 36, 38, 39], 
this comparative study was the first to show that the profile of aortic pulse wave 
velocity with age is similar to the profile of the increase in prevalence of hyperten
sion with age (Fig. 5). In these two particular populations, a delay of some 25-30 
years is found between similar levels of mean pressure, aortic pulse wave velocity 
and prevalence of hypertension. 

Besides the known low prevalence of atherosclerosis in these communities, 
serum cholesterol was similar in both populations: Urban Beijing, 4.49 SE 
0.11 mmol/L; Rural Guangzhou, 4.34 Se 0.10 mmol/L. Furthermore, notwith
standing the lower cholesterol levels in Chinese subjects compared to normal 
levels for Western populations, aortic pulse wave velocity in urban Beijing 
subjects was found to be markedly higher than in subjects from Germany, 
U.S.A., Canada, Israel, England, France [23] and Australia [50]. This provides 
further support for observations from other studies [43] that serum cholesterol 
does not contribute substantially to increasing arterial stiffness with age. 

Results from the comparative studies in China strongly suggest that the acceler
ated increase in blood pressure and arterial stiffness with age in the Beijing 
community is due to the higher dietary salt intake which is common throughout 
northern China [24, 49]. 

7. Pulse wave velocity and salt intake 

Findings from the comparative studies in China [23, 24] showed that while 
increase in pulse wave velocity with age was greater in the Beijing community 
with the higher prevalence of hypertension and higher salt intake, it was also 
higher in these subjects when compared at the same age and blood pressure with 
subjects from rural Guangzhou (Fig. 6). This suggested that the higher rate of 
increase of arterial stiffness with age in the Beijing group was largely independent 
of the difference in level of blood pressure but related to the marked difference in 
dietary salt. Salt intake, measured as mean 24 hour urinary sodium excretion was: 
Beijing, 230 SE 7 mmol; Guangzhou, 126 SE 6 mmo!. 

Although sodium is considered to playa direct role in hypertension, there is 
increasing evidence for the independent role of sodium in cardiovascular pa
thophysiology. It has been found that in salt-loaded hypertensive rats, vascular 
lesions precede the development of hypertension and may be partly responsible 
for the acceleration of increased arterial pressure [51]. In renal hypertensive rats, 
levels of dietary sodium restriction which did not reverse hypertension produced 
marked reduction in heart weight (31%), suggesting an independent role for 
sodium in cardiac hypertrophy [52]. 

Our own studies in normotensive Australian subjects on a voluntary low-salt 
diet confirm the possible independent role of sodium with respect to arterial 
distensibility [53]. Pulse wave velocity in low salt subjects (mean intake 44mmol 
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Figure 5. Change of prevalence of hypertension (WHO criteria. systolic/diastolic> 160/95 mm Hg). 

arterial mean pressure and aortic pulse wave velocity with age in normal subjects in urban Beijing and 

rural Guangzhou. These profiles indicate that similar levels of prevalence of hypertension. mean 

pressure and aortic pulse wave velocity (and hence arterial stiffness) occur some 25-30 years later in 

the rural Guangzhou community compared with those in the urban Beijing community. From Avolio 

el al. [23] with permission . 

. ISOO '11 - ,eo 1.500 

] a' - 90 1500 91 - 100 

>- -r-+-Y ~ 1000 1000 ,000 0 .1-

~ 
.. 

2'~?-i 
> 1 ~ ':> 
w 

500 500 500 
> . 
~ 

"' 0 
~ 0 
:> 

20 ' 0 60 ao 0 20 ' 0 00 eo 0 20 ' 0 eo eo .. AGE (.,.eand AGE (years) .G" (yo.rs.) 

. 
1500 , 

] 
1500 III - 120 

>- ?" 
~ 1000 F 1000 <; 

~ ~ - ~ 1 

i 
w SOO 500 

. l,I aUIl ' . ln IiCi > « 
~ 0- - 0 ~ "~" l ~U "'II 'lila U 

w 
0 "' 0 

" 0 20 ' 0 60 eo 0 20 '0 eo eo .. 
AGE (yeaf'; ) AO. hears) 

Figure 6. Comparison of aortic pulse wave velocity between normal subjects in urban Beijing and 

rural Guangzhou at five levels of mean arterial pressure. Values are Mean ± 2 SEM and arterial 

pressure is indicated at the top of each grapb (mm Hg). For all pressure levels after the first decade. 

pulse wave velocity in the rural Guangzhou community is consistently lower than that in the urban 

Beijing community. From Avolio el al. [241 with permission. 



147 

Na/day) was compared with measurements in control subjects on a regular diet 
(mean intake 130-200 mmol/day) and matched for age and blood pressure. Sub
jects were divided into three age groups: Group I, 2-19 years; Group II, 29-44 
years; Group III, 45-66 years. There was no significant difference in aortic pulse 
wave velocity in Group I (the youngest subjects with the poorest compliance with 
diet), but low-salt subjects in Groups II and III had significantly lower values 
(21.8%, p<O.OOl and 22.7%, p<0.05 respectively) (Fig. 7). 

The mechanism that might be responsible for the pressure-independent reduc
tion of pulse wave velocity with reduced salt intake is unknown. However, these 
results are consistent with other findings of increased volume distensibility of the 
brachial artery of hypertensive subjects with diuretics [33] and of decreased 
arterial compliance with sodium infusion [34]. Similar results of increased com
pliance of large arteries observed with vasodilating agents such as nitroglycerine, 
calcium antagonists and converting enzyme inhibitors suggest that salt intake may 
have a direct effect on vascular smooth muscle affecting elasticity of the arterial 
wall. 

In addition to providing further support for the observations made in the 
Chinese study, findings in Australian subjects on a low-salt diet suggest that 
arterial pulse wave velocity may be reduced when salt restriction is in effect for a 
relatively short period of time. Subjects in this study avoided salt from between 8 
months to 5 years (average 24.8 months) whereas Chinese subjects differed in salt 
intake throughout life. Similar findings from a longitudinal study would provide 
definite confirmation of the role of sodium in improving arterial distensibility 
independently of its established anti-hypertensive action. 

8. Pulse wave velocity, ascending aortic impedance and ventricular-vascular 
coupling 

The development of ventricular hypertrophy in hypertension is due to compensa
tory increase in wall thickness secondary to increased systolic pressure leading to 
depressed contractility [54]. The elevated distending pressure within the arterial 
system increases vascular impedance by reducing arterial distensibility and also 
increases arterial pulse wave velocity. The combined effect of increased pe
ripheral resistance and increased pulse wave velocity is to augment the early 
return of reflected energy such that it adds to the incident ejection wave through
out systole (Fig. 1) increasing peak pressure. This has adverse effects on the 
matching between the ejecting ventricle and the arterial hydraulic load. 

In experimental animals, a near optimal ventricular-vascular coupling has been 
observed which is achieved by a combination of factors, including patterns of 
arterial branching, non-uniform elasticity, peripheral wave reflection, the eccen
tric anatomical location of the heart in relation to the upper and lower body, and 
an inverse relationship between heart rate and body length [13]. In man, this 
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Figure 7. Pulse wave velocity (PWV) in the aorta, leg and arm in normotensive Australian subjects on 
a low-salt diet (average 44 mmol sodium/day) and in control subjects (average 130-200 mmol sodium! 
day) matched for age and mean arterial pressure. Group I: 2-19 years; Group II: 29-44 years; Group 
III: 45-66 years. From Avolio et al. [53] with permission. 

favourable relationship is disturbed as a result of progressive arterial degenera
tion and increase in pulse wave velocity and with elevation of arterial pressure. 

Thus aortic pulse wave velocity per se is an important determinant of systolic 
pressure. Since it is directly related to characteristic impedance (according to the 
'water hammer' formula) aortic pulse wave velocity provides a useful non
invasive measurement of left ventricular load [23]. The effects of increased 
arterial pulse wave velocity are manifest as an increase in low frequency aortic 
impedance modulus resulting in an increase in the pulsatile component of exter
nal left ventricular work [13]. 

Reduction of pulse wave velocity improves ventricular-vascular coupling by 
delaying wave reflection, reducing systolic pressure and myocardial oxygen con
sumption. Since stroke volume has been shown to depend on end-systolic pres
sure [55] for a given preload, reduction of systolic pressure, caused by delay of 
wave reflection into diastole, could improve ventricular ejection. Furthermore, 
delaying of wave reflection to augment pressure during diastole increases coro
nary perfusion pressure further improving the interaction between the ejecting 
ventricle and the arterial vasculature. 
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The interplay between reduction of intensity of reflected energy from pe
ripheral arteries and arterial pulse wave velocity has been implicated to explain 
the beneficial effects of sublingual nitroglycerine on reduction of ventricular 
afterload in patients without cardiac failure [56]. In this study, the marked 
reduction in aortic systolic pressure (34%) could not be fully explained by the 
effects of nitroglycerine commonly attributed to reduction in preload. A small 
drop in mean pressure was associated with a concomitant reduction in stroke 
volume resulting in no significant change in total peripheral resistance. However, 
changes in aortic imput impedance spectra, including marked reduction in imped
ance modulus of the first harmonic, suggested a decrease in wave reflection. The 
dilation of large arteries known to occur with nitrates [8] was suggested to have 
caused negative wave reflection at branch points in the peripheral vasculature 
resulting in reduced intensity of reflected energy being propagated back to the 
aortic root [56]. While some reduction may have been achieved through a slight 
decrease in preload, most of the reduction of systolic pressure was attributed to 
the effect of decreased peripheral wave reflection resulting in the improvement of 
the already disturbed ventricular-vascular coupling. 

Summary 

Arterial distensibility is a major determinant of the pulsatile component of 
arterial pressure. Factors which alter the pulsatile function of the arterial system 
amplify the effect of elevated arterial pressure tending towards further increase in 
pressure via a series of positive feedback mechanisms. Quantitative changes in 
arterial distensibility due to age and increased arterial pressure are determined 
indirectly by non-invasive measurement of pulse wave velocity. Aortic pulse 
wave velocity is directly related to aortic characteristic impedance, and, together 
with arterial pressure, gives a measure of the arterial load on the ejecting 
ventricle; it is a major factor determining ventricular-vascular interaction. In
creased pulse wave velocity and concomitant early return of peripheral wave 
reflection are precursors to elevated systolic pressure. 

Pulse wave velocity studies in populations with different prevalences of hyper
tension and atherosclerosis have shown that hypertension, and not athero
sclerosis, contributes predominantly to accelerated arterial stiffness with age. In 
communities with different prevalence of hypertension, the rate of increase in 
pulse wave velocity with age is similar to the age-related increase in prevalence of 
hypertension. Lower values of pulse wave velocity in normotensive subjects on a 
low-salt diet compared to controls matched for age mean arterial pressure suggest 
a direct influence of sodium on arterial distensibility, independent of its anti
hypertensive action. 
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Renin-angiotensin system and arterial wall in 
hypertension 

VICTOR 1. DZAU 

Introduction 

The renin-angiotensin system is a blood-borne biochemical cascade whose final 
product, angiotensin II, is a potent vasoconstrictor and a primary stimulus for 
aldosterone secretion. Numerous studies have demonstrated an important role 
for this circulating system in blood pressure, and electrolyte and fluid home
ostasis. Our understanding of the contribution of the circulating renin-angioten
sin system to cardiovascular and renal physiology has been made possible through 
the development of radioimmunoassay, and availability of synthetic peptides and 
pharmacologic inhibitors. More recently, using biochemical and molecular bio
logic techniques, a number of investigators also demonstrated the expression of 
renin and angiotensinogen genes in a variety of tissues, thus allowing for the 
possibility of local angiotensin production. As a result of these observations, the 
concept of the renin-angiotensin system as a hormonal system alone is now in 
question. Locally expressed renin-angiotensin systems may be involved in the 
regulation of individual tissue function, independent of the circulating counter
part. This emerging concept may be important in providing additional under
standing of the renin-angiotensin system's role in physiology and the responses to 
pharmacologic inhibitors. 

This paper will focus on the documentation and characterization of a local 
renin-angiotensin system in the blood vessel wall. The localization and cellular 
distribution of the components of this local system in the arterial tree, the possible 
function and role of vascular angiotensin in pathophysiology will also be exam
ined. 

Influence of angiotensin on blood vessels 

Angiotensin II receptors are widely distributed throughout the vascular tree [1]. 
Specific angiotensin II binding sites have been identified in the intact rabbit aorta 



154 

[2], the subcellular fractions of rabbit and guinea pig aortas [3] and the rat 
mesenteric artery [4]. In addition, specific binding of angiotensins have been 
demonstrated in cultured aortic and mesenteric arterial smooth muscle cells [5, 
6]. The binding of angiotensin to these receptors is stereospecific and saturable. 
Angiotensin can be displaced from receptors by structurally related agonists and 
antagonists. The dissociation constant Kd is approximately 10-10 M. Using in vitro 
auto radiographic techniques, several investigators have also localized angioten
sin II binding sites in large, medium and small arteries, and in the vasa recta the 
kidney [1]. 

It is well known that systemic administration of angiotensin can result in blood 
pressure elevation due to increased systemic vascular resistance. Angiotensin 
also produces contractile response in the aortic strip or ring as well as in isolated 
femoral, carotid and coronary arteries. Indeed, infusion of angiotensin into 
various vascular beds has been shown to cause vasoconstriction in these vascular 
beds. On the other hand, heterogeneity of vascular responses to angiotensin also 
appears to exist. Toda and co-workers observed that the isolated canine renal 
arteries exhibited a relaxant response to angiotensin in contrast to the contractile 
responses of the femoral or the carotid arteries [7]. These investigators demon
strated that this vasorelaxant effect was due to angiotensin's stimulation of 
endothelial production of prostacyclin. Similarly, Nishimura observed that [Sar 
1-Va15] angiotensin II produced a vasorelaxant response in isolated chicken aorta 
[8]. This vasorelaxant effect may be mediated by endothelial-derived relaxant 
factor uniquely released by the chicken aorta in response to angiotensin. Ar
terioles also exhibit heterogeneous responses to angiotensin. The best example is 
the well-documented differential sensitivity of the renal efferent and afferent 
arterioles to angiotensin. Angiotensin II produces preferential efferent arteriolar 
constriction resulting in increased filtration fraction in the kidney [9]. This effect 
is particularly important in the maintenance of glomerular filtration rate during 
reduced renal perfusion pressure. The physiologic relevance of the heterogeneity 
of vascular response to angiotensin is supported by studies in intact animal or 
man, which demonstrate differential regional blood flow distribution in response 
to converting enzyme inhibitor administration. Angiotensin-converting enzyme 
inhibition results in selective increase in blood flow to the kidney and the heart in 
the sodium-depleted animal and in man with congestive heart failure [10-12]. 
Inhibition of the renin-angiotensin system also reduces filtration fraction in the 
kidney, such that in conditions associated with low perfusion pressure its inhibi
tion may result in acute renal insufficiency [13,14]. 

Vascular angiotensin receptors are regulated by sodium intake. In vivo studies 
have shown that the sensitivity of blood vessels to angiotensin II increases during 
sodium loading [15, 16]. The converse occurs during sodium depletion. The 
effects of a low-sodium diet on vascular receptors can be reproduced by infusion 
of angiotensin II and blocked by captopril, indicating that changes in circulating 
angiotensin II are responsible for the regulation of angiotensin II receptors [17]. 
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Recent studies indicate that changes in glomerular angiotensin II receptors 
resemble those of vascular smooth muscle receptors with respect to sodium 
intake. The changes in number of glomerular angiotensin II receptors parallel the 
changes in glomerular contractility and dynamics and thus may be important in 
the regulation of glomerular filtration [18]. 

As mentioned earlier, the affinity of angiotensin II to bind its receptors has 
been reported in the nanomolar range, corresponding to the physiologically 
effective concentration [1]. However, the plasma concentration of angiotensin II 
is in the picomolar range. Recently, angiotensins have been detected in various 
tissues. Hence, it has been proposed that angiotensin II production occurred at 
tissue sites outside the circulation, and that local angiotensin II may be higher 
than plasma All concentration and approximate that of receptor Kd [20]. 

Evidence for existence of a vascular renin-angiotensin system 

In the last few years, renin-like enzymes have been described in a variety of 
tissues, including the blood vessels [9]. Several investigators have demonstrated 
that the renin-like activity in the aorta persisted for many hours in nephrec
tomized rats after plasma renin activity was no longer detectable [10,11]. Aguirela 
et at. [15] were able to measure immunoreactive angiotensin II in the plasma of 
rats 24 hours after bilateral nephrectomy, at which time plasma renin activity was 
undetectable. These data suggest that angiotensin II production may occur at 
sites outside the plasma and that the peptide was released from the tissue of 
production into the circulation. The concept of local synthesis of angiotensin II in 
vascular wall was suggested by the data of Swales and Thurston [19], who 
reported that the amount of angiotensin antiserum required to inhibit exogenous 
angiotensin effect in sodium-loaded rats was in marked excess of that predicted. 
These investigators believed that the data could not be explained solely by 
alterations of angiotensin receptor or sensitivity, and they interpreted the find
ings to suggest local synthesis of angiotensin II in the vascular wall, which 
influenced the response to antiserum. 

The renin-like activity in the blood vessel wall has been shown to be primarily 
derived from immunoreactive renin based on the ability of antirenin antibody to 
neutralize its activity and the presence of positive immunostaining by antirenin 
[20]. Angiotensin-converting enzyme and immunoreactive angiotensins have also 
been demonstrated in the vasculature [20]. Thus, the blood vessel wall contains 
the essential components of the renin-angiotensin system which persist after 
binephrectomy, suggesting the existence of a local system independent of the 
circulating system [21, 22]. Indeed, aortic renin-angiotensin activities are elevated 
in animal models of hypertension with normal plasma renin and converting 
enzyme activities, e.g. the spontaneously hypertensive rat (SHR) and the chronic 
2 kidney-l clip (2K-IC) hypertensive rat. In the spontaneously hypertensive rat, 
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blood pressure correlated closely with aortic renin concentration [23]. Similarly, 
in the chronic 2 kidney-l clip rat, chronic hypertension was associated with the 
increase in aortic-converting enzyme activity [24]. Converting enzyme inhibitor 
administration lowered blood pressure in both animal models, despite normal or 
suppressed plasma renin angiotensin activities [23-25]. In support of these obser
vations, Longnecker et al. demonstrated that saralasin-dilated arterioles in the 
spontaneous hypertensive rat with normal plasma renin activity [26]. 

Although several different explanations have been proposed for these observa
tions, a likely possibility is that these agents inhibited the local generation of 
angiotensin II in the vessel wall. Implicit in this hypothesis is that local tissue 
concentrations of angiotensin II may be substantially higher than the plasma 
levels. This may explain the discrepancy between the receptor-binding affinity of 
angiotensin and the plasma concentration as reviewed earlier in this paper. 

Distribution and localization of renin angiotensin in blood vessels 

If vascular wall renin-angiotensin systems contribute to the control of vascular 
tone, it would be important to know which blood vessels contain this local system. 
Renin-like activities have been demonstrated in aorta and mesenteric arteries 
[20, 27]. We have observed renin-like activities in renal, carotid and coronary 
arteries [28]. Rosenthal and co-workers also reported the detection of renin-like 
activity in the veins [29]. Thus, renin appears to be present in most, if not all, 
blood vessels. Angiotensin-converting enzyme is present throughout the vascula
ture, localized especially to the endothelium. Immunoreactive angiotensins and 
angiotensin receptors have also been found in various vascular sites [28]. Taken 
together, these data suggest that a local renin-angiotensin system may be present 
in most blood vessels. 

Let us examine the cellular distribution of vascular renin angiotensin. The vast 
majority of angiotensin receptors are located on vascular smooth muscle cells of 
the arterial medial layer. Angiotensin II receptors may also be present on 
noradrenergic nerve endings that innervate the blood vessel as well as on vascular 
endothelial cells. Although direct evidence is lacking, one would expect the 
vasovasorum to contain angiotensin II receptors as well. Angiotensin-converting 
enzyme is known to be present principally on endothelial cells. In addition, some 
data suggests that vascular smooth muscle cells may contain an angiotensin
converting enzyme [28]. What about the distribution of renin? Using polyclonal 
and monoclonal antirenin antibodies, we performed immunohistochemical stud
ies on dog and mouse tissues [28, 30]. In the aorta of both species, intense staining 
with antirenin antibody can be appreciated in the entire blood vessel wall. Part of 
the staining is in the interstitial areas, probably due to entrapment of plasma 
renin. In addition, cellular staining can be seen in both the intimal and medial 
layers of the aorta. In Iarge- and medium-size arteries, immunostaining with 
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antirenin antibody is primarily seen in the intimal area and in the outer two-thirds 
of the medial periadventitial regions. It is interesting to consider that the former 
regiod is composed principally of endothelial cells and the latter region contains 
vascular smooth muscle cells, vasovasorum as well as sympathetic nerve endings. 
In small arteries and arterioles, the entire thickness of the blood vessel wall is 
stained positively (Fig. 1). 

To examine further which vascular cells contain renin and whether renin is 
synthesized in situ in the blood vessel, we studied cultured endothelial and 
smooth muscle cells [31-33]. We chose to study cultured cells because the cell 
population is nearly homogenous, and the problem of contamination by plasma 
components is largely circumvented, especially when serum is removed from 
growth media for two days prior to assay of the cells. Cultured bovine and canine 
aortic vascular smooth muscle cells as well as cultured rat mesenteric arterial cells 
contained immunoreactive renin [31, 32]. Immunoreactive renin was also demon
strated in cultured bovine aortic endothelial cells [33]. Using pulse-labeling with 
35S-methionine, we were able to demonstrate that renin was synthesized in situ by 
both smooth muscle and endothelial cells. In addition, these cells also contain 
angiotensinogen, angiotensin-converting enzyme and angiotensins. In summary, 
components of the renin-angiotensin system appear to be localized in both 
endothelial and smooth muscle cells of the blood vessel supporting the possibility 
of local angiotensin production by an endogenous system. 

Evidence of local production and secretion of angiotensin by blood vessels 

In the blood vessel wall, the presence of immunoreactive angiotensin can be 
interpreted as due to local synthesis, uptake and/or entrapment from plasma [34]. 
Support for local production of angiotensin independent of plasma angiotensin is 
obtained from experiments of bilateral nephrectomy. Aguirela et al. reported 
that immunoreactive angiotensin II persisted in the plasma 48 hours after bi
nephrectomy in the rat, at which time plasma renin activity was undetectable [35]. 
Fei and co-workers measured arterial and venous blood levels of angiotensin I in 
the sleep, and observed that concentrations of angiotensin I in venous blood are 
higher than those in the arterial blood [36]. These findings have been interpreted 
to reflect production of angiotensin I in peripheral tissues, given the extensive 
conversion and degradation of angiotensin I by the peripheral vasculature. Re
cently, Campbell reviewed the kinetic data for AI and AIl metabolism in pe
ripheral vascular beds of sheep and man [37], and concluded that local produc
tions of angiotensin I and angiotensin II have to take place in the peripheral 
tissues to account for the venous-arterial differences in vivo. Our studies on 
cultured vascular endothelial cells provide further insight into this issue. Using 
high-performance liquid chromatography and radioimmunoassay, we have iden
tified angiotensinogen, renin and angiotensin inside these cells [38]. Our experi-
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Figure 1. Immunofluorescent staining of a small- to medium-size artery in the mouse kidney with 

antirenin antibody. No positive staining in the intima, media as well as peri adventitial area. 

ments demonstrated that endothelial cells secrete angiotensins II and III. Taken 
together, the data suggest that a renin-angiotensinogen reaction takes place 
intracellularly in the blood vessel wall, resulting in the production of angiotensins 
which are subsequently secreted extracellularly where these vasoactive peptides 
exert their actions. 

Physiological significance of vascular renin-angiotensin system 

The observations that angiotensins may be synthesized and secreted by vascular 
cells may have important physiological, pathophysiological and pharmacological 
implications. Vascular renin angiotensin may accumulate in the blood vessel wall 
in concentrations that exceed those of plasma. Local angiotensins may exert a 
variety of autocrine or paracrine influences on vascular tone (Fig, 2), Local 
angiotensin may stimulate vasoconstriction by activating its receptors on vascular 
smooth muscle cells. Accumulation of angiotensin in the region of noradrenergic 
nerve endings (especially in the outer medial layers) may increase sympathetic 
vascular tone by facilitating catecholamine release from nerve endings [39-41]. 
Vascular angiotensin may also influence endothelial prostacyclin synthesis which 
may result in vasodilatation [42]. Recently, Nishimura and co-workers observed 
that Sar1VaP angiotensin II may relax chicken aorta by the release of a endo
thelial-derived relaxant-like factor [18]. Support for the physiological relevance 
of local vascular angiotensin on the control of blood pressure and vascular tone is 
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POSSIBLE INFLUENCES OF VASCULAR ANGIOTENSIN: 
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Figure 2. Possible mechanisms of action of vascular renin angiotensin. 
A. Endothelial cells release angiotensin II (All) which stimulates autocrine secretion of prostacyclin 
(PGI~) and possibly endothelial-derived relaxant factor (EDRF). These vasoactive agents influence 
the contractile state of the vascular smooth muscle. 
B. Smooth muscle cell (SMC) releases angiotensin II (All) which stimulates autocrine contraction. 
All may also produce a paracrine influence on smooth muscle tone by activating All receptors on 
adjacent SMC or by facilitating norepinephrine (NE) release by sympathetic nerve ending. 

derived from experiments measuring renin angiotensin in vascular tissues of 
hypertensive animals and from studies of inhibitors of the renin-angiotensin 
system in animals and man. Asaad and Antonaccio [23] observed that in spon
taneously hypertensive rats with normal plasma renin levels, the systolic blood 
pressure correlated closely with the concentration of renin in the aorta but not in 
the plasma. In these rats, chronic captopril administration significantly decreased 
systemic blood pressure. In another experimental hypertension model with sup
pressed plasma renin concentration, that is, the chronic phase of two-kidney one
clip hypertension, prolonged saralasin infusion corrected the hypertension [25]. 
Recently, Okamura extended the above observation to include measurements of 
vascular angiotensin-converting enzyme activity and angiotensin II generation in 
the chronic phase of this model of hypertension [24]. These investigators demon
strated that during the chronic phase of rat 2-kidney I-clip hypertension, when 
plasma renin activity is almost normal, vascular renin-angiotensin activity is 
increased. This is documented by increases in angiotensin-converting enzyme 
activity of vascular tissues and in the constrictor response of isolated arteries to 
angiotensin I. Their data suggests that increased angiotensin II concentration is 
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present in the vascular tissues and may be responsible for chronic hypertension. 
The dissociation of vascular and circulating renin-angiotensin activities supports 
the postulate that a local system exists in blood vessels which contributes to the 
control of vascular tone [24]. Indeed, Okamura and co-workers demonstrated 
that angiotensin-converting enzyme inhibitor (enalapril) and angiotensin II an
tagonist (sarcosine! isoleucine8 angiotensin II) lowered blood pressure in the 
chronic 2-kidney I-clip hypertensive rats despite near normal plasma renin level 
[24]. The importance of tissue angiotensin-converting enzyme, rather than the 
serum counterpart, in determining long-term response to angiotensin-converting 
enzyme inhibitors has been suggested by several investigators [43-45]. In these 
studies, the magnitude and duration of blood pressure reduction appeared to 
correlate better with the inhibition of angiotensin-converting enzyme activity in 
certain critical tissues than with the inhibition of serum enzyme activity. For 
example, hours after a single dose of angiotensin-converting enzyme inhibitor 
(when serum angiotensin-converting enzyme activity as well as the pressor re
sponse to exogenous angiotensin I had returned to normal) blood pressure 
remained reduced. The duration of the antihypertensive response paralleled the 
suppression of aortic and kidney angiotensin-converting enzyme activities but not 
serum angiotensin-converting enzyme. 

Additional support for the importance of noncirculating renin angiotensin is 
provided by studies using renin inhibitory peptide which induced depressor 
responses in human subjects with normal plasma renin activity [46]. Similarly, the 
statine-containing renin inhibitory peptide lowered blood pressure in dogs with 
completely suppressed plasma renin activity [47]. Its effect on blood pressure 
appears to be dissociated from plasma renin inhibition. Finally, it has been well 
documented that angiotensin-converting enzyme inhibitors, e.g. captopril can 
lower blood pressure in some patients with normal or low plasma renin activity. 

Possible influence of vascular renin angiotensin on resistance and conduit arteries 
(Fig. 3) 

Given the widespread distribution of renin angiotensin in the vascular tree, let us 
consider the vascular responses to blockade of vascular renin angiotensin. Long
necker et al. demonstrated that saralasin administration resulted in significant 
dilation of arterioles in the spontaneously hypertensive rats [26]. Saralasin has 
also been shown to cause vasodilation of small- and medium-size vessels. It is well 
accepted that the depressor response to inhibition of renin angiotensin is due to 
relaxation of resistance vessels. Data of Safar and co-workers add another 
dimension of the renin angiotensin effect on the vasculature. These investigators 
observed that the compliance and diameter of brachial and carotid arteries in man 
increased with captopril [48-50]. The increase in diameters occurred without a 
necessary detectable reduction in systemic blood pressure suggesting a direct 
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Figure 3. Possible effects of vascular renin-angiotensin system inhibition on small resistance and large 
conduit vessels and veins. 

effect of angiotensin on the arterial wall. This observation raises the possibility 
that the local renin angiotensin activity in the aorta and large arteries can 
influence the conduit and buffering functions of these vessels. This interesting 
effect of renin-angiotensin inhibition on increases in arterial compliance may 
have beneficial influence in arterial impedance and ventricular afterload. In 
addition, the possibility of hypertensive arterial wall injury, which is believed to 
playa role in the genesis of atherosclerosis may also be reduced. 

Summary 

The renin-angiotensin system affects blood pressure and regional blood flow 
through endocrine, paracrine and autocrine influences. The circulating renin
angiotensin system is activated for acute cardiovascular homeostasis. The recent 
demonstration of a local renin-angiotensin system in the blood vessel wall and its 
activation in chronic hypertension have led us to speculate that the local produc
tion of angiotensin is involved with tonic control of vascular resistance. In 
addition to producing arteriolar constriction, arterial wall renin angiotensin may 
influence the compliance of large conduit arteries. Although direct data are 
lacking, vascular angiotensin production could occur in the veins and may influ
ence capacitance vessels and preload. 
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Part IV 

Regional circulations 



The coronary circulation in hypertensive left 
ventricular hypertrophy 

PIERRE A. WICKER and ROBERT C. TARAZIt 

There is ample evidence to suggest that the coronary circulation may be inade
quate in hypertensive heart disease. Patients with elevated blood pressure, 
particularly those with left ventricular hypertrophy (L VH), may develop symp
toms suggestive of myocardial ischemia such as angina pectoris or ST-T segment 
depression during exercise [1, 2]. Myocardial infarction is more severe in hyper
tensive humans and animals [3, 4] and the size of the infarcted area is larger in 
hypertensive dogs with LVH [5]. Moreover, these coronary abnormalities may 
contribute to the increased risk of cardiac complications or sudden death in 
hypertensive patients with electrocardiographic and possibly echocardiographic 
evidence of L VH [6,7]. Advances in our understanding of the effects of hyperten
sive L VH on the coronary circulation will therefore provide crucial and clinically 
relevant information. This question assumes even further significance in view of 
recent developments regarding the possibility of reversing hypertensive LVH [8]. 

A large body of data is available on coronary blood flow changes in hyperten
sive L VH. However, the adequacy of myocardial oxygen supply depends not only 
on the amount of flow delivered to the heart but also on diffusion between 
capillaries and tissue. Despite its important physiological role, this microcircula
tory aspect of the coronary circulation has never been thoroughly investigated, 
essentially because of methodological limitations. For similar reasons, studies of 
the coronary circulation in human hypertension are scarce. Current techniques 
for measuring coronary blood flow in mass are invasive and cannot be either 
ethically justified or repeated easily. Thus the following review mainly focuses on 
animal studies, from which most of our knowledge originates. 
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I. Coronary circulation during the development of hypertensive left ventricular 
hypertrophy 

A. Coronary blood flow studies 

a) Resting coronary blood flow 
Resting coronary blood flow per unit mass of LV myocardial tissue has been 
reported to be normal in most experimental and clinical studies (Tables 1 and 2). 
In hypertensive LVH, resting coronary blood flow remains autoregulated by 
myocardial oxygen needs, as it is in normal conditions. This conclusion is substan
tiated by studies showing a correlation between coronary blood flow and myocar
dial oxygen consumption whether the latter was measured directly or estimated 
indirectly from its main determinants [14, 22]. 

Since oxygen supply matches oxygen needs under baseline conditions, resting 
flow determinations do not provide any information as to whether a hyper
trophied ventricle is at a greater risk of ischemia. The same conclusion applies to 
the transmural distribution of coronary flow (endo/epi ratio). This ratio, which 
can be measured in animals only, remains normal in hypertensive L VH with a 
perfusion gradient favoring the subendocardial layers (endo/epi ratio greater 
than one) (Table 1). In a few studies, however, the endo/epi ratio was slightly less 
than that measured in control animals [12, 18], although the difference was not 
significant. This pattern of resting flow distribution probably reflects variations in 
myocardial oxygen needs between the various myocardial layers and therefore 
shall not be considered as evidence for subendocardial ischemia. 

b) Coronary reserve in hypertensive left ventricular hypertrophy [26-28J 
Myocardial ischemia develops when oxygen supply is no longer equal to oxygen 
needs, either because of an increase in myocardial consumption or a reduction in 
flow secondary to a decrease in perfusion pressure. In both situations, the 
coronary circulation responds by vasodilation. It has therefore been proposed to 
study the coronary circulation after the administration of vasodilatory stimuli, in 
order to assess its ability to dilate and to provide an adequate myocardial 
perfusion under these conditions. The 'maximal' coronary flow or the 'minimal' 
coronary resistance per unit mass following these maneuvers have been termed 
coronary flow and coronary vasodilator (or resistance) reserve, respectively. Two 
different types of stimuli have been proposed to determine coronary reserve. 
Most studies have used a pharmacological approach with potent coronary vaso
dilators, such as adenosine, dipyridamole, or carbochrome. Physiological inter
ventions have been less commonly utilized. They include exercise, cardiac pacing 
or ischemia elicited by a transient coronary occlusion. Finally, it is also possible to 
assess coronary reserve in isolated hearts, an experimental situation in which 
coronary vessels are nearly maximally dilated. 
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Table 1. Resting coronary blood flow, its transmural distribution (endo/epi ratio) and coronary 
resistance in experimental left ventricular hypertrophy. 

Author (Ref) Animal/Model L VCBF/unit mass LVCRI 
unit mass 

Total endo/epi 

Breull [9] RATIlK-IC, DOCA t t 
Breull [9] RAT/2K-IC, SHR NS t 
Mueller [10] DOG/IK-IC NS NS t 
Bache [11] DOG/IK-IW NS NS t 
Marcus [12] DOG/2K-2C NS NS t 
Wangler [13] RAT/SHR NS NS NS 
Ely [14] DOG/IK-IW NS NS 
Kobayashi [15, 16] RAT/2K-IC, SHR-SP NS 
Yamamoto [17] RAT/DOCA NS NS t 
Tomanek [18] RAT/SHR NS NS NS 

[19] DOGIlK-IC NS NS t 
Wicker [20,21] RAT/2K-IC NS or t NS t 

L VCBF: Left ventricular coronary blood flow. 
L VCR: Left ventricular coronary resistance. 

lK-IC, 2K-IC, 2K-2C: one kidney - one clip, two kidney - one clip, two kidney - two clip Goldblatt 
hypertension; lK-IW: one kidney - one wrapped Page Hypertension; DOCA = Doca salt hyperten
sion; SHR: Spontaneously hypertensive rats; SP: Stroke prone. 

NS = not statistically different from controls. 

t or t : Significantly greater or lower than controls. 

-: not reported. 

Table 2. Resting left ventricular coronary blood flow and coronary resistance in hypertensive patients 
with and without left ventricular hypertrophy. 

Author (Ref) Patients LVCBF/ LVCRI 
unit mass unit mass 

Nichols [22] LVH (+116%), AP, no CAD t i 
Nichols [22] no LVH, AP, no CAD NS NS 
Bing [23] LVH?, CAD? NS 
Rowe [24] LVH?, CAD? NS t 
Opherk [1] LVH (+62%), AP, no CAD NS t 
Strauer [25] LVH (+33% to +109%), 

with or without CAD t t 

L VH: left ventricular hypertrophy. 
AP = angina pectoris; CAD = Coronary artery disease. 
All other abbreviations as in Table 1. 
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1) Coronary Vasodilator Reserve 
With one exception, coronary vasodilator reserve ('minimal' coronary resistance/ 
unit mass) has consistently been found to be reduced in experimental hyperten
sive LVH (Table 3). This basic agreement is remarkable in view of the various 
species, models of hypertrophy, and types of vasodilatory stimuli used. More
over, similar observations have been made in man. In the only two clinical studies 
so far published, Strauer et al., and Opherk et al., have reported that post
dipyridamole minimal coronary resistance/g of tissue was elevated in hyperten
sive patients with L VH [1, 25]. 

Table 3. Coronary total or transmural (endo/epi) flow reserve and coronary vasodilator reserve in 
experimental left ventricular hypertrophy. 

Author (Ref) Animal/Model Coronary Flow Reserve 

Total 

Pharmacological Dilatation! 
Mueller [10] DOG/1K-1C NS 
Marcus [12] DOG/2K-1C t 
Wangler [13] RAT/SHR 7 mos NS 

3,15 mos NS 
Kobayashi [15, 16] RAT/2K-1C, SHR-SP NS 
Yamamoto [17] DOG/DOCA NS 
Tomanek [18] RAT/SHR NS 

[19] DOG/1K-1C NS 
Wicker [20,21] RAT/2K-1C NS 

Exercise 
Bache [11] DOGIlK-1W NS 

Ischemia (Transient Coronary Occlusion)2 
Peters [29] RAT/SHR 3,7 mos t 

15 mos NS 

Isolated hearts2 

Klepzig [30] RAT/SHR 
Friberg [31] RAT/SHR t 
Buttrick [32] RAT/2K-1C t 

! Pharmacological dilatation induced by adenosine: (ref. 10, 12, 19). 
dipyridamole: (ref. 13,17,18), and carbochrome: (ref. 15, 16, 20, 21). 

endo/epi 

NS 
NS 

t 
t 

NS 
NS 
NS 
NS or t 

NS 

Coronary 
Vasodilator 
Reserve 

t 
t 
t 

NS 

t 
t 
t 
t 

NS 

t 

2 Minimal LV coronary resistance (LV coronary vasodilator reserve) was not measured or reported in 
these studies (except ref 30). However, maximal LV coronary flow was either similar to controls or 
decreased despite an increased or a similar coronary perfusion pressure respectively. This suggests 
that coronary vasodilator reserve was reduced. 
All abbreviations as in Table 1. 
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i) Factors modulating coronary vasodilator reserve. AlthQugh in the vast majQrity 
Qf studies it has been cQncluded that cQronary vasQdilatQr reserve is limited in 
hypertensive LVH, the extent Qf this reductiQn is by no. means identical. VariQus 
factQrs, such as the species, the duratiQn, and the severity Qf hypertrophy may 
mQdulate the cQnsequences Qf cardiac hypertrophy Qn the cQrQnary circulatiQn. 
CQronary vasQdilatQr reserve is usually mQre depressed in humans than in ani
mals [1, 25] (Table 3). Apart frQm an QbviQUS species difference, this CQntrast 
between experimental and clinical situatiQns may also. be related to' a greater 
degree Qf hypertrophy nQted in these clinical studies. The effects Qf hypertrophy 
duratiQn are cQntrQversial at the present time. SQme studies have repQrted an 
improvement in cQronary vasQdilatQr reserve when hypertensiQn was present fQr 
mQre than Qne year in sPQntaneQusly hypertensive rats (SHR) [13,29]. HQwever, 
anQther study CQuid nQt dQcument such an ameliQratiQn [31]. 

ii) Structural and functional basis for the diminished coronary vasodilator reserve. 
TheQretically, the elevatiQn in minimal cQronary resistance/unit mass Qf tissue 
can either be related to' an increase in cardiac mass withQut assQciated changes in 
the coronary vasculature Qr to' an intrinsic alteratiQn in the ability Qf the cQronary 
resistance vessels, i.e. the cQronary arteriQles, to' dilate. CQmputatiQn Qf the 
minimal cQrQnary resistance fQr the entire LV, as proPQsed by Mueller et al. [10], 
provides an impQrtant cQnceptual backgrQund to' interpret the effects Qf L VH Qn 
the cQronary circulatiQn as it allQws separatiQn Qf the role Qf changes in LV mass 
frQm that Qf alteratiQns in the cQronary resistance vessels. With Qnly Qne excep
tiQn [12], minimal tQtal cQronary resistance fQllQwing pharmacQIQgical dilatiQn 
has cQnsistently been fQund to' be unchanged in hypertensive LVH [10, 13, 15-21]. 
These results suggest that the tQtal size Qf the cQronary resistance bed dQes nQt 
keep pace with the develQpment Qf hypertrophy [26]. The exact reaSQns for this 
lack Qf grQwth are nQt cQmpletely understQQd, but are probably related to' 
structural Qr functiQnal alteratiQns Qf the cQronary circulatiQn. One simple expla
natiQn may be that the cQronary resistance vessels do. nQt prQliferate and that their 
individual vasQdilatQry capacity remains unchanged. One recent study indicates 
that arteriQlar density, the number Qf arteriQles/unit cross-sectiQnal area Qf tissue, 
dQes diminish in a mQdel Qf pressure QverlQad hypertrQphy induced by aortic 
banding [33], thus lending supPQrt to' this hYPQthesis. HQwever, there have been 
no. repQrted studies Qf this in hypertensive LVH, and whether vascular rarefac
tiQn (relative to' mass) also. QCcurs in hypertensiQn remains speculative. A de
crease in the vasQdilatQry capacity Qf each individual CQronary resistance vessel 
cQnstitutes a mQre likely explanatiQn. VariQus histQIQgical studies have demQn
strated an increase in the thickness Qf the media Qr in the wall-tQ-thickness ratio. Qf 
cQronary arteries from hypertensive patients [34, 35] and animals [36, 37]. 
AccQrding toFQlkQw's hYPQthesis [38], these structural alteratiQns will lead to' an 
increased resistance at maximal dilatiQn. Other lines Qf indirect evidence derived 
frQm experiments in iSQlated hearts [39] or studies Qf the right ventricular CQro-
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nary circulation [18, 40] also favor the responsibility of structural alterations in the 
diminution in coronary vasodilator reserve. However, other anatomical studies in 
dogs with renal hypertension [19] or in hypertensive patients [1] could not docu
ment any significant changes in the coronary artery wall-to-Iumen ratio. These 
observations led us to postulate that the coronary vasodilatory capacity may also 
be impaired because of functional factors. Although many functional factors can 
potentially alter coronary vasomotricity, the sympathetic nervous system and the 
renin hypertensive system are the most likely candidates. These two systems have 
been involved in the development and maintenance of hypertension [41, 42] and 
stimulation of their activity can cause coronary vasoconstriction or limit phar
macologically induced coronary vasodilation [43, 44]. However, preliminary 
observations from our laboratory suggest that the renin angiotensin system does 
not significantly affect coronary reserve, at least in renal hypertensive rats 
(Wicker P, unpublished observations). 

2) Coronary flow reserve 
In most of the studies summarized in Table 3, coronary flow reserve in hyperten
sive animals is unchanged as compared to their controls. The reasons for the 
maintenance of a normal coronary flow reserve can be easily understood by 
analyzing the relationship between coronary flow reserve and its determinants, 
that is peripheral pressure, total LV coronary resistance and LV mass [20, 27]. 
Since minimal coronary resistance for the entire LV is unchanged, coronary 
perfusion pressure will set maximal total flow and the ratio between perfusion 
pressure and LV mass will thus determine coronary flow reserve, i.e. total flow/ 
LV mass. Thus, in hypertensive LVH, coronary flow reserve remains normal 
because, in most of the experimental models so far studied, cardiac hypertrophy 
is usually appropriate to the increased load and the pressure/mass ratio is normal. 
The role of an appropriate balance between arterial pressure and LV mass in 
determining coronary flow reserve was further substantiated by two studies in 
which we dissociated blood pressure from LV mass either by therapeutic manip
ulations in renal hypertensive rats or by using strains with divergent degrees of 
cardiac hypertrophy and hypertension [16, 20]. A significant correlation was 
found between the pressure/LV mass ratio and pharmacologically induced coro
nary flow reserve either in renal hypertensive rats (Fig. 1) or in rats with a 
genetically determined pressure/mass ratio [16]. 

Studies of the transmural coronary flow reserve have yielded more viable 
results, particularly in rats (Table 3). Most investigations, however, have re
ported a normal endo/epi ratio following pharmacological vasodilation or exer
cise. 
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Figure 1. Correlation between coronary flow reserve and the ratio of coronary pressure to left 
ventricular mass. n = 12, r = 0.76, p<O.Ol. 

B. Coronary microcirculation 

Among the various parameters that can be measured to characterize the terminal 
coronary bed, capillary density and intercapillary distance have been the most 
widely investigated, since they determine tissue oxygenation according to the 
Krogh model [45]. The mean anatomical capillary density, which is defined as the 
number of capillaries/mm2 of tissue cross-sectional area, has been found to be 
either reduced, particularly in the subendocardial layers [18, 19, 46-52] or un
changed [19, 47,49,50,53]. Accordingly, the mean distance between capillaries is 
either increased [50, 54] or normal [53, 54]. Studies in SHR suggest that the 
duration of hypertrophy and/or the age of the animal are important factors in 
modulating the response of the capillary bed to hypertension. In SHR younger 
than 2-3 months, epicardial capillary density and intercapillary density remain 
normal despite a mild degree of hypertrophy [49, 50, 53]. With the development 
of hypertrophy, capillary density significantly declines until cardiac mass reaches 
a plateau [46, 48-50, 52). Surprisingly, epicardial capillary density may increase 
and then normalize following a long period of stable hypertrophy in SHR [49,50]. 
This favorable course of events, however, could not be confirmed in the same 
model by other investigators [54]. Apart from these divergences, most studies 
agree that capillary growth lags behind the increase in LV mass, particularly in 
the subendocardial layers, during the stable phase of hypertrophy either in SHR 
or in other models of hypertension [18, 19, 46-52, 54]. That the capillary bed does 
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not proliferate - or shows little growth - in pressure overload hypertrophy has 
also been demonstrated by studies using autoradiographic techniques [55] or by 
the fact that the capillary-to-fiber ratio remains unchanged [14, 47]. Another 
potential important variable governing tissue oxygenation is the heterogeneity of 
capillary spacing [56]. Cellular hypoxia occurs when peri-mitochondrial PO: 
reaches 0 mm Hg. Such a low P02 will be observed in those areas most remote 
from the capillary vessels [56]. Thus, the presence and degree of tissue hypoxia 
will be more influenced by the relative proportion of capillaries with long inter
capillary distances than by the overall mean intercapillary distance [56]. Assum
ing a log-normal distribution for the distance between capillaries, Rakusan et al. 
found that the variability of intercapillary spacing was significantly higher in 
SHR, particularly in older animals [54]. These initial obervations need to be 
confirmed by future studies. However, they already provide an attractive expla
nation for the frequent occurrence of areas of focal necrosis in hypertrophied 
hearts [ 57]. 

II. The coronary circulation in hypertensive left ventricular hypertrophy. 
Therapeutic aspects 

A. Pharmacological treatment 

a) Coronary blood flow studies 
1) Resting coronary blood flow. Resting coronary blood flow has been reported to 
be decreased [58], unchanged [20, 59] or increased [15, 60] in hypertensive 
animals following chronic treatment with various antihypertensive drugs and 
reversal of L VH. The response to these antihypertensive medications results 
from a complex interplay between the direct vascular effects of any particular 
drug and its indirect effects on coronary resistance secondary to changes in 
myocardial oxygen consumption. A precise delineation of the relative import
ance of these mechanisms would require simultaneous measurements of myocar
dial oxygen consumption and/or an evaluation of its main determinants. Such 
studies have not been reported so far. A more complete discussion of these 
problems can be found in ref. 61. 

2) Coronary reserve. In one of the few studies of coronary reserve following 
reversal of left ventricular hypertrophy with antihypertensive medications, we 
found that captopril decreased substantially both blood pressure and LV mass in 
renal hypertensive rats [20]. Total coronary flow reserve remained within normal 
limits because 1) minimal total LV coronary resistance remained unchanged and 
2) blood pressure and LV mass varied in parallel so that the pressure/mass ratio 
remained normal. Consequently, mean coronary resistance/unit mass of tissue 
(coronary vasodilator reserve), which was elevated in untreated rats, returned to 
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normal or near normal levels after captopril therapy [20]. Similar observations 
have been made following chronic treatment with other classes of antihyperten
sive agents, such as calcium entry blockers [15], vasodilators [18, 30], or beta 
blocking drugs [30]. To account for this improvement in coronary reserve, a direct 
pharmacological vasodilatory effect on the coronary vessels cannot be excluded. 
This possibility is likely in the case of hydralazine since, in a study by Tomanek et 
at., minimal coronary resistance/g of tissue or for the whole left ventricle was 
markedly decreased both in SHR and WKY treated with this medication [18]. 
Such a mechanism, however, was not likely in our study of captopril since very 
similar results were obtained after treatment with nephrectomy in renal hyper
tensive rats, in which any potential pharmacological influence of captopril was 
excluded [20]. 

Besides a direct pharmacological coronary effect, two other mechanisms may 
potentially account for the improvement in coronary vasodilator reserve: 
1) an increase in the number of arterioles/unit mass and 2) a reversal of the 
structural arteriolar abnormalities observed in untreated hypertensive LVH. No 
data are available on arteriolar density. Regarding the second possibility, one 
report suggests that the increased wall-to-lumen ratio tends to regress with blood 
pressure control [18]. However, these morphological observations were not 
quantitated and more studies are needed before any definite conclusion can be 
drawn. 

b) Coronary microcirculation 
Few data are available on the coronary microcirculation following pharma
cological antihypertensive therapy and L VH reversal and only the SHR model 
has been evaluated so far. Studies by Tomanek et at. in young adult SHR indicate 
that mean capillary density was either improved or prevented from deteriorating 
during the developmental phase of hypertrophy by a treatment with alpha
methyldopa [48] or a combination of hydralazine, reserpine, and hydrochloro
thiazide [62]. Hydralazine alone, however, failed to influence mean capillary 
density [18]. Changes in capillary density during the development and reversal of 
hypertrophy are inversely related to changes in myocyte size and in cardiac mass 
[48-50,62], suggesting that the improvement in capillary density was not due to 
capillary proliferation but resulted from a decrease in muscle cell volume per unit 
mass. Whatever the exact mechanism is, the observation of an inverse relation
ship between myocyte size and capillary density may offer potentially important 
therapeutic implications. Drugs that control blood pressure without a simul
taneous reduction in cardiac mass will not alter mean capillary density; on the 
contrary, medications that regress cardiac hypertrophy will also improve capillary 
density regardless of their antihypertensive effects. 
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B. Nonpharmacological treatment 

Various studies indicate that physical training may promote myocardial vas
cularity, particularly in rodents. In normal rats and also in dogs, capillary density 
and coronary vasodilator reserve have been found to be improved following 
conditioning by swimming or running [63]. These observations led us [21] and 
others [32, 52] to postulate that exercise, when superimposed on hypertension, 
could protect the coronary circulation against some of the deleterious effects of 
cardiac hypertrophy. Unfortunately, results of these studies have not been consis
tent. On one hand, Crisman et al. [52] have reported a normalization in capillary 
density in SHR conditioned by running. On the other hand, Buttrick and 
co-workers as well as our group could not document any improvement in either 
coronary flow or coronary vasodilator reserve in renal hypertensive rats following 
a swimming program [21, 32]. These contradictory observations are preliminary 
and obviously the nature of the effects of exercise on myocardial perfusion in 
hypertensive L VH deserves further investigations. Chronic exercise is now 
widely accepted as a nonpharmacological approach to treat hypertension. More
over, some studies suggest that physical training may improve cardiac function in 
hypertensive animals [64]. These beneficial effects cannot be fully understood 
without some information on the changes that the coronary circulation undergoes 
in similar circumstances. 

III. Clinical implications 

Because of the dependency of chronic flow reserve on the level of coronary 
perfusion pressure in relation to the perfused mass, hypertensive hearts may 
theoretically be more susceptible to develop ischemia when aortic pressure is 
acutely or chronically decreased without any concomitant change in LV mass. 
However, myocardial consequences of a reduction in aortic pressure may prove 
to be complex, as any fall in pressure will also decrease LV stress and myocardial 
oxygen requirements, thereby diminishing the severity of ischemia or even pre
venting its occurrence. However, large increments in the other two major deter
minants of myocardial oxygen consumption, heart rate, and contractility, may 
offset the beneficial consequences of a decrease in blood pressure on oxygen 
requirements. Because the reduction in blood pressure will hamper blood supply, 
ischemia may ensue. This could be the case during acute exercise in hypertensive 
patients treated with antihypertensive medications that control resting and exer
cise blood pressure without any concomitant LVH regression. However, in the 
absence of data in man, these extrapolations on the role of the pressure/mass ratio 
from animal studies to the clinical arena must remain speculative at the present 
time. 

In addition, the consequences of these coronary abnormalities on tissue oxy-
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genation may become far more important when hypertensive L VH is associated 
with other pathological states that also alter oxygen supply, such as coronary 
artery disease. In this situation, resting vasodilation will maintain an adequate 
supply but at the expense of the coronary reserve, and further increments in 
myocardial requirements may not be met. This mechanism can partially account 
for the greater severity of coronary artery disease in patients or animals with 
hypertensive L VH [3-5]. 

Conclusions 

A large body of knowledge, mostly from animal studies, is currently available on 
the coronary circulation in hypertensive L VH. However, as pointed out many 
times in this review, much remains to be learned. Obviously, most of these 
experimental observations have to be extended to clinical situations, particularly 
during reversal of left ventricular hypertrophy. The current development of 
noninvasive methods for measuring coronary blood flow in man holds promise in 
that matter, as these techniques will allow repeated measurements in asympto
matic hypertensive patients. Also, investigations ofthe anatomical and functional 
characteristics of the coronary microcirculation, which are potentially as relevant 
as flow measurements in terms of tissue oxygenation, are in their infancy because 
of methodological difficulties. Despite these technical limitations, this area 
should be more often explored. Finally, studies directly linking these coronary 
abnormalities to the development of ischemia are needed, as the consequences of 
these alterations on myocardial metabolic supply are more often assumed than 
demonstrated. Answers to these questions will significantly improve our under
standing of hypertensive heart disease and ultimately translate into improved 
patient care. 
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Carotido-cerebral circulation in patients with 
sustained essential hypertension 

M.E. SAFAR, ST. LAURENT & 1.A. BOUTHIER 

In normal subjects, cerebral blood flow is autoregulated, i.e. blood flow may be 
maintained constant despite wide changes in perfusion pressure [1]. Intrinsic 
mechanisms participate to the autoregulatory process, due to changes in the 
caliber of cerebral arterioles and small arteries, which respond to an increase in 
perfusion pressure by constriction and to a decrease in perfusion pressure by 
dilatation. In man there is a lower and an upper limit of cerebral blood flow auto
regulation: (i) below a given level of perfusion pressure (about 50-70mmHg), 
autoregulatory vasodilatation is inadequate and flow decreases, and (ii) beyond a 
certain pressure (about 130 mm Hg) autoregulatory vasoconstriction is offset, 
resulting in an increase in cerebral blood flow [1]. 

In patients with hypertension. the absolute value of cerebral blood flow is 
maintained within normal range (about 50 ml/min/lOO g), while the autoregula
tion plateau is modified. The upper and lower limits of autoregulation are shifted 
to the right on the blood pressure axis in proportion to the severity of hyperten
sion [1]. From this finding, it results that, while hypertensive patients can tolerate 
without discomfort very high blood pressures, cerebral hypoperfusion might 
result from rapid blood pressure reduction below the lower limit of autoregula
tion. 

Since common carotid arteries contribute the major share of cerebral blood 
flow [2], the study of carotid hemodynamics is likely to be an important subject in 
the fields of hypertension. In addition to its conduit function, the carotid circula
tion has two others special features in hypertension: (i) the arterial wall of the 
carotid bifurcation contains baroreceptor endings which are greatly involved in 
the regulation of blood pressure [3], and (ii) the initial portion of the carotid 
artery represents an elective site of atherosclerotic lesions which playa particular 
role in the genesis of cerebral ischemic attacks [4]. In the present chapter, the 
methods for the evaluation of common carotid parameters in man are described 
and applied to the following problems: (i) common carotid parameters in men 
with uncomplicated essential hypertension, (ii) relationship between baroreflex 
mechanisms and the carotid arterial wall, (iii) common carotid parameters in 
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patients with stenosis of the internal carotid artery, and (iv) effect of antihyper
tensive drugs on the common carotid artery circulation. 

Noninvasive evaluation of common carotid artery parameters in man 

The methodologic basis for the evaluation of common carotid artery parameters 
in man is to measure independently the internal diameter (D) and the mean blood 
flow velocity (V) of the artery using pulsed Doppler systems [5, 6, 7]. Then blood 
flow is calculated as 3.14 D2/4 x V according to a cylindrical model of the carotid 
artery. 

The zero-crossing velocimeter used for the investigation of the common carotid 
circulation operates at a frequency of 8 MHz and has two original features in 
addition to its pulsed emission: (i) on adjustable range gated time system and (ii) a 
double transducer probe which provides a bidimensional blood velocity measure
ment that minimizes considerably the errors introduced by the observation angle 
between the ultrasonic beam and the vessel axis. 

Briefly, each of the two transducers acts alternatively as emitter and receiver. 
Between the emitted pulses, the transducer operates as a receiver and an elec
tronic gate selects the signals reflected at a given time from the emission. This 
time represents the time delay of the reception. The reception duration can also 
be selected. Adjustments of time delay and reception duration are made using 
constant steps of half a microsecond. With such a system, it is possible to 
determine exactly the distance, d, between the red cells of the blood column and 
the transducer, according to the echographic relation d = CI2 x t, where C is the 
ultrasound speed in tissues and t the reception time. The time delay and the 
duration reception respectively represent the depth and the thickness of the 
sample volume along the ultrasound beam axis. Using this procedure, it is 
possible to determine the diameter of the vessel and the cross-sectional blood 
flow velocity. 

The double tranducer system overcomes the difficulty of measuring the angle 
between the ultrasonic beam and the vessel axis. The probe contains two tran
ducers set at a known angle one to the other; in the present system, this is 120°. 
Probe position is adjusted until two successive velocities, one from each trans
ducer, are equal in absolute value. So the angle between each ultrasonic beam 
and the vessel axis is equal to 60°. In such conditions, the error for the determina
tion of angle is less than 2%. Validation of Doppler determinations has been 
performed using hydraulic test devices, as detailed elsewhere [7]. 

In practice, the probe position is adjusted so that the two velocity curves, 
successively recorded for a duration of ten cardiac cycles, are equal in terms of 
absolute values. Then with the probe properly placed and maintained by a 
flexible arm, arterial walls are located by changing the time delay step by step. 
Thus, the interval between the successive waves corresponds to the step advance 
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of the time delay. Knowing the difference in distance between the distal and 
proximal walls, and the angle between the ultrasonic beam and the vessel axis, 
arterial diameter is calculated. Cross-sectional blood velocity is measured with 
the time delay adjusted to the depth of the proximal wall of the artery and the 
duration reception to its diameter. Since the calibration voltage of the apparatus 
corresponds to a velocity of 38 cm/sec for an incidence angle of 60°, mean velocity 
is easily calculated by electronic integration of the velocity curve and expressed as 
the mean value of ten successive cardiac cycles for each transducer. 

Usually, after a rest period of 20 minutes, measurements are carried out with 
the patient in the supine position. The head is tilted backward and the examin
ation is performed in a quiet and semi-darkened room, at a constant temperature 
of 20° C. The position of the carotid artery is determined by palpation along the 
medial edge of the sterno-cleidomastoid muscle. After the carotid bifurcation has 
been located by continuous wave Doppler assessment, the pulsed Doppler probe 
is placed on the common carotid artery 3 cm proximal to the carotid bifurcation 
(Fig. 1) [5]. The common carotid artery is studied rather than the internal carotid 
artery since the internal and the external carotid arteries may be difficult to 
distinguish with conventional Doppler systems. Also, as concerns the probe 
transducer incidence angle, the precision of the axis of the common carotid artery 
in the neck is fairly constant, while the configurations of the internal and external 
carotid arteries give a high degree of variability. An ultrasonic gel is used as a 
coupling medium between the probe and the skin. The Doppler signals are 
monitored by a loud speaker throughout the examination. The velocity signals 
are recorded on a Siemens apparatus with rapid speed. All measurements of 
diameter and blood flow velocity are repeated at least twice for each common 
carotid artery and the values used are the mean of these determinations. Indices 
of reproducibility of the method have been published elsewhere [7,5,6]. Normal 
values in healthy subjects between 45 and 75 years are 0.653 ± O.Ol1cm (± 1 
standard error of the mean) (ranges: from 0.560 to 0.780cm) for diameter, 
19.4±1.0cm/sec (ranges: from 15 to 31cm/sec) for blood velocity, and 380± 
15 ml/mn (ranges: from 250 to 520 ml/min) for blood flow [5]. In normal subjects, 
no significant difference may be observed between the right and the left common 
carotid artery [5]. 

Common carotid artery parameters in sustained essential hypertension 

Studies of the common carotid circulation in hypertensive humans have been 
performed in ambulant male subjects with mild to moderate essential hyperten
sion in comparison with age-matched healthy volunteers [5]. All treatments were 
discontinued at least 3 weeks before the investigation. Sustained hypertension 
was documented on the basis of the averaging of three successive supine diastolic 
blood pressure between 95 to 114 mm Hg during the untreated ambulant period. 
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Measurement volume 

CCA : Common carotid artery 

ECA : External carotid artery 

ICA : Internal carotid artery 

o : Common carotid artery diameter 

o CCA 

V : Common carotid artery blood velocity 

Figure 1. Determination of common carotid parameters using pulsed Doppler systems in patients with 
stenosis of the internal carotid artery. The sites of diameter measurements are represented by arrows; 
when the velocity signals recorded from each transducer are equal in absolute value, the angle 
between the ultrasonic beam emitted by each transducer and the vessel axis is equal to half the angle 
between the two transducers, i.e. 60°; the crossing of the common carotid arterial lumen by a small 
measurement volume is schematized along the ultrasound beam of one transducer. 

No patient had hemiplegia or another neurological or cardiac complication. 
Continuous Doppler examination of extracranial cerebral arteries was assessed 
to be within the normal range both in controls and in patients with hypertension 
[5] . 

In subjects younger than 45 years, arterial diameter was 0.639 ± 0.014 cm in 
hypertensives and 0.651 ± 0.015 cm in controls. Blood velocity was respectively 
19.7 ± 0.9cm/sec and 21.2 ± 0.9cm/sec and blood flow 385 ± 20ml/min and 
410 ± 23 ml/min. For all these parameters, no significant difference was observed 
between normal subjects and hypertensives. Vascular resistance in the carotid 
circulation was significantly increased in hypertensives (341 ± 19 mm Hg· min/l 
versus 235 ± 14 mm Hg . min/l; p<O.01). In subjects older than 45 years, arterial 
diameter was similar in hypertensives and normotensives (0.665 ± 0.018 cm and 
0.653 ± O.OUcm). Blood velocity and blood flow were reduced in hypertensives: 
respectively 15.6 ± 0.6cm/sec versus 19.4 ± 2.0cm/sec (p<0.005) and 321 ± 14 
versus 385 ± 15 ml/min (p<O.OOl). Vascular resistance was strikingly increased in 
hypertensive patients (392 ± 20 mm Hg· min/l versus 267 ± 14 mm Hg· min/l; 
p<O.OO1) [5]. 
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Table 1 summarizes the hemodynamic changes according to age in normoten
sive and hypertensive subjects [5]. In controls, no modification is observed in the 
diameter, blood velocity, blood flow and vascular resistance with age. On the 
other hand, a decrease in blood velocity and blood flow of the common carotid 
artery is noticed in the older group of patients with hypertension as compared to 
the younger patients. 

Finally, the study indicates that the arterial diameter of common carotid artery 
remains within the normal range whatever age and the blood pressure level may 
be. This finding contrasts with the elevated brachial artery diameter previously 
described in patients with sustained hypertension [8]. No modification of arterial 
diameter was observed with aging although previous publications have reported 
an increase of the size of the thoracic aorta with age [9]. Thus it appears that the 
common carotid artery diameter in men with sustained essential hypertension 
may be considered as abnormal for the blood pressure level. Such a finding 
implies intrinsic modifications of the arterial wall, due either to a change in 
vasomotor tone or to an increased thickness ofthe arterial wall [5, 1, 9]. In favor 
of the latter hypothesis, histological studies of human hypertensive carotid ar
teries have shown an elevated incidence of tetraploid cells and DNA, indicating 
an increased mass of arterial smooth muscle [10]. 

While there is no change of blood velocity or blood flow of common carotid 
artery in younger patients with hypertension, clinical data point to a decrease in 
flow in hypertensive patients older than 45 years [5]. This reduction in flow 
reflects an increase in vascular resistance and therefore indicates a decrease in the 
cross-sectional area of small arteries which is more pronounced in older than in 
younger hypertensives. 

In conclusion, both small and large arteries are modified in the carotid circula
tion of patients with sustained essential hypertension. Modifications of small 

Table 1. Hemodynamic changes with age of common carotid artery parameters in normotensive and 
hypertensive subjects (see text) (with permission) [5]. 

Normal Subjects Hypertensive patients 

Younger Older Younger Older 
(n = 17) (n=21) (n = 17) (n = 21) 

Arterial diameter (cm) 0.651 ± 0.015 0.653 ± 0.11 0.639 ± 0.014 0.665 ± 0.018 
Blood velocity 21.2 ± 0.9 19.4 ± 1.0 19.7 ± 0.7 15.6 ± 0.6* * * 

(cm/sec) 
Volume flow 410 ± 23 385 ± 15 385 ± 20 321±14* * * 
(ml/min) 
Vascular resistance 235 ± 14 267 ± 14 341 ± 19 392 ± 20 
(mm Hg· min/I). 

* * * p<0.005 (older versus younger). 
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arteries in the carotido-cerebral circulations have been extensively studied in the 
literature [1, 4, 11]. As regards large vessels, the abnormalities in the cushioning 
function of the carotid arteries may have many practical implications, in particu
lar for modifications of arterial wall tension and shear stress (Table 2) [9-11]. 

Common carotid artery and baroreflex mechanisms in hypertensive humans 

An important feature of carotid hemodynamics concerns the role of the arterial 
wall in mediating baroreceptor afferent nerve activity [12, 13, 14]. The arterial 
wall of the carotid sinus contains a high content of connective tissue (especially 
elastin) and very little vascular muscle. This region also exhibits low circumferen
tial stiffness. Baroreceptor nerve activity unquestionably is associated with wall 
deformation since restricting wall distension with plaster casts abolishes bar
oreceptor-mediated reflexes [15]. 

In normal animals, the nerve endings respond either to tensile deformation or 
to tensile stress. Bergel and coworkers [12, 13, 16] reported that carotid sinus 
nerve discharge was linearly related to sinus diameter, even at high pressures and 
large diameters. However, at large diameters, the wall becomes exceedingly stiff, 
so that an elevation in pressure produces little change in diameter. Although such 
data suggest that receptors respond to deformation rather than to stress under 
such conditions, it is not possible to tell with certainty from observations at large 
diameters whether the receptor endings respond to deformation or to stress at 
physiological pressures and/or at more moderate dimensions. 

Table 2. Carotid bifurcation shear stress (dynes/cm2) (by permission) [26]. 'At the apex of the flow 
divider and along the inner wall of the carotid sinus, shear stress is high and is accentuated at peak 
systolic flow rates due to the very high velocity gradient at the vessel wall. Along the outer wall of the 
carotid sinus, shear stress is very low, principally due to the low flow velocities at this location. In the 
internal carotid artery beyond the carotid sinus, outer wall shear stress is again restored to common 
carotid levels. Along the inner wall of the distal internal carotid artery, calculated wall shear stress at 
Re 1200 is 565 dynes/cm2, which exceeded the value for shear stress previously reported to cause 
endothelial damage' [9] (by permission) [26]. 

Common Carotid 
Carotid sinus 

Inner Wall 
Outer Wall 

Internal Carotid 
Inner Wall 
Outer Wall 

± standard error of the mean. 

Mean Flow (Re400) 

10 ± 1 

23 ± 5 
0±2 

50± 10 
39± 8 

Peak Flow (Re1200) 

29± 3 

203 ± 61 
-2±2 

565 ± 170 
50 ± 10 
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Although similar problems may be posed in hypertension in man, it is generally 
admitted that the resetting of baroreceptors observed during the established 
phase of the disease is related to modifications of the arterial wall of the blood 
vessel containing receptors [2, 3]. Indeed, reduced arterial compliance is a 
common feature of patients with hypertension and has been shown to be highly 
correlated with baroreflex sensitivity [17]. However, more direct evidence for an 
active effect of the carotid artery on the baroreflex mechanisms in hypertensive 
humans has been provided by pharmacological studies [18]. The hemodynamic 
effects of a dihydralazine-like substance (cadralazine) [19] have been investigated 
on the common carotid artery of patients with sustained essential hypertension. 
Four hours after oral administration of cadralazine (20 mg), blood pressure 
decreased markedly and heart rate was significantly enhanced, reflecting the 
activation of the autonomic nervous system. Diameter, blood flow velocity and 
blood flow of the common carotid artery were not significantly modified. On the 
other hand, vascular resistance and tangential tension (i.e. the product between 
mean arterial pressure and the radius of the artery) were slightly decreased. 
However, the most important result was the significant correlation observed 
between the change in tangential tension and the change in heart rate (Fig. 2): the 
greater the decrease in tangential tension, the greater the increase in heart rate 
[18]. 

Since no direct stimulating effect of hydralazine and derivatives on the isolated 
heart has been previously reported [19], the change in heart rate can be used as an 
index of sympathetic activation. Thus the relationship between the changes in 
heart rate and in tangential tension after cadralazine suggests that cadralazine
induced sympathetic activation is related to modifications of the carotid artery 
hemodynamics and that the carotid system participates actively in the baroreflex 
mechanisms observed in hypertensive humans [18]. 

Common carotid artery parameters in patients with stenosis of the internal carotid 
artery 

Most ischemic cerebral vascular disease results from arterial narrowing or occlu
sion. Hypertension is the most important risk factor associated with stroke [20]. 
In particular, it promotes the development of atherosclerosis in the extracranial 
and intracranial arteries. In the former case, atherosclerosis and superimposed 
thrombotic disease usually occur either at the origin of the internal carotid artery 
or at the bifurcation of the common carotid artery [4]. For that reason, the study 
of carotid parameters proximal to a given stenosis of the internal carotid artery 
may be relevant for the investigation of normotensive and hypertensive patients. 

Common carotid blood flow has been studied in patients with internal carotid 
artery stenosis [21]. In all cases, the stenosis was strictly unilateral, as judged by 
arteriography. No associated occlusion was observed in the remaining carotido-
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Figure 2. Acute administration of cadralazine in patients with sustained essential hypertension: 
relationship between the change in heart rate and the change in tangential tension of the common 
carotid artery (CCA) personal data. 

cerebral circulation. The group consisted of 19 males and 5 females. Their age 
ranged between 45 and 75 years. All treatment was discontinued at least 15 days 
before the study. Fifteen patients presented a carotid bruit, 9 patients had had a 
transient ischemic attack. 7 patients suffered from ischemic heart disease and 2 
from arterosclerosis obliterans of the lower limbs. Table 3 summarizes the 
individual arterial parameters in patients with unilateral stenosis of the internal 
carotid artery [21]. On the uninvolved side, mean values of arterial diameter, 
blood velocity and blood flow remained within the normal range. In comparison, 
the involved side exhibited a significant reduction in arterial diameter, blood 
velocity and, in particular, blood flow. 

Fig. 3 shows the values of common carotid artery blood flow of the involved 
side as a function of the degree of stenosis appraised on conventional arteriogra
phy. From 40% to 80% diameter stenosis, blood flow was reduced (mean value: 
250 ml/min) and remained nearly constant. After 80% diameter stenosis, blood 
flow decreased abruptly. A strong negatively curvilinear relationship results from 
this hemodynamic pattern, as previously shown in experimental studies [9]. 

In order to evaluate the role of hypertension in stenosis of the internal carotid 
artery, patients with stenosis of the internal carotid artery were divided into two 
groups: those with normal blood pressure and those with elevated blood pres
sure. Comparison of normotensives and hypertensives indicated that arterial 
diameter and blood flow velocity were nearly similar while blood flow was more 
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Figure 3. Patients with unilateral stenosis of the internal carotid artery: relationship between the 
degree of stenosis judged by arteriography and the homolateral common carotid artery blood flow 
(with permission) [21]. 

reduced in hypertensives. Vascular resistance was more elevated in hypertensives 
than in normotensives. Figure 4 depicts the value of common carotid blood flow 
in normotensives and hypertensives, as function of the degree of stenosis of the 
internal carotid artery. Common carotid blood flow is expressed as the ratio 
between blood flow of the involved side on blood flow of the uninvolved side. 
Both in normotensives and in hypertensives, blood flow and the degree of 

Table 3. Normotensives patients with unilateral stenosis of the internal carotid artery (24 subjects) (by 
permission) [21]. 

Uninvolved Side 

Arterial Diameter (em) 0.610 ± 0.017 
Blood Flow Velocity (em/sec) 19.9 ± 0.86 
Blood Flow (ml/min) 350 ± 16 

± standard error of the mean. 
* * * p<O.OOl. 

Involved Side 

0.508 ± 0.026* * * 

14.7±0.92* * * 

188± 14' *' 
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stenosis are inversely related: the higher the degree of stenosis, the lower the 
ratio and the more reduced the blood flow of the involved side. However, the 
ratio was lower in hypertensives than in normotensives at any degree of stenosis. 

Thus, significant stenosis of the internal carotid artery is responsible for severe 
ischemia in the carotid circulation, with higher reductions in blood flow in 
patients with hypertension. 

Vasodilating antihypertensive drugs and the common carotid artery circulation 

Since the hemodynamic pattern of the carotido-cerebral circulation in essential 
hypertension involves both resistive and capacitative arterial vessels, it appeared 
important to evaluate the effect of vasodilating antihypertensive drugs on the 
carotid circulation taking into account both small and large arteries [22]. 

For this purpose, hemodynamic measurements were performed before and 2 to 
4 hours after oral administration of three vasodilating drugs: captopril, a classical 
converting-enzyme inhibitor [23], isosorbide dinitrate, a nitroglycerine-like sub
stance, and nitrendipine, an available calcium-entry blocker [24]. Doses were 
respectively 75 mg, 20 mg and 20 mg in order to produce the same blood pressure 
reduction for similar values in baseline blood pressure in the three subgroups of 
patients [22]. 

Figure 5 summarizes the dominant observations of the investigation. Captopril 
produced both a dilatation of small (decrease in vascular resistance) and large 
(increase in arterial diameter) arteries. Isosorbide dinitrate dilated predomi
nantly the common carotid artery diameter, but no significant change in the cross
sectional area of arterioles was observed. Nitrendipine markedly decreased 
vascular resistance (dilatation of small arteries), but no change in the common 

Table 4. Patients with unilateral stenosis of the internal carotid artery: common carotid parameters of 
the involved side in normotensive and hypertensive patients (personal data). 

Diameter (cm) 
Blood flow velocity 
(cm/sec) 
Blood flow (ml/min) 
Vascular resistance 
(mm Hg· sec/ml) 

± 1 standard error of the mean. 
Legend: 
* p<0.05. 
* * *p<O.OOl. 

Normotensive 
(n = 14) 

0.528 ± 0.020 
14.3 ± 1.2 

212 ± 67 
28.0 ± 3.2 

Hypertensives 
(n = 10) 

0.520 ± 0.040 
13.2 ± 1.3 

167 ± 26* 

43.1 ± 4.8* * * 
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Figure 4. Patients with unilateral stenosis of the internal carotid artery: relationship between the 
degree of stenosis judged by arteriography and the common carotid blood flow represented as the 
ratio between the involved side versus the uninvolved side (see text). Notice that normotensives and 
hypertensives may be represented by two different curves, so that, at any degree of stenosis, blood 
flow is more reduced in hypertensives that in normotensives (with permission [27]). 

carotid artery caliber occurred [22]. Thus, vasodilating drugs acted differently on 
small and large arteries. Only captopril dilated both small and large vessels. 

It has been reported that the pressure distal to the narrowing of the vessel in 
patients with arterial stenosis of the internal carotid artery was influenced by two 
different parameters: the importance of arteriolar dilatation and the degree of 
stenosis [25]. Poststenostic pressure is decreased when arterioles dilate and is 
enhanced when the large artery diameter increases, mainly at the site of the 
stenosis. From this observation, it ensues that antihypertensive drugs causing 
exclusively arteriolar vasodilatation may reduce the pressure distal to the stenosis 
of the internal carotid artery, while drugs causing a preferential dilatation of large 
carotido-cerebral arteries should preserve the poststenotic pressure better. In 
that regard, it is important to notice that dilatation of the internal carotid artery 
obtained by surgery in patients with stenosis of the internal carotid artery im
proved significantly the blood flow of the common carotid artery both in nor
motensive and hypertensive subjects (Fig. 6). Such findings suggest that vas
odilating drugs causing dilatation of both small and large arteries could be a better 
choice to improve cerebro-vascular circulation in patients treated for hyperten
sion. 

In conclusion, the present study has shown that the common carotid circulation 
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Figure 5. Summary of the hemodynamic effects of captopril, isosorbide dinitrate and nitrendipine on 
the common carotid artery diameter (used as an index of large vessels) and on vascular resistance 
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Figure 6. Patients with unilateral stenosis of the internal carotid artery: common carotid blood flow 
before and after surgical treatment (with permission [27]). 
* p<O.05. 

is modified in patients with essential hypertension with changes in both small 
(increase in vascular resistance) and large arteries (normal arterial diameter 
despite elevated blood pressure). Larges vessels are probably involved actively in 
the modifications of the baroreflex mechanisms observed in hypertension. Eval
uation of common carotid parameters may be useful for the evaluation of the 
degree of narrowing observed in patients with stenosis of the internal carotid 
artery. In such patients, common carotid blood flow is more altered in hyperten
sive than in normotensive patients. Finally, the study of carotid parameters may 
be extremely relevant in clinical pharmacology. In the carotid circulation, vaso
dilating drugs may dilate either small arteries or large arteries or both, with 
possible implications in the choice of antihypertensive drugs to preserve the 
carotido-cerebral circulation. 
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Renal circulation in essential hypertension 

P.W. DE LEEUW and W.H. BIRKENHAGER 

Introduction 

Among the various organs which could playa role in the pathogenesis of essential 
hypertension, the kidney ranks high. This may be inferred from the observation 
that many experimental procedures which affect the kidney can readily produce 
hypertension. Furthermore, it is difficult if not impossible to construct a hypo
thetical pathogenesis of hypertension without attributing to the kidney a central 
role. Admittedly, the kidney is one of the main targets of the hypertensive disease 
and renal abnormalities which have been observed in essential hypertension often 
seem to be a consequence of the disease rather than its cause. However, it is 
conceivable that such abnormalities may contribute not only to the maintenance 
of hypertension, but also to progression of the disease. 

Current theories on blood pressure regulation emphasize the relation between 
arterial pressure and urinary sodium excretion [1-3]. An increase in arterial 
pressure causes increased losses of sodium and water, which results in a fall in 
arterial pressure until it reaches a level where the output of sodium and water 
again equals intake. According to this view, the relation between arterial pres
sure and sodium output must be altered, in a sense that an abnormally high renal 
perfusion pressure is required for the excretion of a given amount of sodium, if 
hypertension is to persist. Thus, sodium balance is achieved at the expense of 
increased arterial pressure. Of course, it is difficult to get direct evidence for this 
in man, but it may be worthwhile to consider some aspects of renal function which 
are more readily accessible. In particular, this applies to the study of renal 
haemodynamics. 

Renal blood flow in essential hypertension 

Although renal blood flow is reduced in most patients with essential hypertension 
[4-8], it is sometimes normal [8-12] and in a minority of patients it even appears to 
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be increased [13-17]. It is of interest that in young subjects at risk of developing 
hypertension, renal blood flow may also be remarkably high [18-19]. The reason 
for these divergent haemodynamic patterns is not yet clear. Although it has been 
suggested that high renal flow rates would be due to an increased cardiac output 
[15,20], such a mechanism has not been uniformly accepted [18, 19, 21]. It seems, 
therefore, that an increase in renal perfusion is due to some unknown stimulus 
and may represent, for instance, a compensation for a genetic abnormality in 
glomerular filtration [18]. According to Williams and co-workers subjects who 
exhibit high flow rates through the kidney do, indeed, form a separate subgroup 
characterized by other abnormalities as well [22]. Despite the lack of an explana
tion these findings are important because they suggest that renal ischaemia may 
not always be the prime mover in essential·hypertension. However, even when 
renal blood flow was increased, calculated renal vascular resistance was already 
elevated [19]. In fact, in all studies where hypertensives were found to have 
normal renal blood flow, resistance in the kidney must have been enhanced as 
well. 

When interpreting renal blood flow data one has to take into account that age is 
an important modulator of renal perfusion. In normal man renal flow declines 
with age, particularly over the age of 40 years [4, 5, 9, 23-26]. In patients with 
essential hypertension, the decrease in renal flow with age appears to be exagger
ated [12, 26-28]. Moreover, renal blood flow is inversely related to the height of 
blood pressure [9-11, 26-29]. In the study of Reubi et al. [29] the latter relation
ship was not found when only cases of benign hypertension were considered; this 
discrepancy may be due to a lack in standardization of sodium intake or to 
differences in patient selection. 

Another point to be emphasized is the fact that renal blood flow not only 
changes as a result of local alterations in vascular tone but is also affected by 
systemic blood flow. In other words, despite the presence of vascular abnor
malities, the kidney could still exhibit a relatively high flow rate in relation to 
cardiac output. Hence, renal blood flow is only acceptable as a measure of 
(selective) renal vascular changes when it is expressed as a fraction of cardiac 
output. In our own series [28] the renal fraction of cardiac output appeared to be 
normal in the younger age groups and to decline significantly with age, indicating 
that preferential renal vascular involvement probably is a secondary phe
nomenon. Other studies in hypertensive patients have also revealed a lower renal 
fraction in comparison to normotensives, this being due to diminished renal blood 
flow rather than to changes in cardiac output [30--32]. London et al. analysed 
renal blood flow in relation to cardiac output and age in normotensives and 
hypertensives; they found parallel relationships between renal flow and cardiac 
index in both groups, but the intercept was lower in the hypertensive group [26]. 
They conduded that a 'normal' value for renal blood flow may be found in a large 
proportion of hypertensive patients, especially the younger ones, but for a given 
cardiac output renal blood flow in such patients is still lower than in control 
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subjects. In addition, the investigators showed that the renal fraction displayed a 
significant inverse relationship with age in the hypertensives, whilst such a 
relationship was absent in the normotensives. Thus, it may be concluded that a 
rise in renal vascular resistance is an early but also a progressive marker of 
essential hypertension. The downward trend of renal blood flow and the steady 
increase in renal vascular resistance with time has been derived mainly from 
cross-sectional data, but in a follow-up study on 26 patients with essential hyper
tension we have been able to confirm this pattern [28, 33]. 

The reduction in renal blood flow is most prominent in the cortical region of the 
kidney as shown by xenon-washout studies [6, 17,31,33,34]. However, while 
normals exhibit a fall in cortical perfusion with age [25, 31, 34], such a relationship 
is less easy to demonstrate in hypertensives. In our own series [34] we found only 
a weak effect of age, while Case et al. [35] did not find any effect at all. On the 
other hand, cortical flow is already clearly reduced in the majority of hyperten
sives at an early stage [17]. Thus, in the initial phases of hypertension vascular 
tone in the renal cortex seems to be exaggerated. It is still elusive whether this is a 
cause or the result of the hypertensive process but with others [17] we believe that 
the abnormality occurs sufficiently early to be of causative potential in the 
pathogenesis of essential hypertension. 

At this point the obvious question is: what is the nature of the increased renal 
resistance? Although structural narrowing of the arterioles may contribute to the 
rise in renal resistance once hypertension is established, there is little to suggest 
that such a mechanism is operative in the initial stages. On the contrary, there is 
ample evidence that arteriolar resistance is not fixed since it can readily be 
reduced by pyrogens [8], saline loading [31, 33, 36-38] or pharmacological agents 
[26, 34, 39]. Therefore, the enhanced impedance to flow in the kidney must at 
least in part have a functional basis. In this respect one may think of the renin
angiotensin system or the adrenergic system which could be overactive or of 
vasodilator mechanisms which are deficient. Alternatively, all these systems may 
operate on a normal level, but sensitivity (or response) of the renal vasculature is 
abnormal. 

Role of the renin-angiotensin system 

In order to implicate a role for the renin-angiotensin system in the regulation of 
renal vascular tone, two requirements should be fulfilled. Firstly, one should 
demonstrate that angiotensin, indeed, is able to constrict the renal vessels and 
secondly, if angiotensin participates in renal vasoconstriction, one should be able 
to reverse its effects by ablation experiments. 

From what is known, it would seem reasonable to assume that angiotensin II 
has the potential to produce renal vasoconstriction. Earlier studies on the renal 
response to infused angiotensin II in man are difficult to interpret because pressor 
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doses of the agent were used [40-43], but a fall in renal blood flow was the 
uniform finding. However, even subpressor doses of angiotensin II raise vascular 
resistance in the kidney as was first shown by Statius van Eps [44] and later 
confirmed by Ljungman [45]. In the latter study changes did not reach statistical 
significance in normotensives, while they did in the hypertensives. This may 
indicate that sensitivity to angiotensin II is greater in hypertensives than in 
normals. Since clearance techniques were used to measure renal flow, the the
oretical possibility remains that in the studies cited above angiotensin had some 
direct effect on intra renal transport of the indicator. However, even more con
vincing data were presented by Hollenberg and co-workers, who infused an
giotensin II in incremental doses into the renal artery of normal subjects and 
measured renal blood flow by means of the xenon washout technique [46]. In 
doses which did not produce systemic effects, angiotensin II clearly reduced mean 
renal flow as well as cortical flow in a dose-dependent way. In patients with 
essential hypertension the renal response to angiotensin is even enhanced: both a 
significant reduction in threshold dose and a steeper slope relating drug dose to 
response have been found [47]. Thus, there is compelling evidence that ex
ogenous angiotensin II has an intrarenal vasoconstrictor action, making this 
compound a potential candidate as a cause of impaired renal perfusion in hyper
tension. However, these studies do not yet prove that endogenous angiotensin 
contributes to renal vascular tone. The classic way to approach this problem is to 
perform ablation experiments. In a strict sense such investigations are impossible, 
even in experimental animals, because the kidney is both source and target of the 
hormone. Therefore, we have to make do with pharmacological interruption of 
the renin-system which, of course, has obvious disadvantages. The most impor
tant tools that are available at present are the angiotensin analogues which 
compete with angiotensin for its receptors and, more recently, the inhibitors of 
angiotensin converting-enzyme. 

In normal man administration of an angiotensin antagonist or a converting
enzyme inhibitor has little effect on renal blood flow when the renin-angiotensin 
system is suppressed by a liberal sodium diet. Under these conditions renal 
perfusion may even fall either as a consequence of partial agonistic activity of the 
analogue [48, 49] or secondary to a fall in blood pressure. On the other hand, 
when the renin system is activated usually a striking increase in renal blood flow is 
observed [49-51]. In patients with essential hypertension administration of con
verting-enzyme inhibitors invariably increases renal blood flow and in this group 
the response is even potentiated [52]. Also, when renal blood flow increases only 
marginally, a fall in renal vascular resistance is readily demonstrated [53-55]. 
Moreover, sodium intake modulates the effect of the converting-enzyme inhibi
tor captopril differently in hypertensives and in normals. Thus, in normals on a 
liberal sodium diet captopril does not augment renal flow, while it does in 
hypertensives on a similar diet [51]. We have found that the inhibitor enalaprilic 
acid also increases renal blood flow (Fig. 1) but only at doses which completely 
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Figure 1. Effect of the converting-enzyme inhibitor enalaprilic acid on mean renal blood flow (MRBF) 
in two groups of patients receiving incremental doses of the drug. Only at the two highest doses renal 
blood flow increased. 

suppress plasmatic converting-enzyme [56]. 
With the proviso that no pharmacologic agent is entirely specific, the accumul

ated data point to an important role of endogenous angiotensin in the regulation 
of renal vascular resistance. It also seems that the hypertensive kidney is more 
sensitive to this substance than the normotensive one. Unfortunately, we are not 
yet able to answer the question whether it is circulating angiotensin or intra
renally formed angiotensin which is the most important regulator of renal vascu
lar tone. 

Role of the adrenergic system 

Although it is frequently assumed that the sympathetic nervous systems plays a 
major part in the pathophysiology of essential hypertension, data about adre
nergic participation in renal vasoconstriction are only beginning to emerge. What 
was discussed for angiotensin also applies to the adrenergic system; that is, it 
should not only be proven that adrenergic stimulation can increase renal resis
tance, it should also be demonstrated that blockade of neurons or receptors can 
reverse this process. 

Indeed, the renal circulation responds to noradrenaline both in normotensives 
and in hypertensives [57, 58] and various manoeuvres which activate the sympa
thetic system also reduce renal flow [59-64]. In our own study we found that 
isometric (handgrip) exercise in 5 hypertensive patients reduced renal blood flow 
from an average of 302 ml min-1 (100 g)-l to an average of 250 ml min-1 (100 g)-I, 
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indicating that (neurogenic) vasocontriction had taken place in the kidney [63]. 
Likewise, mental stress has a profound impact on renal flow. For instance, 
Hollenberg found that confrontation with a non-vertal IO-test depressed mean 
renal blood flow by an average of 80 ml min- l (100 g)-l in 15 patients with essential 
hypertension. Several studies have now shown that a major disturbing stimulus 
evokes an accentuated renal vascular response in hypertensives, which is in 
contrast to the reaction seen in normotensives [7, 60---62]. It should be empha
sized, however, that this was not always the case [64]. Normotensive subjects 
whose parents have hypertension may frequently display a renal response that 
resembles that of patients with hypertension. On this basis Hollenberg argues 
that the renal effects of neurogenic stimulation are not a consequence of high 
blood pressure, but rather a factor present at the initiation of this disorder. 

It is not yet clear what mediates the renal vascular response to a neurogenic 
stimulus, but arguments have been presented for a direct effect rather than an 
indirect one, for instance via angiotensin [60]. Consistent with this view are the 
observations on a fall in renal vascular resistance brought about by the admin
istration of drugs with a central sympatholytic action or with peripheral alpha
adrenoceptor blocking properties [26, 39,65-69]. At least the renal vasoconstric
tion related to isometric exercise requires the functional presence of alpha-l 
receptors, although in this context alpha-2 receptors may even be more important 
[63, 70]. The same may be true for resting vascular tone in the kidney [39, 63] 
(Fig. 2). 

Role of vasodilator systems 

Many uncertainties exist regarding the potential impact of prostaglandins on 
renal blood flow. Since these substances are local rather than circulating hor
mones it is extremely difficult to prove that they playa regulating role. Moreover, 
current techniques are not adequate enough to measure prostaglandins in blood 
or urine. Despite these drawbacks London and co-workers measured plasma 
prostaglandins E2 and FZa in 13 men with either borderline or sustained essential 
hypertension [71]. They were able to show a significant positive relationship 
between log values of PGEz and renal plasma flow. The same appeared true for 
the ratio between PGE2 and PGF2a , whereas a non-significant inverse relation
ship was found between PGF2a and renal plasma flow. The correlations were 
independent of age or the level of arterial pressure. On the basis of these findings 
the authors speculated about a possible role of renal prostaglandins on the 
regulation of renal flow, at least in hypertensives. The observation that pros
taglandin-synthetase inhibitors impair blood flow through the kidney [72] may be 
in line with the hypothesis of London. However, too few data are presently 
available to implicate deficient production of PGE2 or enhanced release of PGFZa 

as a pathogenetic mechanism in essential hypertension. With respect to the 
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Figure 2. Changes in mean arterial pressure (MAP) and in renal blood flow (RBF) during infusion of 
incremental doses of the alpha-! antagonist doxazosin. Note that only a small increase in renal blood 
flow ensued. 

kallikrein-kinin system there are no certainties either. Levy et al. found both in 
normotensives and in hypertensives a positive relationship between urinary 
kallikrein excretion and renal blood flow [73]. When kallikrein excretion was 
substituted by the ratio between urinary kallikrein and supine plasma renin 
activity a similar relationship emerged. Although such data may point to an 
important regulating role of kinins, again too few data are available to substanti
ate this. 

Several other vasodilating systems such as for instance dopamine or the atrial 
natriuretic factor may be involved as determinants of renal perfusion but at 
present the relevant information is too scanty. 

Impact on glomerular filtration 

Glomerular filtration rate is well maintained in essential hypertension until a late 
stage of the disease; a rapid decline of glomerular filtration rate is often seen in 
the malignant phase. In our own series glomerular filtration appeared to be 
largely maintained around an average normal value of 70 ml min -1 m -2 as long as 
renal plasma flow did not fall below 300 ml min-1 m-2 ; at lower flow rates 
filtration declined but even then proportionally less than the decrement in plasma 
flow [28]. Filtration fraction, therefore, increased as blood pressure rose and 
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renal blood flow fell. Although an elevated filtration fraction is a common finding 
in essential hypertension, this variable may be normal especially in the early 
stages of the disease [9, 28,29]. 

In view of the reduction in renal cortical blood flow, the raised filtration 
fraction in essential hypertension could be the consequence of a shift in blood 
flow from areas with relatively low filtration to regions where it is relatively high. 
There are no data on regional differences in filtration fraction in man, but studies 
in experimental animals indicate that filtration fraction in the cortex is either not 
different from whole-kidney filtration or perhaps somewhat higher [74]. 

Alternative explanations for an increased filtration fraction could be increased 
effective filtration pressure or enhanced permeability of glomerular capillaries. 
The force causing filtration is the head of pressure transmitted to the glomerular 
capillaries from the systemic circulation, and this is opposed by the oncotic 
pressure. 

Variations in glomerular hydrostatic pressure may result from changes in 
systemic hydrostatic pressure but also from changes in the resistance of the small 
renal arteries, the afferent and efferent arterioles, and the veins. Thus, glomeru
lar pressure cannot be estimated in a direct way from the arterial pressure in the 
systemic circulation. Micropuncture studies in rats and monkeys have shown that 
filtration is highly flow-dependent, in the sense that changes in renal blood flow 
tend to be associated with parallel changes in glomerular filtration. If this is true 
for man as well, then a rise in filtration fraction, associated with the fall in blood 
flow through the kidney must imply an absolute or relative increase in glomerular 
hydrostatic pressure. Indeed, there is evidence that hydrostatic pressure in the 
proximal tubules is raised in essential hypertension [37]. It may therefore be 
assumed that glomerular capillary hydrostatic pressure is elevated as well. More
over, Parving et al. [75] found a positive correlation between systemic arterial 
pressure and albuminuria (measured by radioimmunoassay) in patients with 
benign hypertension and 'normal' renal function, which was also interpreted as 
evidence for increased filtration pressure. 

The two studies mentioned here suggest that it is transmission of an elevated 
systemic pressure which causes intraglomerular hydrostatic pressure to go up. 
Such an hypothesis has also been put forward by others [36, 76]. However, 
Willassen and Ofstad [72] failed to observe differences in wedged renal venous 
pressure between normotensives and hypertensives. Although this is in contrast 
with the findings of Lowenstein [37], it should be emphasized that Willassen and 
Ofstad's patients had higher values of renal blood flow and, hence, may not have 
had renal vascular abnormalities as severe as the patients in other studies [36, 37, 
76]. Nevertheless, the discrepancy should alert that there may be another mecha
nism involved. From recent data it would appear that the efferent arteriole plays a 
pivotal role in the regulation of glomerular filtration rate. Constriction of the 
efferent arteriole raises glomerular hydrostatic pressure and this in itself may be 
sufficient to maintain filtration under conditions of a reduced blood supply. 



205 

Evidence, albeit indirect, for the participation of such a mechanism has come 
from studies where the renal effects of converting-enzyme inhibitors have been 
investigated. The results hint at angiotensin II as the modulator of filtration, in 
particular when renal blood is impaired [78, 79]. However, those results usually 
have been obtained under somewhat extreme conditions and there is as yet no 
compelling evidence that angiotensin II-mediated efferent arteriolar constriction 
is the crucial factor in the maintenance of filtration rate in essential hypertension. 

Except for an increased hydrostatic pressure, alterations in glomerular capil
lary permeability could be involved. According to Bianchi the primary defect in 
hypertension would be a reduction in the ultrafiltration coefficient [18]. To 
compensate for this abnormality the organism would tend to increase renal blood 
flow in order to deliver a greater amount of plasma to the glomeruli. The finding 
of increased blood supply in some young subjects at risk of developing hyperten
sion is certainly in support of such a view [18]. It is further assumed that later, 
when the capacitance of the renal vascular bed is put to limits, the higher plasma 
flow through the kidneys cannot be maintained and the compensation for the 
reduced ultrafiltration coefficient shifts to an increase in effective filtration 
pressure and hence hypertension develops. It should be emphasized, however, 
that a normal glomerular filtration rate with reduced plasma flow could equally 
well result from an increased ultrafiltration coefficient. Clearly, further studies 
are necessary to elucidate the exact mechanisms involved. 

Conclusions 

The possibility that the renal vasculature plays an important role in the patho
genesis of essential hypertension still receives a lot of attention. An increase in 
renal vascular resistance is demonstrable in all patients with essential hyperten
sion. Total renal blood flow declines in an accelerated way as compared to 
physiological senescence and this is particularly evident in the outer cortial 
region. Blood flow measurements in this area correlate surprisingly well with 
angiographic assessments of vascular abnormalities [35, 80-82]. Although the 
nature of the increased vascular resistance is still elusive, there is compelling 
information that implicates both the sympathetic nervous system and angiotensin 
II. It is not known whether these two pressor mechanisms attack the kidney at the 
same site. A rise in efferent arteriolar resistance produced by angiotensin may be 
the explanation for the observation that glomerular filtration rate is kept within 
normal limits up to a stage of vascular complications. It is not excluded that the 
adrenergic system acts preferably at the level of the afferent arterioles. Wherever 
it comes into play, it is likely that alpha-2 adrenoceptors are the mediators of the 
vascular responses. 

Regardless of the initiating factors it may be envisaged that hypertension, from 
an early phase, is accompanied by accelerated destruction of renal arterioles and 
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glomeruli. The remammg afferent arterioles, as a consequence of the high 
systemic pressure, may be mechanically dilated resulting in hyperperfusion of 
intact glomeruli. Thus, in 'intact' nephrons glomerular filtration rate may be 
disproportion ally high as compared to flow. Along this line of thought, the 
apparent normality of whole-kidney glomerular filtration rate would in fact be 
the result of two deviations from normal: an increased single nephron filtration 
rate in a decimated number of glomeruli. Such a change would fit the angio
graphical description by Ljunquist [83]. 
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Hepato-splanchnic circulation in human 
hypertension 

Y.A. WEISS, G.H. LONDON and M.E. SAFAR 

Under normal conditions, the hepato-splanchnic circulation receives a large 
portion of the cardiac output (about 25%), contains a substantial fraction of the 
blood volume (about 20%) and provides a major share of the total body lymph 
flow and transvascular protein flux [1]. Therefore, hypertension-induced changes 
in the vasculature of this region can play a significant role in systemic hemo
dynamics. 

Although experimental studies [1] have suggested that abnormalities of the 
splanchnic circulation are important and even might be an initiating factor in 
hypertension [2], little research has been done on hepatic and splanchnic blood 
flow in hypertension in man. The present report summarizes the methods used 
for the evaluation of hepatic blood flow in humans with applications to the 
pathophysiology and clinical pharmacology of essential hypertension. 

Methods for the measurement of hepatic blood flow in hypertension 

Measurements of hepatic blood flow (HBF) are based on the general equation of 
clearances [3]. For any substance cleared from the circulation by the liver, the 
hepatic clearance (HC) is such that: 

HC=HBFx E 

in which E denotes hepatic extraction (arterio-venous difference in concentration 
divided by arterial concentration of the substance). When hepatic extraction is 
nearly complete (E = 1, with hepatic venous concentration nearly zero), hepatic 
blood flow equals hepatic clearance [3]. In other cases, invasive techniques 
requiring catheterization of hepatic veins are used to evaluate E [4] and hepatic 
blood flow is calculated as HClE. 

In the most classical method [4], two catheters are inserted into the antecubital 
veins for infusion and blood sampling. A catheter is introduced into the hepatic 
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vein by the Seldinger technique under fluoroscopic control. Estimation of the 
hepatic blood flow uses a plasma concentration plateau of freshly prepared 
indocyanine green (leG) [4, 5]. This plateau is obtained in 30 min by means of an 
intravenous bolus of 20 mg followed by constant infusion of the dye at a rate of 
0.6 mg/min. The infusion pump and the syringe are calibrated after each pro
cedure. Six paired peripheral and hepatic venous samples are taken at 5-min 
intervals. leG concentrations are determined with a Beckman spectrophotome
ter. Hepatic blood flow (HBF) in milliliter per minute is calculated from the 
formula: 

HBF = Q/(P - V)(l- Ht) 

where Q is the leG infusion rate, P and V are the peripheral and hepatic venous 
concentrations of the dye and Ht is the hepatic venous hematocrit. HBF is usually 
corrected for body surface area. The reproducibility of the method is 4 ± 2%. 

In order to avoid hepatic catheterizations, clearance of indocyanine green is 
often evaluated instead of real hepatic blood flow [6]. Fractional clearance is 
calculated using the method of the least squares for the natural logarithmic values 
of the serum concentration. Subsequently, the fractional clearance is multiplied 
by the plasma volume to obtain plasma clearance of indocyanine green. This 
value is corrected for the total body hematocrit to obtain the total blood clear
ance. In patients with normal hepatic function, the clearance seems to parallel 
closely any changes in total liver blood flow [6]. However, indocyanine green 
clearance consistently underestimates total hepatic blood flow [3], an error which 
is not observed with substances having more reproducible values of hepatic 
extraction ratio [5]. 

Many compounds, by virtue of quite elevated hepatic extraction ratios, can be 
considered to have flow-dependent hepatic clearances which are highly sensitive 
to changes in hepatic blood flow. Previous studies with aldosterone [7], ligno
caine and oxyphenylbutazone [8] have determined the relationship between 
changes in hepatic blood flow and total clearance of these substances. A high 
hepatic extraction ratio of (dl) propranolol has been shown in monkeys and in 
dogs [9]. A nearly complete extraction has also been postulated to occur in man at 
relatively low drug concentration [9], suggesting that propranolol might be added 
to the list of the flow-dependent drugs. Indeed, a high hepatic ratio of both (d) 
and (dl) propranolol has been observed in hypertensive men (Fig. 1) [5]. A highly 
significant relationship has been shown between hepatic blood flow measured 
from leG clearance and hepatic extraction and the total clearance of pro
pranolol. A decrease in hepatic blood flow is produced by the beta-adrenergic 
receptor blockade due to (dl) propranolol. On the other hand, (d) propranolol 
has no hemodynamic effect. The slope of the relationship between hepatic blood 
flow measured from the leG method and (d) propranolol clearance is 1.05 ± 0.27 
(Fig. 2) [5]. Such a result provides evidences that the (d) propranolol and not (dl) 
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Figure 1. Hepatic extraction ratios of (dl) (a) and (d) (b) propranolol in individual hypertensive 
patients (with permission) [5]. 
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Figure 2. Relationship between hepatic blood flow and (d) propranolol total plasma clearance. The 
equation is y = 1.06 x + 1.16 (y = ax + b). Note that the b value is not significantly different from zero. 
r = 0.86, P<O.01 (with permission) [5]. 
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propranolol total plasma clearance constitutes a safe method for the estimation of 
hepatic blood flow without catheterization in men with normal liver function. 

In clinical practice, (d) propranolol is administered intravenously until steady
state concentrations are achieved. The bolus size (0.27 mg/kg) and the continuous 
infusion rate (0.08 mg/kg/h) are based on classical kinetic data [10]. In all cases, 
higher initial levels decline rapidly within 30-45 min to the predetermined con
centration which is maintained during the infusion period. The reproducibility of 
the determination is 6 ± 3 %. Propranolol is often assayed fluorometrically by 
using Shand et al. methods [11]. Propranolol concentrations are determined both 
in blood and plasma. The blood plasma ratio is 0.90 ± 0.03 [12]. 

The bolus technique may be used with propranolol as a simpler procedure than 
the plateau technique [11]. A bolus of (d) propranolol (0.2 mg/kg) is administered 
intravenously in 30 s. Blood samples are taken before and 5,10,15,20,30,60,120 
and 180 min after propranolol administration. The (d) propranolol clearance is 
calculated from the disappearance curve of (d) propranolol. Since the feathering 
technique does not indicate significant differences in the results between the one
compartment and two-compartment models, only the one-compartment model is 
widely used for the calculation of (d) propranolol clearance. The reproducibility 
of the determination is 8 ± 2%. 

Hepatic blood flow in hypertensive humans 

The splanchnic vascular bed has not been extensively studied in patients with 
sustained essential hypertension. Both Culbertson et al. and Brod et at. (12-13) 
reported an increase in estimated splanchnic resistance in hypertension. It de
creased after splanchnicectomy but only for a few months [14]. Thus splanchnic 
blood flow is generally normal [13-15] (Table 1), although some work has shown it 
to be slightly decreased in subjects with renovascular hypertension [16]. 

In patients with borderline hypertension and elevated cardiac output, Messerli 
et at. [6] found that the ICG and hippuran clearances varied in parallel with 
cardiac output, with no evidence of redistribution between these two major 

Table 1. Regional haemodynamics (by permission) [15]. 

Lower limb blood flow (mllmin/lOO g) 
Renal blood flow (mllmin/m2) 
Hepatic blood flow (ml/min/m2) 

Normal 
Subjects 

2.03±0.17 
894 ± 32 
930 ± 56 

Results are means ± 1 SEM. Significance of differences: 
* p<O.01 in comparison with normal subjects. 

Borderline 
Hypertension 

3.06 ± 0.28* 
853 ± 37 
973 ± 50 

Sustained 
Hypertension 

1.9±0.18 
751 ± 27* 
885 ± 31 
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circulations. No comparison with control subjects was performed. When hepatic, 
renal and lower limb blood flows are considered together in borderline hyperten
sion and compared to normal subjects (Table 1), it appears that the increased 
cardiac output is dominantly related to an increase in lower limbs and muscle 
blood flow [5]. Since the increased lower limb blood flow is associated with a 
normal hepatic blood flow, as measured from the (d) propranolol clearance, an 
interesting interpretation of the redistribution of cardiac output may be proposed 
in borderline hypertension. On the basis of animal experiments, Caldini et al. [17] 
proposed that the circulation functioned as though it were two semi-independent 
circuits in parallel, one chiefly comprising the splanchnic bed, having a long time
constant for venous drainage, and the other, chiefly the muscles, a short time
constant for the venous drainage. If applicable to man, this observation is 
relevant to the hemodynamic results of patients with borderline hypertension and 
elevated cardiac output. A redistribution of blood flow could occur at the hepato
splanchnic level with an arteriolar constriction of the splanchnic bed and an 
increase in muscle blood flow, resulting in a faster average venous return to the 
heart by means of the shorter time-constant pathway. 

Hepatic blood flow and humoral and fluid volume abnormalities in human 
hypertensives 

The splanchnic vascular system is unusual in having two capillary systems, the 
intestinal and the hepatic. The liver possesses a double blood supply from the 
portal vein under low peripheral pressure and from the hepatic artery in which the 
perfusion pressure equals systemic arterial pressure. This anatomic situation 
explains why splanchnic blood flow is equal to hepatic blood flow if no significant 
collateral circulation exists [1, 3, 16]. In subjects with normal liver function, 
collaterals are usually absent or meaningless and the two terms hepatic and 
splanchnic blood flow can be used interchangeably, as it is the case in patients 
with hypertension. In this section, the relationships of hepatic blood flow will be 
analyzed on the basis of three parameters: plasma renin activity, plasma al
dosterone and fluid volumes in hypertension. 

In contrast with patients with essential hypertension, patients with reno
vascular hypertension (RAS) exhibit a normal or slightly elevated cardiac output 
associated with an even lower hepatic blood flow [16]. This finding must be 
interpreted in hypertensive patients with RAS, where circulating pressor sub
stances might produce vasoconstriction in the splanchnic vascular bed, thereby 
diminishing hepatic blood flow. This possibility is supported by the decrease in 
splanchnic blood flow which has been produced by angiotensin II infusion in 
animal [18] and in normotensive humans with or without liver disease [19]. A 
decrease in splanchnic blood flow was also found in experimental renal hyperten
sion in the rat [20]. Finally, in normal subjects [11] and in patients with RAS [21], 
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plasma renin activity and hepatic blood flow are negatively related, a finding 
which is never observed in patients with essential hypertension [21]. 

In patients with hypertension, the level of hepatic blood flow may be especially 
important in the view of the metabolism of aldosterone and other steroids, which 
are inactivated to a large degree by the liver [7]. Previous investigations [22] have 
indicated that the mean metabolic clearance rate of aldosterone measured by a 
constant infusion technique was lower in patients with essential hypertension 
than in healthy sUbjects. In addition, a marked decrease in the metabolic clear
ance rate of aldosterone has also been reported [23] in patients with renal arterial 
stenosis, which partially normalized after corrective surgery. However, more 
recent studies in large popUlations of patients with essential hypertension have 
shown that hepatic blood flow, evaluated from the (d) propranolol clearance, was 
invariably normal, showing no correlation with plasma aldosterone [11]. 

Structural or neurohumoral influences could lead to a reduction in vascular 
capacity. This would increase cardiac filling pressure as blood is translocated 
centrally and the resulting elevation of cardiac output and hence hepatic blood 
flow has been implicated as an early step in the development of several forms of 
hypertension [1, 2, 24]. Since the splanchnic circulation contains approximately 
22% of total blood volume, changes in the venous capacity in this region could 
contribute to this process. A shift in the pressure-volume curve of ileal veins 
toward the pressure axis in dogs with one-kidney, one-wrap perinephritic hyper
tension has been described [1]. As reported elsewhere [24], venous compliance is 
reduced in essential hypertension, mainly in its splanchnic compartment. Reduc
tion in splanchnic compliance may contribute to maintain or increase cardiac 
output and hence hepatic blood flow [24]. On the other hand, reduced venous 
compliance favors a shift of intravascular volume toward interstitial fluid volume 
[24]. In that condition, it seems logical that a negative relationship is observed 
between hepatic blood flow and the ratio between plasma volume and interstitial 
fluid volume in hypertension: the greater the reduction in the venous compliance, 
the higher the hepatic blood flow, the more substantial the shift of intravascular 
volume toward the interstitial space (Fig. 3). 

Antihypertensive drugs and hepatic blood flow 

Studies of the effect of antihypertensive drugs on hepatic blood flow are few. 
Most of them involve only indocyanine green blood clearance which has been 
found to be reduced after nitroglycerin and unchanged after hydralazine [25]. 

Hepatic blood flow measured using hepatic venous catheterization is decreased 
after administration of (dl) propranolol [5] and captopril [26] but unchanged after 
pindolol [27]. The finding of decreased hepatic blood flow after drug administra
tion might be a relevant subject at least for two reasons = (i) reduction in hepatic 
blood flow might predispose to further impairment in drinkers and patients with 
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Figure 3. Patients with sustained essential hypertension: relationship between hepatic blood flow and 
the ratio between plasma volume and interstitial fluid volume (personal data). 

abnormalities of liver function [28], and (ii) a persistent decrease in hepatic blood 
flow might also be expected to decrease systemic elimination of drugs that have a 
high hepatic extraction such as the anti-arrhythmic agents, lidocaine and ve
rapamil, as well as the lipid-soluble beta-adrenoreceptor antagonists and opiate 
analgesics [29]. For such reasons, the direct evaluation of hepatic extraction of 
drugs might be particularly relevant in the fields of hypertension. While the 
hepatic extraction of dl propranolol is 74 ± 1 % [5], the value is 23 ± 4% with 
pindolol (Fig. 4) [30, 31, 32]. From these determinations, it has been shown that 
total body clearance of propranolol nearly equals hepatic clearance [5, 32, 33]. 
On the other hand, total clearance of pindolol has been shown to be the sum of 
both the renal and non-renal clearances in equal parts [27-31]. In addition, the 
non-renal clearance of pindolol was found to equal the hepatic clearance directly 
measured from the hepatic extraction ratio and hepatic blood flow [27-31]. Such 
findings are particularly relevant for the treatment of hypertensive patients with 
renal insufficiency. 
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Part V 

Forearm circulation as a model for the study of 
hypertension 



Methods for investigation of the forearm blood 
flow 

BERNARD I. LEVY 

The limb circulation is widely used as a model for the study of hypertension and 
especially for estimation of the hemodynamic modifications induced by the 
administration of a drug. To understand the circulatory response of a limb, it is 
necessary to measure the fraction of flow exchanging substances with tissues 
(nutritive flow) as opposed to flow traversing shunt vessels which are capable of 
exchanging only heat. The metabolism to perfusion ratio and its distribution 
within the different tissues of the limb are also important parameters to be 
estimated. The ideal method must be non-invasive, accurate and reliable, it can 
be used at frequent intervals and not only at rest but also while the local 
circulation is varied, as widely as possible, by physical, chemical or nervous 
influence. Unfortunately, existing methods do not enable all of these measure
ments to be performed directly. However, considering together results obtained 
by various methods, most of this information can be obtained. 

1. Venous occlusion plethysmography 

For measuring the total blood flow, the 'gold standard' method is still the venous 
occlusion plethysmography. The principles have been described by Brodie and 
Russel in 1905 [1]: the aim is to arrest the venous blood return completely for a few 
seconds, without directly interfering with arterial inflow. A continuous record is 
made of the changes in volume either of the whole limb beyond the level of the 
venous occlusion, or of a segment of limb between the level of venous occlusion 
and a distal cuff inflated to a pressure intended to arrest the circulation in all 
vessels. The initial rate of swelling is the apparent rate of arterial inflow rate (Fig. 
1). The assumption is made that this rate is the same as the actual undisturbed rate 
of arterial inflow immediately before the venous occlusion. Furthermore, the 
abrupt inflation of the pneumatic collecting cuff must prevent the escape of 
venous outflow via the deep veins. 

There are two main ways to measure the limb swelling after inflation of the 
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Figure 1. Volume changes of the forearm as measured by venous occlusion plethysmography. Vertical 
arrows show beginning and end of venous occlusion. Slope of the curve is the apparent blood flow; 
artifact is due to the displacement of skin during cuff inflation. 

collecting pneumatic cuff: water plethysmography and strain gauge plethysmo
graphy. Both measure, directly or indirectly, the change in volume following the 
venous occlusion. The water plethysmograph currently used is shown in Fig. 2. It 
consists in a horizontal cylinder filled with about 3000 ml of water. A copper coil 
spiral along the internal wall of the cylinder enables to maintain the water 
temperature to a constant temperature. A rubber cast of the subject's wrist is 
applied with collodion bonding to the wrist forming a watertight seal. Volume 
changes in the plethysmograph are transmitted to a large air-filled compensation 
tank by a non-distensible water-filled tube. Volume changes are derived from the 
pressure changes they produce (less than 10 cm H20) within the compensation 
tank, measured with a high-sensitivity pressure transducer. The instrument is 
calibrated by introducing known volumes of water into the plethysmograph and 
measuring the resulting pressure changes. 

The water plethysmograph is heavy, difficult to use in unskilled hands, and 
very sensitive to artefacts due to the subject's movements. To make limb blood 
flow measurements more convenient, R.J. Whitney introduced in 1953 [2] the 
mercury-in-rubber strain gauge plethysmography. This method is still widely 
used today. It is based upon the assumption that the changes in volume of a limb 
are related to its changes in circumference. The percentage change in volume of a 
cylinder of a fixed length is, to a close approximation, equal to twice the 
percentage change in its circumference if only small changes are considered. This 
approximation also applies for circumferential changes in non-cylindrical objects 
of non-uniform cross section, if the changes are in uniform proportion at all levels 
along the axial length. It is thus possible to replace the volume plethysmograph by 
a strain gauge which can record changes in the circumference of a limb. Two 
conditions must be assumed: 1) the volume changes of the limb are due to changes 
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Figure 2. Water plethysmograph: PI is the wrist cuff, P2 is the collecting venous occlusion cuff, RI is 
used for filling the plethysmograph and R2 is connected to the pressure measurement. Th is the 
thermostatic system. 

in radial dimensions without changing axial dimension, 2) the tissues are radially 
isotropic and the deformation is identical in all transverse directions. Thus, the 
volume change of a limb segment is assumed to be the integration of the variation 
of the surface corresponding to successive transverse sections. 

The relative variation of the circumference of the forearm after venous occlu
sion is about 1% to 2%. The mercury-in-rubber strain gauge is a thin mercury
filled silicone tube closed at both ends with copper contacts which assure electri
cal continuity with the mercury column. The gauge is highly compliant (in the 
order of 1% extension per 10 g). The resistance of the mercury column varies 
linearly with the length of the silicone tube; these resistance variations are easily 
measured with an adjustable Wheastone bridge. Because of the very high com
pliance of the silicone tube, the pressure exerted on the skin immediately below 
the gauge is assumed to be negligible. 

Blood flow rates measured by venous occlusion plethysmography are ex
pressed as m!. of blood/lOO m!. of tissue/minute. Comparison with electro-mag
netic flowmetry has shown that the accuracy of the absolute values of flow in 
human limbs is inevitably in some doubt. Greater confidence attaches to observa
tions of changes in flow in a forearm exposed to a local experimental influence 
compared with the flow in the opposite untreated limb simultaneously measured 
[3] . 
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2. Non-plethysmographic methods 

Indicator dilution is an alternative to plethysmography. It permits us to measure 
total limb blood flow but the anatomy of the limb vessels is not favourable for 
precise measurements by this invasive method. It is difficult to secure mixing of 
the indicator with the arterial blood, to define the volume of tissue perfused and 
to obtain a representative sample of the mixed venous blood. 

External calorimetry is a simple method much less widely used. It may be 
utilized for measuring the blood flow through the digits, hands or feet. During 
steady state, while an extremity is immersed in water at a temperature below that 
of the skin, the heat released is derived mainly from arriving arterial blood and 
only slightly from local metabolism. If the blood arrives at the central body 
temperature and leaves the extremity at the water temperature, the actual blood 
flow may be calculated. In fact, variations in the arterial and venous blood 
temperatures introduce errors; blood flow calculated from external calorimetry is 
thus always underestimated. Furthermore, the method cannot be used to record 
rapid fluctuations in flow because the thermal capacity of the tissues introduces a 
major time lag in the response. Conversely, external calorimetry may be useful if 
integration of the total flow over a long period of time must be measured. 

Several other methods are used for measuring local blood flow; these methods 
'look' at a small volume of tissue and thus are less used in clinical research. 

Heat transfer by the skin partly depends on its blood flow. The principle of 
local calorimetry consists in heating a small area of skin by an electrical resistance 
and measuring the induced increase in cutaneous temperature at a given distance 
from the heat source. Various devices have been proposed: the speed of response 
is faster than that obtained with calorimetry of the whole part, but the readings 
are influenced by the blood flow surrounding regions as well as to the skin 
immediately under the resistance. The calibration of this kind of device is thus 
very difficult and uncertain [4]. 

Radioactive substances such as 22 Na, labelled iodoantipyrine or 133 Xe, sub
cutaneously injected, easily diffuse through the skin and are removed by the local 
circulation. The rate of removal of these substances is a measure of 'effectiveness 
of the circulation'. It probably depends mainly on the flow through exchange 
vessels and it thus reflects 'nutritive' rather than 'total' blood flow. Consequently, 
it cannot be expressed in volumetric units. 

3. Ultrasonic blood flowmetry 

Doppler flowmetry is a more recently introduced method and has become of 
major importance in the measurement of limb blood flow with the development 
of the range gated apparatus. The method is based upon the frequency change of 
the emitted ultrasonic wave after its backscattering by moving erythrocytes. L',F 
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is a function of the emission frequency (F), the velocity of the red cells (V), and 
the angle (theta) between the ultrasonic beam and the direction of blood displace
ment. 

6.F/F = 2 V x cos (theta)/C (1) 

where C is the mean propagation velocity of ultrasounds within tissues (1540 m/ 
sec). The method was introduced by Satomura [5] and Franklin [6], who used a 
continuous emission apparatus with one emitting and one receiving transducer. A 
pulsed range gated instrument transmits repeated short bursts of ultrasounds at a 
given repetition rate [7, 8]. The transducer is alternatively emitter and receiver. 
After each burst, the transducer is switched to receive reflected signals until the 
time of the next emitted burst. Because an electronic gate is opened at an 
adjustable time after each emission burst, reflected signals are detected and 
analysed only while the gate is opened. The signals which are detected during a 
given time interval come from a 'gated' target (the sample volume) that can be 
moved to cover selected distances from the transducer, and whose width can be 
altered. The time elapsed between emission and reception and the duration of the 
gate opening represent depth and thickness of the sample volume along the beam 
axis respectively. The backscattered Doppler frequencies are usually quantified 
by means of a zero crosser detector, so that the analogue output of the velocime
ter is proportional to the root mean square of the Doppler frequencies detected in 
the sample volume. 

The brachial, ulnar and cubital arteries are easily accessible to the trans
cutaneous Doppler blood flow measurement [9-12]. With a small gate duration 
(0.5 J.l.sec) , vessels walls can be localised and internal diameter measured, from 
which internal cross-sectional area is calculated with the assumption that the 
vessel is circular (Fig. 3). When the gate duration is adjusted so that the sample 
volume exactly encompasses the vessel diameter, the recorded output represents 
the root mean square of all Doppler frequencies along the vessel diameter. This is 
taken to be representative of the mean blood velocity (V) over the cross-sectional 
area. Blood flow rate (BF) is computed as follows: 

BF = rrV. (d2/4) 

where d is the internal diameter. 
Using usual single 'pencil' probes, the recorded blood flow velocity signal is 

uncalibrated because of the unknown angle theta between the ultrasonic beam 
and the vessel. A double transducer system forming a fixed angle alpha may be 
used to measure actual blood flow velocity. The probe is designed so that the 
intersection of the beams occurs in the investigated vessel. To investigate brachial 
artery, we use a double probe system with an alpha angle fixed at 120°, so that the 
ultrasonic beams intersect at 12 mm from the skin. The two transducers are 
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Figure 3. Principle of vessel diameter measurement. A: Tl: delay time for proximal wall, T2: delay 
time for distal wall. B: mean cross-sectional velocity measurement, 8 = 82 - T1. 

succesively activated, and a simple calculation provides the longitudinal velocity 
within the plane defined by the ultrasonic beam and the vessel axis from the 
apparent velocities measured by each transducer (Fig. 4). 

4. Discussion of the validity of plethysmographic and ultrasonic methods 

Validity of venous occlusion plethysmography 

Three assumptions underlie the technique of venous occlusion plethysmography: 
1) the application of the collecting cuff does not affect arterial inflow, 2) the 
increase in venous pressure due to the blood pooling does not modify the arterial 
inflow by a direct or reflex effect, 3) the impounded blood causes the hand tissue 
to swell in proportion to the rate of arterial inflow. The last assumption is quite 
certainly verified but there is no adequate evidence concerning the two first 
points. Simultaneous measurements of plethysmographic blood flow and ultra
sonic arterial inflow have shown that after inflation of the collecting cuff, there is 
a significant decrease in arterial inflow. This vasoconstriction induced by the local 

Table I. Brachial artery diameters, blood velocities and blood volume flows (mean + SD) measured at 
day 1 (Dl) and 3 weeks later (D21) in 11 normal subjects. 

diameter (em) 
mean blood velocity (em/sec) 
blood flow (mllsec) 

Dl 

0.431 + 0.047 
6.1 + 2.6 

56.2 + 36.1 

D21 

0.443 + 0.043 
5.8+3.1 

55.6 + 36.7 
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Figure 4. Positioning of the double transducer probe: When Doppler frequencies for transducer A and 
B are identical, SA and SB = 60°. 

venous congestion disappears after exclusion of the hand circulation by inflating a 
wrist cuff to a suprasystolic pressure [13]. Hence, plethysmographic forearm 
blood flow estimation in which no wrist cuff is employed is probably unsatisfac
tory. In the same way, after the release of venous occlusion of the forearm, there 
is a large brief phase of vasodilatation followed by a longer period of vasoconstric
tion before blood flow returns to the resting level [14]. In a recent work [15], it has 
been shown that this probably myogenic vasoconstriction is similar in normoten
sive and in hypertensive subjects. In contrast the vasodilator component of the 
response is lower in hypertensive than in normotensive subjects. This difference 
may be partly attributed to differences in the structure of the vessels in hyperten
sion. 

Validity of pulsed Doppler blood flowmetry 

The arterial blood velocities in the limbs are relatively low (systolic peak flow 
lower than 60 cm/sec); this may exclude major errors resulting from saturation of 
the Doppler frequency measuring system. More problems arise in the determina
tion of the vessel diameter. Several factors may cause errors in this measurement. 

First, the step-wise range control of the time delay is responsible for an 
inaccuracy in the determination of the vessel diameter. If the step-wise range is 
0.5 fJ-sec, the location of each vessel wall is known with a maximum error of half a 
step, that is 0.19 mm. Therefore, with theta equal to 60°, inaccuracy in diameter 
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measurement is (0.19 x 2) sin 60° = 0.34 mm. The mean diameter of the brachial 
artery of normal subjects is about 4.5 mm; the relative error is therefore 0.34/ 
4.5 = 8% on diameter, and, hence, of 16% on the cross-sectional area. This value 
is the maximum error possible with each diameter measurement. Because the 
absolute error is the same whatever the size of the artery, the relative error will be 
lower for larger vessels. 

The second source of error is the estimation of the angle theta. The problem of 
measuring theta has been solved by using two transducers making a known angle 
(120°) with one another. By adjusting the probe so that the Doppler frequency 
shift, and consequently theta, is the same for both transducers, it can be assumed 
that theta is half the 120° angle made by the two transducers. It can be calculated 
that the error introduced by the probe positioning is about 5% by degree [12]. 
Inaccuracy in probe positioning is therefore the major source of error in the 
measurement of volume flow. Practically, in skilled hands, the errors in diameter 
and blood flow measurements are much lower than expected. Table 1 reports the 
brachial artery diameters, blood velocities and blood flows measured in normal 
subjects in a double-blind study. Despite a large scattering in individual values, 
there is no significant difference between these parameters measured at three
week intervals [16]. 

5. Choice of measuring techniques 

Before one can select the best non-invasive flow-measuring technique for a 
specific application, several questions must be asked [17]: First, under what 
conditions are the measurements to be made (rest, exercise, tilting, etc ... )? 
Second, is flow required in a specific vessel, or in the whole limb, or in a specific 
tissue? Third, is it important to measure pulsatile flow or is mean flow sufficient? 
Fourth, what is the time response of the blood flow variations to be measured? 

In most cases, the method must be chosen between venous occlusion plethys
mography, ultrasonic Doppler-shift measurement or calorimetry. Venous occlu
sion plethysmography measures volume flow expressed as ml/lOO ml of tissue/ 
min; calorimetry measures heat loss and is difficult to relate to blood flow. Only 
the pulsed ultrasonic Doppler method, used with very rigorous methodological 
precautions, measures the absolute value of volume flow expressed in mllmin and 
thus seems to be the most useful and accurate method to measure limb blood 
flow. 
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The contribution of alpha-l and alpha-2-
adrenoceptor mediated vasoconstriction in 
essential hypertension as assessed by forearm 
venous occlusion plethysmography 

P. BOLLI, w. KIOWSKI and F.R. BOHLER 

Introduction 

The contribution of the sympathetic nervous system to essential hypertension has 
been a point of argument for many years [1-5]. Arguments partly arose because of 
difficulties in assessing adrenergic activity and measuring its effects on target 
organs. Interpretation of results obtained from vasoactive substances admin
istered systemically for the investigation of the sympathetic nervous system is 
hampered by the fact that it elicits a mixture of wanted drug effects and undesired 
circulatory responses from homeostatic reflex mechanisms. Factors that deter
mine vascular tone can be directly assessed by measuring alterations in regional 
blood flow following pharmacological interventions. The easy access to the 
forearm arterial circulation enables to achieve high regional concentrations of 
vasoactive substances and associated vascular effects without the confounding 
interference by systemic hemodynamic reflex mechanisms. 

Increased sympathetic nervous activity has been implicated in the patho
physiology of essential hypertension [6-9] as reflected by elevated plasma adrena
line concentrations observed in all age groups [10] of patients with essential 
hypertension [10-13]. This is supported by the relationship of plasma adrenaline 
to diastolic blood pressure [14], heart rate and to plasma renin activity [15]. 
Higher plasma adrenaline concentrations were observed not only at rest but also 
during submaximal exercise [10, 15] and following cold pressor testing [16]. 
Increased plasma noradrenaline concentrations in some hypertensive patients [9, 
17, 18] and the direct relationship of plasma noradrenaline with blood pressure [9, 
18,19] have been taken as evidence for the sympathetic nervous system's contri
bution to essential hypertension. Others reported that under resting conditions 
noradrenaline concentrations were not different between normotensives and 
hypertensives [12, 20, 21] except for some young patients with elevated plasma 
noradrenaline concentrations [20], particularly those of the high renin type [22]. 
The short half-life [23] of noradrenaline and its re-uptake in the neuroeffector 
junction may partly be the reason for the argument whether plasma concentra-
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tions of noradrenaline, representing only 10-20% of that released, reflect reliably 
the degree of sympathetic activity. 

Adrenergic mechanisms regulating vascular tone 

The sympathetic nervous system regulates vascular tone principally through 
alpha-adrenoceptor mediated vasoconstriction and beta-adrenoceptor mediated 
vasodilation (Fig. 1). Noradrenaline released from the sympathetic nerve termi
nal acts on post junctional alpha and beta receptors, the sum of its effects deter
mining vascular tone. Noradrenaline regulates its own release through prejunc
tional alpha-2-adrenoceptors which when stimulated by noradrenaline inhibit its 
release [24]. Adrenaline is liberated from the adrenal medulla and acts as a 
circulating neurohormone mainly on post junctional beta-2-adrenoceptors, the 
sum of its stimulatory effect being vasodilation. Adrenaline can be taken up by 
postganglionic nerve endings [25,26] and released into the synaptic cleft together 
with noradrenaline as shown in animal experiments [26-28] and in man [29]. 
Adrenaline enhances noradrenaline release through stimulation of presynaptic 
beta-adrenoceptors [26, 30-32]. 

The more recently detected post junctional alpha-2-adrenoceptors [33-36] ap
pear to be located extrajunctionally and thus represent preferential targets for 
stimulation by circulating agonists and also for infused substances [37-39]. Alpha 
adrenoceptors are subdivided according to their different affinities for various 
agonists and antagonists. Alpha-1-adrenoceptors are particularly sensitive to the 
agonists phenylephrine [40] and methoxamine [41] and have a high affinity for the 
antagonist prazosin [42-44] whereas alpha-2-adrenoceptors are particularly sen
sitive to agonists such as clonidine [40] and BHT 933 [45] and have a high affinity 
for the antagonist yohimbine [24, 44]. 

A model for assessing forearm blood flow regulation 

All forearm blood flow studies were performed in the morning with the subjects 
having refrained from smoking and caffeinated beverages for the last 12 hours. 
They lay down in a quiet air-conditioned room with a constant temperature of 
20-22° C. Access to the forearm circulation for infusion of vasoactive substances 
and for measuring intra-arterial blood pressure was achieved by inserting a small 
catheter under local anaesthesia into the brachial artery. Thirty minutes later 
measurements of forearm blood flow under basal conditions and thereafter 
during pharmacological interventions were performed using venous occlusion 
plethysmography [46]. 

Venous occlusion plethysmography [47] measures forearm volume changes 
after complete arrest of venous return without interfering with arterial flow. Thus 
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Figure 1. Schematic representation of the neuroeffector junction with adrenergic and angiotensinergic 
mechanisms regulating vascular tone. Noradrenaline (e) released by exocytosis stimulates post junc
tional receptors and regulates its own release through presynaptic alpha-2-adrenoceptors, stimulation 
of which inhibits noradrenaline release. Adrenaline (0), besides inducing vasodilation through 
post junctional beta-2-adrenoceptors, may exert a vasoconstrictor effect through stimulation of post
junctional alpha-2-adrenoceptors and through enhanced noradrenaline release following stimulation 
of prejunctional beta-adrenoceptors. Adrenaline can be taken up by the sympathetic nerve ending 
and released again as co-transmitter with noradrenaline. 

changes in forearm volume reflect directly arterial blood flow [48, 49]. Forearm 
volume changes were measured with a mercury-in-silastic strain gauge [50] placed 
around the proximal third of the forearm, which was slightly elevated above the 
level of the heart. The strain gauge was coupled to an electronically calibrated 
plethysmograph (Hokanson EC3) [51]. Venous occlusion was achieved by means 
of a blood pressure cuff inflated to 40 mm Hg by a rapid cuff inflator (Hokanson 
EClO) [51] and applied just proximal to the elbow. The hand was excluded from 
the circulation by inflating a paediatric blood pressure cuff around the wrist to 
50 mm Hg above systolic blood pressure for one minute prior to and during the 
measurement of forearm blood flow. This eliminates the influence of arterio
venous shunts in the hand. Therefore, the measured portion of the forearm 
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represents mainly blood flow in the vascular arterial bed, the skin accounting for 
about 10% of forearm blood flow. 

Enhanced post junctional alpha-l-adrenoceptor mediated vasoconstriction in 
essential hypertension 

The contribution of increased adrenergic activity in essential hypertension to 
vascular resistance through post junctional alpha-1-adrenoceptor mediated vaso
constriction was assessed by measuring the vasodilator response to intra-arterial 
infusions of a maximal forearm vasodilator dose of the alpha -l-adrenoceptor 
antagonist prazosin (0.5 fLg/min/100 ml tissue) in 24 patients with essential hyper
tension and 16 age- and sex-matched normotensive control subjects [52]. 'Non
specific' (not adrenoceptor mediated) vasodilation was defined by the increase in 
forearm blood flow to a maximal forearm vasodilator dose of sodium nitro
prusside (0.6 fLg/min/100 ml tissue) The greater prazosin induced increase in 
forearm blood flow in the presence of a comparable response to 'non-specific' 
vasodilation in both groups unmasked an enhanced post junctional alpha-1-adre
noceptor mediated vasoconstrictor component in essential hypertension (Fig. 2). 

Evidence that enhanced vasoconstriction in essential hypertension is deter
mined by the degree of sympathetic activity is provided by the direct relationship 
between resting plasma adrenaline concentrations and the increase in forearm 
blood flow to alpha-1-adrenoceptor blockade with prazosin (Fig. 3). The same 
could be shown in another study [19] for noradrenaline, where in patients with 
essential hypertension but not in normotensive subjects the increase in forearm 
blood flow to alpha-adrenoceptor blockade with phentolamine (0.12 fLg/minl 
100 ml tissue) correlated directly with basal plasma noradrenaline concentrations 
(Fig. 4) as well as with blood pressure (r = 0.73, p<O.01). Therefore, increased 
adrenergic activity in patients with essential hypertension appears to contribute 
to their elevated vascular resistance through enhanced alpha-1-adrenoceptor 
mediated vasoconstriction. 

Enhanced post junctional alpha-2-adrenoceptor mediated vasoconstriction in 
essential hypertension 

Besides the classical post junctional alpha-1-adrenoceptors there are also post
junctional alpha-2-adrenoceptors functionally participating in the control of vas
cular tone [33-36]. The presence of post junctional alpha-2-adrenoceptors in the 
human forearm vasculature was demonstrated by measuring the change in fore
arm blood flow to intra-arterial infusion of the alpha-2-adrenoceptor agonist 
clonidine and the antagonist yohimbine. Clonidine infused into the forearm of 14 
normotensive subjects resulted in a dose-dependent decrease in forearm blood 
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Figure 2. Change in forearm blood flow during intra-arterial infusion of sodium nitroprusside (0.6 fLg/ 

min/lOO ml tissue; open bars) and the alpha-l-adrenoceptor blocker prazosin (0.5 fLg/min/l00 ml 
tissue; hatched bars) in 24 patients with essential hypertension (EHT) and in 16 normotensive subjects 
(NT). The alpha-l-adrenoceptor blockade-induced increase in forearm blood flow was significantly 
greater in EHT than in NT. 
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Figure 3. Relationship between basal plasma adrenaline concentration and changes in forearm blood 
flow induced by post junctional alpha-I-blockade with prazosin (0.5 fLg/min/l00ml tissue) in 20 pa
tients with essential hypertension (EHT; filled circles) and in 16 normotensive subjects (NT; open 
circles). In EHT prazosin-induced increase in forearm blood flow correlates significantly with plasma 
adrenaline concentrations. 
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Figure 4. Relationship between basal plasma noradrenaline concentrations and the increase in 
forearm blood flow during alpha adrenoceptor blockade with intra-arterially infused phentolamine in 
12 patients with essential hypertension and 14 normotensive subjects. In hypertensive patients 
phentolamine-induced increase in forearm blood flow correlates with plasma noradrenaline concen
trations (r = 0.62; p<0.05). 

RESPONSE OF FOREARM BLOOD FLOW TO GRADED BRACHIAL 
ARTERY INFUSIONS OF CLONIDINE 
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Figure 5. Decrease in forearm blood flow to alpha-2-adrenoceptor stimulation with intra-arterially 
infused clonidine. The logarithm of the clonidine dose is plotted against the percent change of forearm 
blood flow observed during the fifth minute of each clonidine infusion. Analysis of variance indicated 
a significant effect of clonidine on forearm blood flow (p<O.OI). 
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flow (Fig. 5). Concomitant infusion of the alpha-1-adrenoceptor antagonist pra
zosin (0.5 fLg/min/lOO ml tissue) did not influence the vasoconstrictor response to 
clonidine but combined infusions of clonidine with the alpha-adrenoceptor antag
onist phentolamine (0.12 fLg/min/lOO ml tissue) almost abolished the clonidine
induced vasoconstriction [53]. This demonstrates that clonidine-induced post
junctional alpha-2-adrenoceptors mediated vasoconstriction was antagonized by 
the alpha-2-adrenoceptor blocking component of phentolamine (Fig. 6). This 
finding could be confirmed [54] by infusion of the more selective alpha-2-adre
noceptor antagonist yohimbine. As shown in Fig. 7 increasing intra-arterial 
concentrations of yohimbine resulted in a dose-dependent rise in forearm blood 
flow and decrease in forearm vascular resistance. Therefore, these results to
gether with those of others [55-58] using also different compounds, provide 
evidence that in man the sympathetic nervous system influences vascular tone not 
only through post junctional alpha-1 but also through post junctional alpha-2-
adrenoceptors. 

The importance of alpha-2-adrenoceptor mediated vasoconstriction in essen
tial hypertension was assessed by intra-arterial infusions of a maximal forearm 
vasodilator dose of yohimbine (30 fLg/min/lOO ml tissue) in patients with essential 
hypertension and normotensive subjects [59]. Post junctional alpha-2-adrenocep
tor blockade induced a greater increase in forearm blood flow in patients with 
essential hypertension as compared to normotensive subjects. As the increase in 
forearm blood flow to non-adrenoceptor mediated vasodilation with sodium 
nitroprusside was comparable in both groups this difference can be attributed to a 
greater alpha-2-adrenoceptor mediated vasoconstrictor tone in patients with 
essential hypertension (Fig. 8). These results are at variance with those found by 
others [60]; a reason for this could be the different concentrations of yohimbine 
used. In our studies patients had higher plasma adrenaline concentrations than 
normotensive subjects (69 ± 31 (S.D.) and 37 ± 13 pg/ml, respectively; p<0.05) 
reflecting increased sympathetic activity which may have provided a more favour
able substrate for demonstrating enhanced alpha-2-adrenoceptor blockade. 

Post junctional alpha-2-adrenoceptor mediated vasoconstriction depends on 
calcium influx into the vascular smooth muscle cell and can be blocked by calcium 
antagonists [61]. Calcium influx-dependent vasoconstriction is enhanced in pa
tients with essential hypertension [62, 63] as demonstrated by a greater vasodila
tor response to calcium entry blockade in hypertensive patients. This tallies with 
and could be part of the observed enhanced post junctional alpha-2-adrenoceptor 
mediated vasoconstriction in essential hypertension. 

Adrenaline and post junctional alpha-2-adrenoceptor mediated vasoconstriction 

Post junctional alpha-2-adrenoceptors have been reported to be located extra
junctionally and thus represent preferential targets for stimulation by circulating 
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agonists and for infused substances [37-39] raising the question whether adrena
line as a circulating neurohormone could induce vasoconstriction via postjunc
tional alpha-2-adrenoceptors and thereby contribute to enhanced vascular resis
tance in essential hypertension. Adrenaline-induced post junctional alpha-2-
adrenoceptor mediated vasoconstriction was shown in the forearm vasculature of 
8 normotensive subjects (Fig. 9). Intra-arterial infusion of adrenaline (0.01, 0.02, 
0.04, 0.08 jLg/min/lOO ml tissue) during forearm alpha-1- and beta-adrenoceptor 
blockade resulted in dose-dependent decreases in forearm blood flow to below 
basal flow values and this could be blocked by yohimbine. Using the same 
procedure adrenaline-induced vasoconstriction was greater in patients with es
sential hypertension (n = 7) than in the normotensive subjects [59]. This is 
consistent with the findings of lie et al. [60] and reflects greater vascular responses 
to vasoconstrictor stimi.Ili in hypertensive patients [60, 64-66]. Whether on the 
basis of this pharmacological evidence adrenaline-induced post junctional alpha-
2-adrenoceptor mediated vasoconstriction may be pathophysiologically impor
tant in essential hypertension remains open. 

Increased levels of circulating adrenaline could contribute to elevated vascular 
tone in essential hypertension indirectly through facilitation of noradrenaline 
release [27, 31, 67] via stimulation of prejunctional beta-adrenoceptors and 
directly, through stimulation of post junctional alpha-2-adrenoceptors. Such 
effects could be more pronounced in the presence of blunted beta-adrenoceptor 
mediated functions as is known to occur in older subjects and in hypertensive 
patients [12, 68-73). 

The sympatho-adrenal-alpha-2-adrenoceptor mediated vasoconstrictor axis 
appears to be functionally established, yet under physiological conditions nor
adrenaline may be primarily responsible for post junctional alpha-1- and alpha-
2-adrenoceptor mediated vascular tone [74]. Under conditions of increased sym
patho-adrenal activity [75], e.g. during mental and prolonged physical stress [12, 
76, 77], exposure to cold [16], pain and/or anxiety [78], or in patients with 
pheochromocytoma, this axis may become functionally important potentiating 
vasoconstriction. As adrenaline's affinity for the prejunctional beta-adrenocep
tor is several hundred fold greater than that of noradrenaline [26, 79] high plasma 
adrenaline concentrations found during stress may induce facilitation of nor
adrenaline release [80]. 

The role of prejunctional alpha-2-adrenoceptors? 

In vitro and animal experiments demonstrate the presence of an autoinhibitory 
feedback system for neuronal noradrenaline release at the level of the neuroeffec
tor junction whereby noradrenaline inhibits its own release via stimulation of 
prejunctionally located alpha-2-adrenoceptors [24]. There is only indirect evi
dence for the presence of such receptors in man [81]. The existence of such a 
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negative feedback system was investigated by measuring noradrenaline release 
from the human forearm under baseline conditions and after infusions into the 
brachial artery of the alpha-2-adrenoceptors agonist clonidine (0.015, 0.06, 0.48 
fLg/min/100 ml tissue) in 11 normotensive subjects [82]. Noradrenaline release was 
estimated as the product of flow and the difference between venous (deep cubital 
vein) and arterial (brachial artery) noradrenaline concentrations. As shown in 
Fig. 10 forearm blood flow decreased during infusion of the two larger doses of 
clonidine as the result of post junctional alpha-2-adrenoceptor stimulation; but 
the venous-arterial noradrenaline difference and therefore noradrenaline release 
remained practically unchanged. There was no reduction in noradrenaline re
lease as would have been expected from prejunctional alpha-2-adrenoceptor 
stimulation. Therefore, prejunctional alpha-2-adrenoceptors, if at all present in 
the forearm vasculature, did not become functionally apparent. Demonstration 
of post- but not prejunctional alpha-2-adrenoceptors in the human forearm could 
also possibly be due to their different location within the vessel wall and the 
extrajunctionally located post junctional alpha-2-adrenoceptors could be more 
easily accessible to intra-arterially infused clonidine. Alternatively, the forearm 
vasculature mass may not have been sufficiently big to produce the necessary 
increase in noradrenaline so as to be detected by current methodology. Neverthe
less, this negative finding suggests that results obtained from interference studies 
with post junctional alpha-2-adrenoceptors most likely were not confounded by 
prejunctional alpha-2-adrenoceptor mediated effects. 

Alpha-adrenoceptor mediated vasoconstriction and antihypertensive 
beta-blockade 

Since established essential hypertension is characterized by elevated vascular 
resistance, successful antihypertensive treatment has to be associated with a 
reduction in vascular resistance. Beta-adrenoceptor blockers interfere with the 
adrenergic and angiotensinergic vasoconstrictor systems and have been reported 
to lower vascular resistance [83, 84]. Whether reduction of the enhanced alpha
l-adrenoceptor mediated vasoconstriction forms part of this mechanism was 
assessed in four male patients (aged 38-55) with essential hypertension whose 
blood pressure responded to beta-blocker treatment and in four age-matched 
non-responders [85]. As shown in Fig. 11, starting from a comparable pretreat
ment pressure, in 'responders' by definition, blood pressure became controlled 
but remained practically unchanged in 'non-responders' following six weeks 
treatment with 320 mg propranolol daily. Before treatment, the increase in 
forearm blood flow to intra-arterial infusion of prazosin (0.5 fLg/min/100 ml 
tissue) was 44% greater in 'responders' than in 'non-responders' confirming 
enhanced alpha-l-adrenoceptor mediated vasoconstriction. During treatment, in 
the 'responders' the prazosin-induced increase in forearm blood flow was re-
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noradrenaline release as would have been expected from prejunctional alpha-2-adrenoceptor stimula
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duced to that previously found in normotensive subjects. In 'non-responders' the 
increase in forearm blood flow to alpha-I-blockade remained practically un
changed. The specificity of these differences is supported by the fact that 'non
specific' (not adrenoceptor mediated) vasodilation with sodium nitroprusside 
was similar in 'responders' and 'non-responders' and was hardly influenced by 
chronic beta-blockade. Plasma renin activity before and during propranolol 
treatment was comparable in both groups suggesting a similar effect of beta
blockade on angiotensinergic vasoconstrictor mechanisms. Since responders had 
a 35% higher mean plasma adrenaline concentration, increased adrenergic ac
tivity with enhanced alpha-I-adrenoceptor mediated vasoconstriction as a conse
quence may be a determinant of antihypertensive beta-blocker response. 

Adrenoceptor mediated and calcium influx-dependent vasoconstriction 

Various studies demonstrate that increased adrenergic activity contributes to 
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vascular resistance in essential hypertension through enhanced alpha-adrenocep
tor mediated vasoconstriction. Alpha-adrenoceptor mediated vasoconstriction 
amounts to about one third of the constrictor component that is generated by 
calcium influx (Fig. 12). Hyperreactivity of blood vessels to adrenergic stimuli 
[64-66, 86] on the basis of structural vascular changes [87, 88] can reflect en
hanced alpha-adrenoceptor mediated vasoconstriction. Although hyperreac
tivity becomespbvious with vasoconstrictor responses this does not appear to be a 
relevant factor influencing vasodilator responses. This is borne out by 'non
specific' vasodilation with sodium nitroprusside or vasodilation following 10 
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minutes forearm ischaemia which are comparable in hypertensive and normoten
sive subjects covering a wide dilator range (Fig. 12). Therefore, it seems unlikely 
that structural vascular changes would account for the difference in alpha
adrenoceptor blockade between hypertensive and normotensive subjects to al
pha-adrenoceptor blockade. 

Since alpha-2-adrenoceptors via receptor operated calcium channels influence 
calcium uptake into the vascular smooth muscle cell, enhanced alpha-adrenocep
tor mediated vasoconstriction links up with the enhanced calcium influx-depen
dent vasoconstriction in essential hypertension [62, 63]. It relates to the activity of 
the adrenergic nervous system [62]. The marked vasorelaxant effect of calcium 
entry blockade demonstrates its importance for the intracellular free calcium 
concentration which is the main determinant for vascular smooth muscle con
traction [89, 90]. Intracellular free calcium concentration is elevated in patients 
with essential hypertension [91] reflecting the cellular trigger for enhanced alpha
adrenoceptor mediated and calcium influx-dependent vasoconstriction. 

The observation that successful antihypertensive treatment with calcium antag
onists or beta-blockers is paralleled by a normalization of platelet intracellular 
free calcium concentration and the enhanced calcium influx-dependent [92] as 
well as the enhanced alpha-adrenoceptor mediated vasoconstriction [85] points to 
a defect in the cellular handling of calcium, perhaps aggravated by adrenergic 
overactivity. Increasing knowledge of such interactions not only helps to unravel 
the complex pathophysiology of essential hypertension but also contributes to 
refine antihypertensive therapy. 

Conclusion 

The contribution of the adrenergic nervous system to the elevated vascular 
resistance in essential hypertension has been assessed by forearm venous occlu
sion plethysmography. In the forearm pharmacological interventions can be done 
without interference from systemic hemodynamic reflex mechanisms. Post- junc
tional alpha-1 and alpha-2 adrenoceptor blockade with prazosin and yohimbine, 
respectively, produced a greater increase in forearm blood flow in patients with 
essential hypertension as compared to normotensive control subjects. This sug
gests that an enhanced alpha-adrenoceptor mediated vasoconstriction compo
nent contributes to the elevated vascular resistance in essential hypertension. 
Normalization of the enhanced post junctional alpha-1-adrenoceptor mediated 
vasoconstriction parallels the response to antihypertensive beta blockade. 

Owing to their extrajunctionallocalization post junctional alpha-2-adrenocep
tors may be preferential targets for circulating catecholamines, e.g. adrenaline. 
Adrenaline induced post junctional alpha-2-adrenoceptor mediated vasoconstric
tion was demonstrated and this may gain importance as beta adrenoceptor 
mediated responses decrease as a consequence of age and high blood pressure. 



D.FAF 
mi /m,nl100ml 

m"an! SD 
• p<OOS 

H p < OOI 

40 

30 

20 

10 

0 
n . 11 

Art .. "a i 
occlusion 

10mm 

11 11 8 
N,tr .. nd'p,n .. Prazos.n VQh,mb.n .. 

201..19 OS '-'9 301..19 

o NT 

~ EH T 

8 

247 

Sod.um 
nitroprUSSide 

06 AJ9 

Figure 12. Increase in forearm blood flow (L':,FAF) to calcium entry blockade with nitrendipine, to 
alpha-l- and alpha-2-blockade with prazosin and yohimbine, respectively, as well as to 'non-specific' 
(neither adrenoceptor mediated nor calcium influx-dependent) vasodilation after 10 minutes forearm 
ischaemia (arterial occlusion) and to sodium nitroprusside. Drugs were infused into the brachial 
artery and doses are given in JLg/min/lOO ml tissue. Patients with essential hypertension are shown in 
hatched bars, and age- and sex-matched normotensive control subjects in open bars. The greater 
increase in forearm blood flow to calcium entry blockade and alpha-l and alpha-2-adrenoceptor 
blockade in the presence of comparable values in patients and subjects for 'non-specific' vasodilation 
indicates enhanced calcium influx-dependent and adrenoceptor mediated vasoconstriction in essen
tial hypertension. 

Alpha-l and alpha-2-adrenoceptor mediated vasoconstriction are comparable 
and each amount to about one third of calcium influx-dependent vasoconstric
tion. Calcium influx determines the intracellular calcium and thus the contractile 
state of smooth muscle cells. As both alpha-adrenoceptor mediated effects had to 
increase cellular free calcium concentration the enhanced calcium influx-depen
dent vasoconstriction is in part the consequence of elevated adrenergic activity in 
essential hypertension. 

Acknowledgments 

The authors greatly acknowledge the important contributions made by Drs. 
Wolfgang Amann, Paul Erne, Boa Hua Ji, Lilly Linder, Franco B. Muller and 
Peter van Brummelen. Last but not least this work and these investigations would 
not have been possible without the technical and secretarial assistance from Ms. 
N. Guldimann, Ms. B. Libsig, Ms. R. Muhlethaler and Ms. A. de S. Pinto. 

This work was supported by the Swiss National Research Foundation, Grant 3.807.80. 



248 

References 

1. Alam M, Smirk FH (1938): Blood pressure raising reflexes in health, essential hypertension and 
renal hypertension. Clin Sci 3: 259-266. 

2. Goldenberg M, Pines KL, Baldwin E, Greene DG, Roh CE (1948): The haemodynamic response 
of man to norepinephrine and epinephrine and its relation to the problem of hypertension. Am J 
Med 5: 792-806. 

3. Pickering GW, Kissin M (1936): The effects of adrenaline and of cold on the blood pressure in 
human hypertension. Clin Sci 2: 201-207. 

4. Fatherree TJ, Hines EA (1938): The blood pressure response to epinephrine administered 
intravenously to subjects with normal blood pressure and to patients with essential hypertension. 
Am Heart J 16: 66-71. 

5. Doyle AE, Black H (1955): Reactivity to pressor agents in hypertension. Circulation 12: 974-980. 
6. DeQuattro V, Miura Y (1973): Neurogenic factors in human hypertension: mechanism or myth. 

Am J Med 55: 362-378. 
7. Julius S, Esler M (197<;): Autonomic nervous cardiovascular regulation in borderline hyperten

sion. Am J Cardiol 26: 685-696. 
8. Buhler FR (1980): Elevated plasma adrenaline, age-related decrease in beta-adrenoceptor

mediated cardiovascular functions and increase in alpha-receptor mediated vasoconstriction in 
essential hypertension. In: Central Adrenaline Neurons: Basic Aspects and their Role in Cardio
vascular Functions, pp. 305-316, Ed Fuse K, Goldstein M, Hiikfelt Band Hiifekt T. Pergamon 
Press, Oxford, New York. 

9. DeQuattro V, Can S (1972): Raised plasma catecholamines in some patients with primary 
hypertension. Lancet i: 806-809. 

10. Buhler FR, Kiowski W, van Brummelen P, Amann FW, Bertel 0, Landmann R, Lutold BE, 
Bolli P (1980): Plasma catecholamines and cardiac, renal and peripheral vascular adrenoreceptor
mediated responses in different age groups of normal and hypertensive subjects. Clin Exp 
Hypertens 2: 409-426. 

11. Franco-Morselli R, Elghozi JL, Joly E, Diginilio S, Meyer P (1977): Increased plasma adrenaline 
concentrations in benign essential hypertension. Br Med J II: 1251-1254. 

12. Bertel 0, Buhler FR, Kiowski W, Lutold BE (1980): Decreased beta-adrenoreceptor responsive
ness as related to age, blood pressure and plasma catecholamines in patients with essential 
hypertension. Hypertension 2: 130-138. 

13. De Champlain J (1981): Use of circulating catecholamines for the detection of autonomic 
abnormalities in human hypertension. In: Frontiers in Hypertension Research, pp. 306-311. Ed: 
Laragh JH, Buhler FR, Seldin OW. New York: Springer. 

14. Cousineau 0, Lapointe L, De Champlain J (1978): Circulating catecholamines and systolic time 
intervals in normotensive and hypertensive patients with and without left ventricular hypertro
phy. Am Heart J 96: 229-234. 

15. Buhler FR, Kiowski W, Landmann R, van Brummelen P, Amann FW, Bolli P, Bertel 0 (1981): 
Changing role of beta and alpha adrenoceptor-mediated cardiovascular responses in the transi
tion from a high cardiac output into a high peripheral resistance phase in essential hypertension. 
In: Frontiers in Hypertension Research, pp. 316-426. Ed: Laragh JH, Buhler Fr, Seldin OW. 
New York: Springer. 

16. Bolli P, Amann FW, Hulthen L, Kiowski W, Buhler FR (1981): Elevated plasma adrenaline 
reflects sympathetic overactivity and enhanced alpha adrenoceptor-mediated vasoconstriction in 
essential hypertension. Clin Sci 61 (Suppl 7): 161s-164s. 

17. Esler MD, Julius S, Zweifler A, Randall 0, Gardiner H, DeQuattro V (1977): Mild high-renin 
essential hypertension. Neurogenic human hypertension? N Engl J Med 296: 405-411. 

18. Louis WJ, Doyle AE, Anavekar A (1973): Plasma norepinephrine levels in essential hyperten
sion. N Engl J Med 288: 599-601. 



249 

19. Kiowski W, van Brummelen P, Biihler FR (1979): Plasma noradrenaline correlates with alpha
adrenoceptor-mediated vasoconstriction and blood pressure in patients with essential hyperten
sion. Clin Sci 57: 1775-180S. 

20. Sever PS, Owikowska B, Birch M, Turnbridge RDG (1977): Plasma noradrenaline in essential 
hypertension. Lancet I: 1078-1081. 

21. Lake CR, Ziegler NG, Coleman MD, Kopin IJ (1977): Age-adjusted plasma norepinephrine 
levels are similar in normotensive and hypertensive subjects. N Engl J Med 296: 208-209. 

22. Kiowski W, Bertel 0, Biihler FR (1979): The renin type of essential hypertension and the 
relationships between catecholamines, renin and age. In: Nervous System and Hypertension, pp. 
318-325. Ed: Meyer P, Schmitt H. Paris: Flammarion. 

23. Whitby LG, Axelrod J, Weil-Malherbe H (1961): The fate of 3H-norepinephrine in animals. J 
Pharmacol Exp Therap 132: 193-201. 

24. Langer SZ (1977): Presynaptic receptors and their role in the regulation of transmitter release. 
Sixth Gaddum Memorial Lecture. Br J Pharmaco 60: 481-497. 

25. Brown MJ, Macquin I (1981): Is adrenaline the cause of essential hypertension? Lancet II: 1079-
1982. 

26. Majewski H, MacCulioch MW, Rand MJ, Story DF (1980): Adrenaline activation of prejunc
tional beta-adrenoceptors in guinea-pig atria. Br J Pharmacol 71: 435-444. 

27. Majewski H, Rand MJ, Tung LH (1981): Activation of prejunctional beta-adrenoceptors in rat 
atria by adrenaline applied exogenously or released as a contransmitter. Br J Pharmacol 73: 669-
679. 

28. Guimaraes S, Brandao F, Pavia MQ (1978): A study of the adrenoceptor-mediated feedback 
mechanism by using adrenaline as a false transmitter. Naunyn-Schmiedeberg's Archives of 
Pharmacol 305: 185-188. 

29. Brown MJ, Dollery CT (1984): Adrenaline and hypertension. Clinical and Experimental Hyper
tension. Part A: Theory and Practice, A6 (land2): 539-549. 

30. Stjarne L, Brundin J (1976): Beta-adrenoceptors facilitating noradrenaline secretion from human 
vasoconstrictor nerves. Acta Physiol Scand 97: 88-93. 

31. Adler-Graschinski E, Langer SZ (1975): Possible role of beta-adrenoceptor in the regulation of 
noradrenaline release by nerve stimulation through a positive feedback mechanism. Br J Phar
macol 53: 43-50. 

32. Rand MJ, McCulloch MW, Story DF (1980): Catecholamine receptors on nerve terminals. In: 
Adrenergic Activators and Inhibitors. Handbook of Experimental Pharmacology, pp. 224-266, 
Vol. 54 II. Ed: Szekeres L. Berlin: Springer Verlag. 

33. Starke K (1981): Alpha-adrenoceptor subclassification. Rev Physiol Biochem Pharmacol88: 199-
236. 

34. Drew GM (1980): Postsynaptic alpha-2 adrenoceptors mediate pressor responses to 2.N-di
methylamino-5,6,dihydroxy-l,2,3,4-tetrahydronaphthalen (M-7). Eur J Pharmacol 65: 85-87. 

35. Timmermans PBMWM, Van Zwieten PA (1981): The postsynaptic alpha-2 adrenoceptor. J 
Auton Pharmacoll: 171-183. 

36. Van Zwieten PA, Van Meel JCA, De Jonge A, Wilffert B, Timmermans PBMWM (1982): 
Central and peripheral alpha-adrenoceptors. J Cardiovasc Pharmacol4 (Suppll): 19-24. 

37. Yamaguchi I, Kopin J (1980): Differential inhibition of alpha-l and alpha-2 adrenoceptor medi
ated pressor responses in pithed rats. J Pharmacol Exp Ther 214: 275-281. 

38. Langer SZ, Massingham R, Shepperson NB (1980): Presence of postsynaptic alpha-2-adrenocep
tors of predominantly extrasynaptic location in the vascular smooth muscle of the dog hind linb. 
Clin Sci 59: 225s-228s. 

39. Wilffert B (1981): Localization of alpha- and beta-adrenoceptors. Naunyn Schmideberg's Arch 
Pharmacol, Suppl: 316-356. 

40. Berthelsen S, Pettinger WA (1977): A functional basis for classification of alpha-adrenergic 
receptors. Life Sci 21: 595-606. 



250 

41. Starke K, Endo T, Taube HD (1975): Relative pre- and postsynaptic potencies of alpha
adrenoceptor agonists in the rabbit pulmonary artery. Naunyn Schmiedebcrg's Arch Pharmacol 
291: 55-78. 

42. Cambridge DM, Davey J, Massingham R (1977): Prazosin, a selective antagonist of post-synaptic 
alpha-adrenoceptors. Br J Pharmacal 59: 514P-515P. 

43. Bentley SM, Drew GM, Whiting SB (1977): Evidence for two distinct types of postsynaptic alpha
adrenoceptors. Br J Pharmacal 61: 116P-1l7P. 

44. Starke K, Docherty JR (1980): Recent development in alpha-adrenoceptor research. J Car
diovasc Pharmacal 2 (Suppl 3): 269-286. 

45. Rubin Pc' Howden CW, McLean K, Reid JL (1982): Pharmacodynamic studies with a specific 
alpha 2 adrenoceptor agonist (B-HT 933) in man. J Cardiovasc Pharmacol 4: 527-530. 

46. Roddie IC, Wallace WFM (1979): Methods for the assessment of the effects of drugs on the 
arterial system in man. Br J C1in Pharmacal 7: 317-323. 

47. Brodie TG, Russel AE (1905): On the determination of the rate of blood flow through an organ. J 
Physiol (London) 32: 47-49. 

48. Wilkins RW, Bradley SE (1946): Changes in arterial and venous blood pressure and flow distal to 
a cuff inflated on the human arm. Am J Physiol147: 260--269. 

49. Formel PF, Doyle JT (1957): Rationale of venous occlusion plethysmography. Circ Res 5: 354-
356. 

50. Greenfield ADM, Whitney RJ, Mowbray JF (1963): Methods for the investigation of peripheral 
blood flow. Br Med Bull 19: 101-109. 

51. Hokanson DE, Summer DS, Strandness DE Jr (1975): An electronically calibrated plethysmo
graph for direct measurement of limb blood flow. IEEE Trans Biomed Eng BME 22: 25-29. 

52. Amann FW, Bolli P, Kiowski W, Buhler FR (1981): Enhanced alpha-adrenoceptor-mediated 
vasoconstriction in essential hypertension. Hypertension 3 (Suppll): 119-123. 

53. Kiowski W, Hulthen UL, Ritz R, Buhler FR (1983): Alpha-2-adrenoceptor mediated vas
oconstriction in human arterial vessels. Clin Pharmcol Ther 34: 565-569. 

54. Bolli P, Erne p, Kiowski W, Ji BH, Amann FW, Buhler FR (1983): Important contribution of the 
post junctional alpha-2-adrenoceptor mediated vasoconstrictor response to arteriolar tone in 
man. J Hypertension 1 (Suppl II): 257-259. 

55. Elliott HL, Reid JL (1983): Evidence for post junctional vascular alpha-2-adrenoceptors in 
peripheral vascular regulation in man. Clin Sci 65: 237-241. 

56. Van Brummelen P, Vermey P, Timmermans PBMWM, van Zwieten PA (1983): Preliminary 
evidence for a postsynaptic alpha-2-adrenoceptor in the vasculature of the human forearm. Br J 
C1in Pharmacal IS: 134P-135P. 

57. Goldberg MR, Robertson D (1984): Evidence for the existence of vascular alpha-2-adrenergic 
receptors in humans. Hypertension 6: 551-556. 

58. Jie K, van Brummelen p, Vermey P, Timmermans PBMWM, van Zwieten PA (1984): Identifica
tion of vascular postsynaptic alpha-l and alpha-2 adrenoceptors in man. Circ Res 54: 447-452. 

59. Bolli p, Erne p, Block LH, Ji BH, Kiowski W, Buhler FR (1984): Adrenaline induces vas
oconstriction through post junctional alpha-2-adrenoceptor stimulation which is enhanced in 
essential hypertension. J Hypertension 2 (Suppl 3): 115-118. 

60. Jie K, van Brummelen P, Vermey p, Timmermans PBMWM, van Zwieten PA (1986): Alpha l
and alpha 2-adrenoceptor mediated vasoconstriction in the forearm of normotensive and hyper
tensive subjects. J Cardiovasc Pharmacal 8: 190--196. 

61. Timmermans PBMWM, de Jane A, van Meel JCA, Mathy MJ, van Zwieten PA (1983): Influence 
of nifedipine on functional responses in vivo initiated at alpha-2-adrenoceptors. J Cardiovasc 
Pharmacal 5: I-II. 

62. Hulthen UL, Bolli p, Amann FW, Kiowski W, Buhler FR (1982): Enhanced vasodilation in 
essential hypertension by calcium channel blockade with verapamil. Hypertension 4 (Suppl II): 
26-31. 



251 

63. Robinson BF, Dobbs Rl, Bayley S (1982): Effects of forearm resistance vessels to verapamil and 
sodium nitroprusside in normotensive and hypertensive man. Clin Sci 63: 33-42. 

64. Doyle AE, Fraser lRE, Marshall Rl (1959): Reactivity of forearm vessels to vasoconstrictor 
substances in hypertensive and normotensive subjects. Clin Sci 18: 441-454. 

65. Doyle AE, Fraser lRE (1961): Vascular reactivity in hypertension. Circ Res 9: 775-761. 
66. Mendlowitz M (1973): Vascular reactivity in systemic arterial hypertension. Am Heart 185: 252-

259. 
67. Stevens Ml, Moulds RFW (1982): The role of facilitatory presynaptic beta-receptors in human 

digital arteries. Clin Exp Pharmacol Physiol 9: 465-466. 
68. Fleisch lH (1980): Age-related changes in the sensitivity of blood vessels to drugs. Pharmacol 

Ther 8: 477-487. 
69. Dillon N, Chung S, Kelly 1, O'Malley K (1980): Age and beta-adrenoceptor-mediated function. 

Clin Pharmacol Ther 27: 769-772. 
70. van Brummelen P, Buhler FR, Kiowski W, Amann FW (1981): Age-related decrease in cardiac 

and peripheral vascular responsiveness to isoproterenol. Clin Sci 60: 571-577. 
71. Feldmann RD, Limbird LE, Nadeau 1, Robertson D, Wood All (1984): Alterations in leucocyte 

beta-receptor affinity with aging. N Engll Med 310: 815-819. 
72. Landmann R, van Brummelen P, Amann FW, Buhler FR (1985): Increased beta-adrenoceptor 

binding capacity is associated with blunted beta-adrenoceptor-mediated cardiovascular responses 
in essential hypertension. 1 Cardiovasc Pharmacol 7 (Suppl 6): 168-171. 

73. London GM, Safar ME, Weiss YA, Milliez PL (1976): Isoproterenol sensitivity and total body 
clearance of propranolol in hypertensive patients. 1 Clin Pharmacol16: 174-182. 

74. Van Brummelen P, lie K, Vermey P, Timmermans PBMWM, van Zwieten PA (1985): Vascular 
alpha-adrenoceptors in man: interactions with adrenaline and noradrenaline. Clin Sci 68 (Suppl 
10): 151S-153S. 

75. Robertson D, Garland Al, Robertson RM, Nies AS, Shand DG, Oates lA (1979): Comparative 
assessment of stimuli that release neuronal and adrenomedullary catecholamines in man. Circ 59: 
637-643. 

76. Perini Ch, Muller FB, Rauchfleisch U, Battegay R, Buhler FR (1986): Hyperadrenergic bor
derline hypertension is characterized by suppressed aggression. 1 Cardiovasc Pharmacol8 (Suppl. 
5) 53-56. 

77. Buhler FR, Bertel 0, Kiowski W (1978): Plasma noradrenaline and adrenaline and beta
adrenoceptor responsiveness in renin subgroups of essential hypertension. Clin Sci Molec Med 
55: 57s-60s. 

78. Bertel 0, Buhler FR, Baitsch G, Ritz R (1982): Plasma adrenaline and noradrenaline in patients 
with acute myocardial infarction. Chest 82: 64-68. 

79. Majewski H, Tung LH, Rand Ml (1982): Adrenaline activation of prejunctional beta-adrenocep
tors and hypertension. 1 Cardiovasc Pharmacol4: 99-106. 

80. Popper CW, Chiueh CC, Kopin 11 (1977): Plasma catecholamine concentrations in un
anesthetized rats during sleep, wakefulness, immobilization and after decapitation. J Pharmacol 
Exp Ther 202: 144-148. 

81. Vincent HH, Man in't Veld AJ, Voomsa F, Wenting GJ, Schalekamp MADH (1982): Elevated 
plasma noradrenaline in response to beta-adrenoceptor stimulation in man. Br J C1in Pharmacol 
13: 717-721. 

82. Kiowski W, Hulthen UL, Bolli P, Ritz R, Buhler FR (1983): Failure of prejunctional alpha-2 
adrenoceptor stimulation to reduce norepinephrine release in normal man. Gen Pharmacol14: 
173 

83. Tarazi RZ, Dustan HP (1972): Beta adrenergic blockade in hypertension. Am J Cardiol29: 633-
641. 

84. Buhler FR, Burkart F, Lutold BE, Kung M, Marbet G, Pfisterer M (1975): Antihypertensive 
betablocking action as related to renin and age: a pharmacologic tool to identify pathogenetic 
mechanisms in essential hypertension. Am 1 Cardiol 36:653-669. 



252 

85. Bolli P, Amann FW, Burkart F, Biihler FR (1982): Role of alpha-adrenoceptor-mediated 
vasoconstriction for antihypertensive beta-blockade. J Cardiovasc Pharmacol4 (Suppll): S162-
S166. 

86. Sivertsson R, Olander R (1968): Aspects of the nature of the increased vascular resistance and 
increased 'reactivity' to noradrenaline in hypertensive subjects. Life Sci 7 (part I): 1291-1297. 

87. Folkow B, Grimby G, Thulesius 0 (1958): Adaptive structural changes of the vascular walls in 
hypertension and their relation to the control of the peripheral resistance. Acta Physiol Scand 44: 
255-272. 

88. Conway J (1963): A vascular abnormality in hypertension. A study of blood flow in the forearm. 
Circulation 27: 520-529. 

89. Bolton TB (1979): Mechanisms of action of transmitters and other substances on smooth muscle. 
Physiol Rev 59: 606-718. 

90. Kuriyama H, Yto Y, Suzuki H, Kitamura K, Itoh T (1982): Factors modifying contraction 
relaxation cycle in vascular smooth muscles. Am J Physiol 243: H641-H662. 

91. Erne P, Bolli P, Biirgisser E, Biihler FR (1984): Correlation of platelet calcium with blood 
pressure. Effect of antihypertensive therapy. N Engl J Med 310: 1084-1088. 

92. Bolli P, Erne P, Hulthen UL, Ritz R, Kiowski W, Ji BH, Biihler FR (1984): Parallel reduction of 
calcium-influx-dependent vasoconstriction and platelet free calcium concentration with calcium 
entry and beta-adrenoceptor blockade. J Cardiovasc Pharmacol 6: S996-SI001. 



Beta-adrenergic receptors and the forearm 
circulation 

P. VAN BRUMMELEN and P.c. CHANG 

Introduction 

The forearm circulation provides an attractive opportunity to study pathophysiol
ogical and pharmacological aspects of various cardiovascular disorders including 
essential hypertension. In the first place this is due to the fact that in this particular 
vascular bed blood flow can be measured accurately and repeatedly by non
invasive methods [1]. Among the various possibilities to measure forearm blood 
flow, venous occlusion plethysmography, using either a mercury-in-silastic or 
rubber strain gauge or a water-filled reservoir to determine changes in circum
ference or volume of the forearm respectively, is the technique which has been 
applied most extensively [1-4]. In addition, cannulation of the brachial artery 
enables the local infusion of vasoactive drugs and the direct measurement of 
intra-arterial blood pressure. As long as doses of drugs are infused that ex
clusively produce local haemodynamic effects, activation of homeostatic cardio
vascular reflexes does not occur and responses can be interpreted as direct drug 
effects on vascular resistance. 

Despite its merits there are several limitations to the forearm model. It should 
be realized that the forearm circulation is not homogeneous since blood is 
supplied not only to muscle but also to skin and bone. The latter tends to be fairly 
constant but blood flow to skin is known to vary considerably with changes in 
temperature and with emotions. Since regional vascular beds may differ in 
receptor population and in their contribution to total peripheral resistance [5], 
conclusions drawn from studies in the forearm circulation (or in any other 
regional vascular bed) cannot be automatically extrapolated to the total circula
tion. Moreover, with pharmacological interventions only the lower part of dose
response curves can be measured since higher doses of vasoactive drugs will 
produce pharmacologically active concentrations in the systemic circulation and 
hence systemi~ haemodynamic changes. Because these changes will trigger 
homeostatic reflexes, interpretation of the local haemodynamic effects is made 
more complex. Finally, the spontaneous variations in forearm blood flow, to-
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gether with the relatively low basal levels, limit the accuracy with which vaso
constrictor changes can be measured. 

In patients with essential hypertension the forearm circulation has been exten
sively investigated [6]. Studies in patients with borderline hypertension have 
invariably reported a greater than normal forearm blood flow and hence a normal 
or only slightly elevated vascular resistance [7-12]. In contrast, patients with 
sustained hypertension have usually a normal forearm blood flow in spite of the 
higher perfusion pressure, indicating increased vascular resistance [7, 9, 13, 14]. 
In this chapter data on the subtypes and functional role of ~-adrenoceptors in the 
forearm circulation are reviewed and their possible relevance for the patho
physiology of essential hypertension will be discussed. 

Beta-adrenoceptor subtypes 

a- as well as ~-adrenoceptors have been identified in the forearm circulation, the 
former mediating vasoconstriction and the latter mediating vasodilatation when 
stimulated [5]. Subsequently, ~-adrenoceptors have been divided in two sub
types, i.e. ~1 and ~2 [15] and it has been recognized that the catecholamines 
adrenaline and noradrenaline differ with respect to their affinity for these sub
types: adrenaline has affinity for ~1- as well as for ~2-adrenoceptors whereas 
noradrenaline has mainly affinity for the ~l-adrenoceptor sUbtype [15-17]. A 
functional basis for the ~-adrenoceptor subdivision could therefore be that 
~l-adrenoceptors are innervated receptors sensitive to the neurotransmitter nor
adrenaline, whereas ~2-adrenoceptors are not innervated and sensitive to the 
circulating hormone adrenaline [18]. The ~-adrenoceptors of the forearm vascula
ture, especially those of the muscle blood vessels, are mainly of the ~2-subtype [5, 
19]. 

Studies in the hindlimb circulation of dogs [20-23] and cats [24-25] suggest the 
presence of a noradrenaline sensitive ~-adrenoceptor mediating vasodilatation in 
skeletal muscle blood vessels. This ~-adrenoceptor seems to be sensitive to 
circulating noradrenaline [20, 21, 25] as well as to neuronally released noradren
aline [22-24] and, in order to reveal its presence, ~-adrenoceptor blockade is 
required. Recently, Vatner et al. [23] demonstrated that these ~-adrenoceptors 
belong to the ~l-subtype, which is not surprising in face of their sensitivity to 
noradrenaline. The presence of a vasodilating ~l-adrenoceptor in the human 
forearm remains to be demonstrated. 

Apart from the above-mentioned ~2- and ~l-adrenoceptors on vascular smooth 
muscle, it is conceivable that presynaptic ~-adrenoceptors located on adrenergic 
nerve terminals also playa role in the regulation of vascular resistance via their 
influence on neurotransmitter release [26,27]. Indeed, in vitro experiments with 
isolated superfused strips of human blood vessels have shown facilitation of 
noradrenaline release upon ~-adrenoceptor stimulation [28]. Subsequently evi-
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dence has been presented that these receptors are of the ~2-subtype [29 J. Results 
of in vivo studies in man are in accordance with a presynaptic ~2- adrenoceptor 
facilitating noradrenaline release upon nerve stimulation [30, 31]. However, the 
presence and importance of this mechanism in the forearm vascular bed remains 
to be established. 

In summary, the postj unctional ~2-adrenoceptor mediating vasodilatation is 
the prevailing ~-adrenoceptor in the vasculature of the human forearm, but 
contributions of a vasodilating ~1-adrenoceptor and of a presynaptic ~2-adre
noceptor to the regulation of vascular resistance cannot be dismissed. 

~.adrenoceptor mediated vasodilatation 

The contribution of ~-adrenoceptor mediated vasodilatation to basal vascular 
tone in the forearm (or leg) circulation has been investigated by measuring the 
change in blood flow in response to local intra-arterial infusion of beta-blockers 
[32-35]. Although in one study [33] a slight decrease in basal blood flow was 
found during intra-arterial infusion of the non-selective beta-blocker propra
nolol, this was not confirmed by others [32, 33, 35]. Also the local infusion of the 
~1-selective beta-blocker atenolol had no influence on resting forearm blood flow 
[35]. Thus, blockade of ~-adrenoceptors in the forearm seems to have little 
influence on blood flow in basal conditions. 

This indicates that under these circumstances ~2-adrenoceptor stimulation by 
circulating adrenaline and possibly also ~1-adrenoceptor stimulation by neu
ron ally released noradrenaline are relatively unimportant determinants of vascu
lar resistance. Surprisingly, also the exercise-induced increase in muscle blood 
flow is not influenced by the local infusion of propranolol or atenolol [34, 35]. It 
seems therefore that vasoactive metabolites released in working muscles [36] 
have more significance than stimulation of ~-adrenoceptors for the vasodilatation 
in skeletal muscle during exercise. 

The effects of local infusion of beta-blockers with intrinsic sympathomimetic 
activity (ISA) warrant special mention. These drugs are partial agonists and from 
experimental studies there is evidence for a direct vasodilatory effect [37-39]. We 
have studied the local haemodynamic effect of pindolol, a non-selective beta
blocker with relatively strong ISA [40), in the forearm circulation of healthy 
volunteers [41]. Different from non-selective and selective beta-blockers without 
ISA, pindolol produced a dose-dependent vasodilatation upon infusion in the 
brachial artery (Fig. 1). This effect was due to stimulation of vascular ~2-adre
noceptors because it could be prevented by stimultaneous infusion of propanolol 
(Fig. 1). Whether the vasodilating effect of pindolol (and of similar partial 
agonists) contributes to the blood pressure lowering effect remains to be estab
lished, but it could well be of relevance for the divergent systemic haemodynamic 
pattern observed during treatment of hypertensive patients with these drugs [42, 
43]. 
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Figure 1. Percentage change in forearm blood flow during cumulative dose infusion of pindolol into 
the brachial artery of healthy volunteers. Pindolol was given in the presence of saline (open circles) 
and with a concomitant infusion of propranolol1ILg/kg/min (closed circles). Each dose was given for 3 
minutes and forearm blood flow was measured by plethysmography (for details see ref. 41). 

Stimulation of vascular B-adrenoceptors by local infusion of adrenaline [44-46] 
or isoprenaline [44,47,48] produces considerable vasodilatation in the forearm 
circulation. For adrenaline a-adrenoceptor blockade is required to reveal its full 
vasodilatory potency [46]. Evidence from experimental studies [49, 50] suggests 
that B-adrenoceptor mediated vasodilatation diminishes with increasing age. We 
have studied the age dependency of B-adrenoceptor mediated vasodilatation in 
healthy subjects [48]. Intra-brachial infusions of isoproterenol, in doses that did 
not produce systemic haemodynamic effects, produced a significantly greater 
vasodilatation in subjects younger than 25 years than in subjects older than 50 
years of age [48]. This age-related decrease in vascular responses to B-adrenocep
tor agonists is paralleled by a diminished heart rate response to exercise [51] and 
to B-adrenoceptor stimulation by isoproterenol [51-53]. The mechanism underly
ing decreased B-adrenoceptor responsiveness in the eldery has not been fully 
clarified. A diminished cyclic AMP content of vascular smooth muscle has been 
reported [50] suggesting a defect in the second messenger system of the B-adre
noceptor at higher age. This notion is supported by the finding of diminished 
cyclic AMP production upon isoproterenol stimulation in lymphocytes of older 
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individuals [54]. However, the latter finding could not be confirmed by others 
[55]. Thus there is suggestive evidence for diminished cardiovascular responses to 
~-adrenoceptor stimulation with age but the mechanism remains as yet specula
tive. 

Forearm blood flow in hypertension 

As mentioned before, patients with borderline hypertension have an increased 
forearm blood flow when compared to normotensive controls [7-12]. There are 
several arguments in favor of a role for ~-adrenoceptor mediated vasodilatation 
in this respect. For instance, circulating levels of adrenaline are elevated in 
patients with mild to moderate essential hypertension [51, 56], and in young 
normotensive individuals plasma adrenaline concentrations were directly related 
to forearm blood flow [48]. More direct evidence stems from a study of Levenson 
and coworkers [12] who studied the haemodynamic effect of ~l-selective and non
selective ~-blockade in a group of borderline hypertensives. Both beta-blockers 
diminished cardiac output but brachial blood flow was normalised only after non
selective beta-blockade [12]. So far there is no experimental support for a nor
adrenaline sensitive vasodilating ~-adrenoceptor in the forearm. In fact the 
findings of Levenson and coworkers [12] argue against this possibility in bor
derline hypertensives. 

There is evidence that not only age but also hypertension is accompanied by 
diminished ~-adrenoceptor mediated responses [51, 56]. It should be realised, 
however, that this has been more clearly demonstrated for cardiac responses [51] 
than for peripheral vascular responses [56]. Moreover, the fact that ~-adrenocep
tor blockade has no influence on forearm blood flow is difficult to reconcile with 
an important role for ~-adrenoceptor mediated vasodilatation in this vascular 
bed. Therefore a contribution of blunted ~-adrenoceptor responsiveness to the 
increased vascular resistance in long-standing hypertension remains as yet spec
ulative. 
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Converting enzyme inhibitors and hypertensive 
large arteries 

ALAIN SIMON and JAIME LEVENSON 

Because increased peripheral resistance is hemodynamically admitted as the 
primary cause of blood pressure elevation in essential hypertension [1], any 
antihypertensive drug might theoretically decrease peripheral resistance. This is 
the case of angiotensin converting enzyme (ACE) inhibitors which have been 
demonstrated to lower blood pressure through a fall in total peripheral resistance 
[2-3]. However, increasing attention must be also given to the action of drugs on 
the large arteries the distensibility of which is a major determination of the 
cardiac afterload [4] and of the arterial cyclic stress [4], two factors which strongly 
contribute in long-term to the occurrence of cardiovascular damage [5]. More
over, since the large arteries of hypertensive patients are the site of various 
abnormalities including an increase in arterial calibre [6], an increase in pulse
wave velocity [6, 7] and a diminution of arterial compliance [8, 9], it must be a 
primary objective of antihypertensive treatment to reverse these arterial changes. 
The reason is that correction of these alterations in hypertensive large arteries 
might help to improve prophylaxis against the atherosclerotic complications of 
the disease. Thus the response of the large arteries to antihypertensive treatment 
represents a line of pharmacological research that should be followed up in the 
coming years. In this respect, the effects of two angiotensin converting enzyme 
(ACE) inhibitors (captopril and enalapril) have been studied on large arteries of 
essential hypertensive patients. These investigations concerned the whole arterial 
tree (aorta and peripheral arteries) evaluated by means of systemic arterial 
compliance [8], and also the large arteries of the forearm studied by means of 
pulsed Doppler velocimetry of the brachial artery [10]. 

I. Methodological approach 

At present two methods are available for investigating the effects of ACE 
inhibitors on the large arteries in hypertension in man: the first, general in 
character, is based on the evaluation of systemic arterial compliance [8]. The 



262 

second method, involving the arterial circulation of the forearm, has recourse to 
pulsed Doppler velocimetry of the brachial artery (see Part III). 

1) Systemic arterial compliance 

Systemic arterial compliance is an index representing the volumic distensibility of 
the aorta and the large peripheral arteries; it thus expresses the capacity to 
increase the arterial volume per unit of arterial pressure increase [11]. The most 
reliable evaluation of arterial compliance is based on analysis of the exponential 
diastolic pressure decay of the intra brachial arterial pressure by using a simple 
model of arterial circulation [8]; in this way arterial compliance can be measured 
from 2 parameters [8]: a) the slope of the exponential decay of the intrabrachial 
diastolic pressure; b) the total peripheral resistance, which it is standard to 
calculate as the ratio of the mean brachial arterial pressure to the cardiac output. 

2) Arterial circulation in the forearm 

To facilitate analysis of the effects of hypertension on the large arteries a non
invasive technique based on pulsed Doppler velocimetry has been used for direct 
exploration of the brachial artery and its branches, the site where blood pressure 
is measured in human beings. The pulsed Doppler velocimeter used in clinical 
investigation of the arterial circulation of the forearm has been widely described 
and validated and allows the diameter of the brachial artery and the velocity of 
the circulating column of blood inside the artery to be measured transcutaneously 
[9,10]. Besides measuring the diameter of the artery and its flow rate, the pulsed 
Doppler apparatus permits forearm arterial compliance to be evaluated [9, 12] by 
means of two methods. 

The first one is based on the analysis of simultaneous recordings of the brachial 
artery pressure and flow according to a first-order model of the arterial circula
tion of the forearm during diastole [9]. Forearm arterial compliance is calculated 
as the ratio between the time constant of the diastolic pressure decay com
putorized according to the equations of the arterial model and the forearm 
vascular resistance calculated as the ratio between mean flow and pressure in the 
brachial artery [9]. The main limitation of this method is that it requires a 
punction of the brachial artery for the recording of the diastolic pressure wave. 

The second method of evaluation of forearm arterial compliance [12] is com
pletely non-invasive, can be applied to the long-term study of ambulatory pa
tients, and is derived from the analysis of the brachial artery blood velocity 
contour recorded by pulsed Doppler. This contour exhibited a systolic flow 
followed by a constant plateau during diastole (Fig. 1). Brachial artery blood 
velocity can thus be represented as the sum of two components: a constant 
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Figure 1, Typical brachial artery blood velocity contour, A, the hatched area, represents the integral of 
the part of the systolic blood velocity located above the extrapolation (dotted line) of diastolic 
velocity, Modified from Simon el at. [16], 

velocity which is the extrapolation ofthe diastolic velocity (V ct) through the entire 
cardiac cycle, and a phasic velocity (VJ which is the additional systolic velocity 
superimposed on the constant velocity. The amount of flow consequent on the 
distension of the large arteries, (vol), is equal to the integral of phasic velocity 
(hatched area of Fig. 1) multiplied by the brachial artery cross-sectional area [5], 
and is easily deduced from measurements of mean velocity (V m) and diastolic 
velocity (Vct) and cardiac time Tc' using the formula vol = (V m - Vct ) Tc' S. This 
(vol) rapidly introduced into the forearm arterial system corresponds, according 
to the waterhammer formula [16], to an increase in pressure equal to the pulse 
pressure (PP). The forearm arterial compliance (FAC) , which represents the 
ratio of any change in arterial volume to corresponding change in arterial pressure 
of the forearm [10], can be calculated as the ratio of vol to PP, as follows: F AC = 

(V m - V ct) Tc ' S/PP. The values of forearm arterial compliance obtained with the 
two methods were expressed in 10-4 mllmm Hg and were found strongly correl
ated between them with a slope of regression not significantly different from unit 
and an y-axis intercept not statistically different from zero [12]. 

3) Pharmacological procedures 

These arterial methodologies were applied to test the effects of ACE inhibitors 
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on hypertensive large arteries. For this purpose, two drugs (captopril and enal
april) were administered in uncomplicated essential hypertensive patients (I or II 
WHO) without any treatment at least one month before. Captopril was given in 
two different conditions [13]: (i) an acute experiment after a single dose of 100 mg 
in 7 patients, and (ii) a short-term treatment of five days (300 ± 20 mg per day) ± 
SEM in 5 other patients. Enalapril was randomly assigned at the end of a 4-week 
placebo period to 14 patients during 3 to 6 months of double-blind treatment with 
propranolol, and the mean dose obtained at the end of the third month of active 
treatment was 25 ± 5 mg per day [12, 14]. Group data were expressed as mean ± 
standard error of mean (SEM) and the comparison of the value of arterial 
parameters before and after drug was made by using the paired-t-test [15]. 
Differences in means and correlations were considered significant if the p value 
was less than 0.05. 

II. Effects of ACE inhibitors on large arteries in hypertension 

1) Systemic arterial compliance 

Acute and short-term administration of captopril increased significantly systemic 
arterial compliance in essential hypertensive patients and concomitantly de
creased total peripheral resistance [13,16] (Table 1). These results are in agree
ment with the increase in arterial compliance found in normal mildly sodium
depleted subjects after acute enalapril [17], and demonstrate that arterial effects 
of acute ACE inhibition are not only restricted to the arterioles but also concern 
the large arteries. Moreover, the comparison between acute and short-term 
arterial effects of captopril leads to two observations [16] (Fig. 2): (i) systemic 
arterial compliance is increased to the same extent in acute and short-term 
administration, but the decrease in total peripheral resistance is more pro
nounced after short-term than after acute captopril, suggesting that effects of 

Table 1. Acute effects of captopril on systemic and forearm vascular resistance and arterial compliance 
in patients with essential hypertension. Data are shown as means ± SEM. * p<0.05. B = before, A = 

after captopril. 

Arterial Compliance 
(ml/mmHg) 

Baseline 

Systemic Ar1eries 1.59 ± 0.06 
Forearm Arteries (92 ± 7) 10-4 

Captopril 

1.95 ± 0.07* 
(120 ± 10) 10-4* 

Vascular Resistance 
dynes· sec' cm-5 

Baseline Captopril 

1388 ± 66 
(208 ± 40) 103 

1306 ± 72* 
(156 ± 36) 103* 
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- 5 ± 1 - 14 ± 3 o 
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1 0 ± 3 10 ± 3 

o ACUTE CAPTOPRIL (n = 7) 

~ SHORT-TERM CAPTOPRIL (n = 5) 

Figure 2. Percent change from baseline in mean blood pressure, total peripheral resistance, and 
systemic arterial compliance after acute and short-term administration of captopril in patients with 
essential hypertension . Data are shown as mean ± SEM. * p<O.05 , * * p<O.Ol , * * • p<O.OOl. From 
Simon et af. [13] with permission . 

ACE inhibition appear earlier on the large arteries than on the arterioles in 
essential hypertension; (ii) the decrease in total peripheral resistance is almost 
parallel with the decrease in blood pressure after acute and short-term captopril, 
but the increase in arterial compliance is not influenced by the degree of pressure 
fall, demonstrating that the improvement in arterial distensibility after captopril 
is not exclusively a mechanical consequence of pressure fall on the arterial stretch 
but may also signify a direct action of the drug on the arterial smooth muscle. 
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2) Forearm large arteries 

Acute captopril increased significantly the diameter of the brachial artery [18]. 
The same arterial dilation was also obtained on long-term ACE inhibition, at 3 
and 6 months of treatment with enalapril given alone [12, 14] (Fig. 3). However, 
the arterial dilation of captopril and enalapril can be counterbalanced by the 
blood pressure fall consecutive to the administration of these drugs in hyperten
sion [11]. Indeed, a decrease in systemic pressure inside the lumen of large 
arteries, must mechanically and passively decrease their caliber because of a 
lesser stretch of their walls [11]. These opposite effects of active dilation of large 
arteries by ACE inhibition and passive arterial contraction induced by pressure 
fall are illustrated in the negative correlation between change in brachial artery 
diameter and change in mean blood pressure observed after acute captopril, 
indicating that dilation of the brachial artery is counterbalanced by the magnitude 
of pressure fall inside its lumen, so that the greater arterial dilation corresponds to 
the lesser reduction in pressure [13]. This observation finally demonstrates that 
ACE inhibitors may act directly on the large arteries independently of their 
action of lowering blood pressure. 

Acute captopril increased arterial compliance and decreased simultaneously 
vascular resistance of the forearm (Table 1). Similar increase in arterial com
pliance of the forearm was also found on chronic treatment with enalapril [16] 
(Fig. 3). Thus it is important to consider how converting enzyme inhibition may 
increase arterial compliance. First, the increase in arterial compliance with ACE 
inhibitors may be a simple mechanical consequence of the pressure reduction, 
resulting in less distension of the arterial walls [11]. Second, arterial compliance 
may increase consecutively to a reduction in the smooth muscle tone of the 
brachial artery because of a decrease in angiotensin II concentration in plasma 
and/or in the walls of large arteries owing to inhibition of converting enzyme by 
enalapril. This hypothesis is supported by experimental studies in spontaneously 
hypertensive rats, showing that renin concentration was elevated in the walls of 
large arteries [18], and that this elevation responded to negative feedback inhibi
tion, as suggested by the increase in renin activity in arterial tissue after inhibition 
of angiotensin II synthesis by captopril [19]. A further consideration in this 
respect is that both captopril and enalapril inhibit angiotensin-converting enzyme 
in large arteries to a greater extent than in other tissues of spontaneously 
hypertensive rats [20]. 

III. Consequences of arterial effects of ACE inhibitors on the function of large 
arteries 

The large arteries serve two clear functions in the circulation, the conducting and 
the buffering function [4], and they also contain inside their walls the barorecep-
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tors which partIcIpate to the baroreflex control of pressure and heart rate. 
Important modifications of these arterial functions may be expected from the 
effects of ACE inhibitors on large arteries in hypertension. 

1) Buffering function 

The buffering function of large arteries which consists in dampening the pul
satility of arterial pressure is altered in hypertension, as attested by the decreased 
arterial compliance [8, 9]; it ensues an increase in the arterial pulsatility which is 
reflected by an increased amplitude of pulse pressure [4]. Such an arterial 
hyperpulsatility, by causing a cyclic stress to the walls of large arteries, may 
induce in long-term the degradation of the bio-elastomeres constituting their 
walls [5]. In this respect, it is important to observe that acute and short-time 
angiotensin converting enzyme inhibition by captopril significantly reduced pulse 
pressure, the simplest index of pulsatility of arterial pressure (Table 2). The 
increase in arterial compliance induced by captopril is responsible for the de
crease in pulse pressure as demonstrate by the observation of correlation between 
these two parameters (Fig. 4). Similar results were observed in chronic treatment 
with enalapril which significantly decreased pulse pressure at 3 and 6 months of 
treatment [16]. 

2) Conducting function 

A second consequence of ACE inhibition of large arteries concerns their con
ducting function. Assuming that blood flow in a large artery equals the product 
between its section and the cross-sectional blood velocity inside its lumen [10], the 
dilation of large arteries obtained with ACE inhibition participates in the increase 
in arterial flow. This can be observed for the brachial artery with acute captopril 
[13] and chronic enalapril [16, 14] where brachial dilation acts concomitantly with 

Table 2. Effects of acute and short-term captopril on mean blood pressure and pulse pressure 
in essential hypertensive patients; data are shown as mean ± 1 SEM. * p<0.05, * * p<O.01, 
* * * p<O.OOl. 

Acute Captopril 
(n = 7) 

Before 

Mean Blood Pressure (mm Hg) 113 ± 4 
Pulse pressure (mm Hg) 80 ± 3 

After 

106±4** 
73 ± 3* * 

Short-term Captopril 
(n = 5) 

Before 

139±3 
85 ±6 

After 

112 ± 4* * * 
71 ±4* 
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Figure 4. Correlation between percent increase in arterial compliance and percent decrease in pulse 
pressure after acute and short-term administration of captopril in essential hypertensive patients. 

the increased blood velocity to increase strongly arterial flow (Fig. 3). However, 
the interest to increase arterial flow in the forearm must be questioned because 
blood flow in skeletal muscle and skin of mild to moderate hypertensive patients 
has been found to be within the normal range prior to treatment [10]. Moreover, 
the increase in flow in the forearm circulation by angiotensin converting enzyme 
inhibitors must be considered as a local effect which cannot be extrapolated to the 
systemic circulation; it does raise the question of whether this type of drugs affects 
other regional circulations in a similar or contrary way. 

3) Baroreceptors stimulation 

The dilation of the large arteries which accompanies ACE inhibition may modify 
the stimulation of baroreceptors, induced by the decrease in systemic pressure, 
because the baroreceptors located inside the walls of large arteries are stimulated 
not by arterial pressure itself but by the tension applied to the arterial walls [21]. 
The arterial wall tension can be simply evaluated by the law of Laplace T = 

P x Rlh where T is the tangential tension of the artery, Rand P the arterial radius 
and pressure en h the arterial thickness [22]. It ensues that change in tension 
(delta T) of large arteries depends not only on change in pressure (delta P) inside 
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the lumen, but also on change in arterial radius (delta R) according to the formula 
delta T = P X delta R + R X delta P, on the condition that the wall thickness is 
assumed to be constant, which is a convenient hypothesis at least in acute 
conditions. The pulsed Doppler measurement of brachial artery radius before 
and after acute captopril has permitted to show with the latter formula that 
variation in tangential tension of the brachial artery was insignificant (1 ± 1 
mm Hg/cm) because the arterial dilation counterbalances the decrease in systolic 
pressure and maintains the arterial tension normal [14, 16]. Such an effect may be 
extrapolated at the site of baroreceptors after captopril and suggests that un
changed tension of baroreceptors may participate in the lack of baroreflex 
tachycardia despite the reduction in arterial pressure. In contrast, the con
comitant decrease in brachial artery caliber and pressure previously described 
with acute administration of a classical vasodilating drug, such as dihydralazine 
induces a strong reduction in arterial tension which stimulates the baroreceptors 
and produces a reflex tachycardia [23]. An additional argument in favour of the 
role of tension of large arteries on baroreflex response is given in the observation 
of a correlation between the change in brachial artery tension and the change in 
heart rate after acute captopril and intravenous dihydralazine administration in 
essential hypertensive patients [16] (Fig. 5). Lastly, the dilation of large arteries 
may also piay a role on the baroreceptor sensitivity by increasing arterial com
pliance; baroreceptor sensitivity has indeed been demonstrated to increase in 
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parallel with elevation of systemic arterial compliance after acute administration 
of enalapril in normal subjects [17], and it is well known that baroreflex sensitivity 
is closely related to arterial compliance [24]. Probably, the greater distensibility 
of large arteries after ACE inhibition increases the stimulation of baroreceptors 
inside their walls for a lower level of pressure in addition to other mechanisms 
relating ACE inhibition and sympathetic nervous activity. 

IV. Conclusion 

In conclusion, ACE inhibition induces acute and chronic dilation and increased 
compliance of hypertensive large arteries. Such an effect is not exclusively 
dependent on pressure fall which accompanies these drugs; it expresses also a 
direct response of the walls of large arteries to converting enzyme inhibition. 
These large artery modifications have several consequences on the arterial func
tion. They dampen the baroreceptor stimulation induced by the systemic pressure 
fall and might so explain partly the lack of reflex tachycardia observed with these 
drugs. The response of large arteries to converting enzyme inhibitors produce 
also an improvement of their conducting and buffering function. This latter effect 
by reducing the arterial pulsatility might be at long term advantageous for the 
prevention of degenerative arterial disease, which continues to affect many 
hypertensive patients treated with classical antihypertensive drugs [25]. 
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Calcium entry blockers and the forearm arterial 
bed 

BRIAN F. ROBINSON 

The smooth muscle cells in the walls of blood vessels are endowed with several 
mechanisms by which the concentration of calcium in the cytosol can be raised 
and contraction initiated [1, 2]. One important system is that of the voltage
dependent calcium channels in the plasma membrane. Voltage-dependent chan
nels, as their name implies, open to permit the influx of calcium when the 
membrane is depolarised either spontaneously or in response to a stimulus; some 
channels with similar characteristics are, however, thought to be linked to u2-

adrenoceptors and may thus be directly activated by noradrenaline. The influx of 
calcium through channels of the voltage-dependent type is inhibited by calcium 
entry blockers such as verapamil, diltiazem and compounds of the dihydro
pyridine group including nifedipine and nitrendipine. 

The importance of the voltage-dependent calcium channels in triggering con
traction varies greatly between differing types of vessel [3]. Some vascular 
responses appear wholly dependent on this system. The phasic activity of rat 
portal vein and the contraction of veins or arterial strips depolarised by exposure 
to high concentrations of potassium are mediated entirely by this system of 
activation. Contractions arising in this way are completely inhibited by relatively 
low concentrations of verapamil or nifedipine. Other mechanisms of activation 
exist, however, and are of major importance in certain types of contraction. The 
contraction of a hand vein induced by noradrenaline provides a good example of a 
response that depends almost entirely on these other mechanisms. Activation is 
initiated by the interaction of the agonist with specific receptors in the surface 
membrane; this leads to the release of calcium from the endoplasmic reticulum 
and it is possible that there is also calcium entry through membrane channels that 
are solely operated through receptors and have quite different characteristics to 
the voltage-dependent channels. The existence of such receptor-operated chan
nels is, however, uncertain. Contractions induced through the receptor-operated 
system are less easily inhibited by verapamil than similar contractions induced by 
depolarisation and they are completely resistant to nifedipine [4]. They are, 
however, selectively inhibited by sodium nitroprusside and glyceryl trinitrate. It 
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should be noted, however, that agonists such as noradrenaline are not limited to 
acting through the receptor-operated system but can also activate the voltage
dependent system directly through their ability to depolarise the membrane. 

It thus appears that the two main activation systems for vascular smooth muscle 
can be differentially inhibited by calcium entry blockers and sodium nitroprusside 
respectively. Examination of the comparative effects of these two types of dilator 
on a particular vessel or vascular bed may therefore provide some insight into the 
activation mechanisms responsible for the maintenance of vascular tone. 

In relation to the development of primary hypertension, the behaviour of the 
resistance vessels is clearly of major importance. There is evidence to suggest that 
the maintenance of tone in the resistance vessels involves contributions from both 
activation systems. In the forearm, which provides the only vascular bed easily 
available for study in man, the resistance vessels are sensitive to relatively low 
concentrations of calcium entry blockers and also sodium nitroprusside; neither 
class of dilator, however, is able to induce complete relaxation when given by 
itself [5]. This suggests that the contraction of the smooth muscle in the vessel 
walls is in part dependent on the entry of calcium through voltage-dependent 
channels, but also involves activation of the receptor-operated mechanism. It is to 
be expected that other resistance vessels will show a similar pattern although the 
relative contribution from the two activation systems may well differ. In the skin, 
for example, sympathetically mediated constriction dominates and intrinsic tone 
is relatively weak; this is likely to result in greater activity of the receptor
operated system than in the forearm with a corresponding reduction in voltage
dependent activity. 

Responsiveness of forearm resistance vessels to calcium entry blocking agents in 
normal subjects and patients with hypertension 

The responsiveness of the forearm arterial bed to dilator agents can conveniently 
be assessed by infusing drugs into the brachial artery while measuring the resul
tant change in forearm flow by venous occlusion plethysmography using mercury
in-silastic gauges. Local administration of drugs has the advantage that systemic 
circulatory effects can be avoided and the interpretation of flow changes is not 
confused by simultaneous changes in arterial pressure. This approach has been 
used in my own laboratory and it has also been extensively employed by Professor 
F. Buhler and Dr P. Bolli in Basel. The summary that follows is based on work 
carried out by both groups. 

The dilator response of the forearm vascular bed to local infusion of verapamil 
is increased in patients with hypertension when compared to normal subjects 
(Fig. 1). At all dose rates the increase in flow induced by verapamil is greater in 
patients than in controls and the difference in response persists when the dose is 
increased to produce a maximal response [5, 6]. The increase in responsiveness is 
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Figure 1. Increase in forearm blood flow in response to infusion ofverapamil into the brachial artery. 
At every dose, the response in 20 patients with hypertension (open circles) is greater than that in 23 
normotensive controls (closed circles); values shown are mean ± SEM. Reproduced with permission 
from Clinical Science [6]. 

not specific to verapamil and has also been demonstrated with nicardipine [7]. 
There are two possible explanations for the increased sensitivity of hyperten

sive resistance vessels to the dilator action of calcium entry blocking agents. It 
could result from a functional change in the smooth muscle cells. It could, 
however, arise as a direct consequence of structural change in the arterioles in 
which case no functional disorder of the smooth muscle need be inferred. Folkow 
has pointed out that the increase in wall thickness that is known to accompany 
raised arterial pressure must be expected to augment both constrictor and dilator 
responses: the inner part of the thickened wall encroaches on the lumen and the 
effect on resistance of any change in contraction of the smooth muscle will 
necessarily be increased [8]. 

If the enhanced response to calcium entry blockers in patients with hyperten
sion was entirely dependent on altered vascular geometry, a similar increase in 
response shoul~ be seen with other dilators. In considering the importance of the 
structural factor it is therefore important to observe the response to a dilator 
which has a different mechanism of action to that of the calcium entry blockers. 
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Sodium nitroprusside is a suitable drug for this purpose. Its exact mechanism of 
action remains uncertain, but it is clear that it induces relaxation by inhibiting 
mechanisms of contraction other than those affected by calcium entry blockers. 

At doses just above threshold, the dilator response ofthe forearm vascular bed 
to local infusion of sodium nitroprusside is similar in patients to that in normal 
subjects [6]; at higher doses the response in patients may even be depressed (Fig. 
2). This finding makes it very unlikely that the increased response to verapamil is 
the result of structural changes in the vessels since if this was so, the response to 
nitroprusside should be similarly increased. 

The relation between the response to verapamil and that to nitroprusside is 
most clearly seen when responses to the two drugs are compared in individual 
subjects (Fig. 3). In normal subjects, the increases in blood flow induced by 
verapamil and nitroprusside vary widely, but there is a close correlation between 
responses to the two drugs. This is interpreted as showing that the non-specific 
factors that influence the magnitude of the response to any infused drug (arm size, 
resting blood flow, distribution of infused drug) affect the response to the two 
dilators equally. In about two thirds of the patients with hypertension, the 
response to verapamil is considerably in excess of that expected from the response 
to nitroprusside. In many of these patients, the response to verapamil is abso
lutely increased and the response to nitroprusside is within the normal range. In a 
few, however, the response to verapamil appears normal and it is the response to 
nitroprusside that is reduced; it cannot be excluded that some patients show a true 
reduction in responsiveness to this drug. It seems likely, however, that in most 
patients the primary abnormality is enhancement of the response to verapamil 
rather than depression of the response to nitroprusside since, as will be seen, 
induced alterations in the functional state of the vessel always cause changes in 
the response to verapamil rather than in that to nitroprusside. It thus seems 
reasonable to conclude that the hypertensive resistance vessel exhibits a real 
increase in its responsiveness to verapamil and that this reflects an underlying 
functional change in the vascular smooth muscle. 

Nature of the functional change in the resistance vessels of patients with 
hypertension 

The most likely explanation of the enhanced dilator response to verapamil in the 
hypertensive resistance vessel is an increase in the contribution of the voltage
dependent system for calcium entry to the maintenance of smooth muscle tone. 
There are, however, two other possibilities that need to be considered. 

One concerns the possibility of a functional rather than a mechanical effect of 
medial thickening. In small arteries, sympathetic nerve terminals are confined to 
the outer aspect of the media [9] and there is presumably a similar distribution of 
innervation in the arterioles. In patients with hypertension, the smooth muscle 
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Figure 2. Increase in forearm blood flow in response to infusion of sodium nitroprusside into the 
brachial artery. Response in the 20 patients with hypertension (open circles) is similar to that in the 23 
normotensive controls (closed circles) at the lower doses, but tends to be reduced at the highest dose 
(P = 0.06) . Reproduced with permission from Clinical Science [6]. 

layer is thickened and the inner cells will, in consequence, be further from the 
source of noradrenaline release. It is at least possible that this would make them 
more dependent on the voltage-dependent mechanism for their activation and 
less dependent on the receptor-operated mechanism with a resultant change in 
sensitivity to dilator agents. This would imply that the functional change in the 
vessels was an indirect consequence of structural adaptation and did not result 
from a fundamental change in the cells themselves. 

The second possibility relates to impaired removal of calcium from the cell: if 
calcium efflux were depressed, this would augment the effect of any change in 
calcium influx on the concentration of the ion in the cytosol and this might lead to 
an exaggerated dilator response to calcium entry blocking agents. The extrusion 
of calcium froIl] vascular smooth muscle cells is thought to be dominated by the 
activity of the A TP-dependent calcium pump [10]. There is conflicting evidence as 
to the functional state of this system in primary hypertension. Studies of inside-
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close correlation between responses to the two drugs (r = 0.85; P<O.OOl). In most patients with 
hypertension (open circles), the response to verapamil is enhanced relative to that to nitroprusside. 
Reproduced with permission from Clinical Science [6]. 

out membrane vesicles derived from mesenteric arteries of the spontaneously 
hypertensive rat (SHR) have shown ATP-dependent calcium uptake to be re
duced [11]. This has been thought to reflect impaired function of the ATP
dependent calcium pump, but the same change would be observed if the vesicles 
were abnormally permeable to calcium so that the ion leaked away more rapidly 
than usual. Calcium fluxes in both lymphocytes and platelets of the SHR have 
been measured by methods which enable influx and efflux to be studied separ
ately. In these experiments, calcium influx was found to be raised but there was 
no significant change in calcium pumping ability [12]; these findings suggest that 
the reduced calcium accumulation by the inside-out vesicles may indeed result 
from increased leakage rather than decreased pumping. No comparable studies 
have been carried out in man, but evidence is accumulating which indicates that 
the Ca2+ -dependent ATPase of platelet plasma membrane is in some way abnor
mal in patients with primary hypertension. The specific activity of the Ca2+

dependent ATPase is increased, but the enzyme is functionally abnormal in that it 
is less easily inhibited by La3+ [13] and less easily stimulated by calmodulin [14] 
than that from normal subjects. It thus appears that there is an increase in the 
total amount of enzyme in the membrane, but that it may be less effective in 
pumping calcium. The net effect of these changes on the extrusion of calcium 
from the platelet is uncertain and the implication for calcium pump function in the 
cells of the vascular smooth muscle quite unknown . Nevertheless, these studies 
indicate that there are abnormalities of the Ca2+ -dependent ATPase of the 
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platelet plasma membrane in patients with hypertension, and the possibility that 
impaired A TP dependent calcium pumping contributes to the observed alteration 
in responsiveness of the resistance vessels cannot be excluded. 

Whatever the underlying cause of the functional change in the hypertensive 
resistance vessel, the degree of abnormality bears a direct relation to the severity 
of the hypertension [15]: responsiveness to verapamil is significantly correlated 
with mean arterial pressure over a wine range from normal to severe hyperten
sion (Fig. 4). This relationship does not, of course, imply that there is a causal 
correlation between the functional change in the vessels and the rise in arterial 
pressure. It is even possible that the functional change is a consequence of the 
elevated pressure but this seems unlikely. 

Effect of local infusion of ouabain and calcium on vascular responsiveness 

The leucocytes of patients with hypertension show an increase in intracellular 
sodium and this results from reduced activity of the sodium pump [16]. The dilator 
response to local infusion of low concentrations of potassium is mediated by 
stimulation of the sodium pump; the response to potassium is significantly 
reduced in the forearm vascular bed of patients with hypertension [17] and this 
suggests that sodium pump activity is reduced in the resistance vessels in a manner 
analogous to that in the leucocytes. It seemed possible that the enhanced re
sponse to verapamil observed in patients with hypertension might depend in 
some way on the reduction in sodium pump activity. We therefore investigated 
the effect of an acute depression of sodium pump activity in normal subjects 
produced by local infusion of ouabain [18]. The drug was infused into the brachial 
artery at a rate calculated to produce a plasma concentration about 100 times 
greater than those that are achieved during systemic administration and have 
been shown to cause acute depression of sodium pump activity. During the 
infusion of ouabain, there was an increase in forearm vascular resistance and the 
dilator response to local infusion of K+ was reduced by 33%, confirming that 
significant inhibition of the sodium pump had been achieved. The dilator re
sponse to verapamil was, however, unchanged and there was no significant 
change in the response to nitroprusside. This study showed that the enhanced 
response to verapamil is not a consequence of the impaired activity of the sodium 
pump. 

Modest changes in plasma calcium concentration cause changes in the response 
of the resistance vessels to verapamil. In normal subjects, infusion of calcium into 
the brachial artery at a rate sufficient to increase the concentration in venous 
blood leaving the arm by about 0.5 mmolll caused a small fall in forearm blood 
flow with a proportionately larger fall in the response to verapamil [19]. This is 
interpreted as showing inactivation of voltage-dependent calcium channels by the 
increased extracellular calcium concentration. When the infusion of calcium was 
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Figure 4. Relative responsiveness of forearm resistance vessels to verapamil related to mean arterial 
pressure in 127 men. The 'excess verapamil response' is the amount by which the sum of the responses 
to two infusions of verapamil at 5 p.g/min exceeds that predicted for the observed response to 
nitroprusside from the regression line in normal subjects (Fig. 3) . There is a highly significant relation 
between response to verapamil and arterial pressure (r = 0.55; P<O.OOI). Reproduced with per
mission from 1. Hypertension [15]. 

discontinued, resting flow returned to the control level, but in most subjects 
response to verapamil increased so that in a series of 11 normal men, the control 
level was, on average, exceeded by 34% (Fig. 5). The mechanism of this rebound 
is unknown. In parallel studies in which response to nitroprusside was examined, 
no significant change was seen either during or after infusion of calcium. In 
patients with primary hypertension, infusion of calcium depressed the response to 
verapamil to a similar extent to that seen in normal subjects [20] . In a subsequent 
study of 13 men with primary hypertension in whom the response to verapamil 
was examined after calcium was discontinued, the pattern was found to differ 
from that in normal subjects in that there was no increase in the dilator effect of 
verapamil when the plasma calcium concentration fell back to normal (Fig. 5). 
These observations indicate that responsiveness to verapamil is influenced by 
changes in plasma calcium concentration and they suggest that there may be 
differences in the regulation of voltage-dependent calcium channels between 
patients with hypertension and normal subjects. Increased activity of the calcium 
channels in patients might thus result from a defect in regulatory mechanisms 
rather than an increase in the number of channels. 

Effect of treatment 

Treatment of hypertension with a diuretic, two different ~-adrenoceptor blockers 
and a calcium entry blocker has in all cases been shown to diminish the respon-
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Figure 5. Response to paired infusions of vera pam ii, 5 fLgimin, expressed as percentage increase over 
control flow, in 11 men with normal arterial pressure and 13 men with mild to moderate hypertension. 
Before infusion of calcium, response to verapamil tends, as expected, to be lower in normal subjects 
than in the patients. During infusion of calcium at 10 fLmolimin, response to verapamil is depressed in 
both groups. When calcium is discontinued, response to verapamil rebounds above control level in 
normal subjects, but not in the patients. Both groups now show very similar responsiveness. The 
results suggest that the regulation of calcium channels by extra cellular calcium may differ from normal 
in patients with hypertension. 

siveness of the forearm vascular bed to local infusion of a calcium entry blocker. 
In all of 16 patients with primary hypertension, treatment with chlorthalidone 

50 mg daily for one month caused a decrease in the relative responsiveness of the 
forearm resistance vessels to verapamil [21]. The effect on responsiveness was 
proportionately greater than the effect on arterial pressure, suggesting that the 
change in sensitivity to verapamil was not merely secondary to the change in 
pressure. A similar, though slightly less consistent reduction in responsiveness to 
verapamil was observed during treatment with atenolol [21] and reduced respon
siveness to nitrendipine has been observed during treatment with acebutolol [22]. 
A similar reduction in responsiveness to local nitrendipine was observed during 
oral treatment with the same drug [22]. 

It is not surprising that systemic treatment with a calcium entry blocking agent 
reduces the local response to the same drug. It is, however, of considerable 
interest that treatment with such diverse agents as diuretics and ~-adrenoceptor 
blockers should have the same effect. The reduced responsiveness to calcium 
entry blockers might reflect no more than an indirect effect of both types of 
antihypertensive such as, for example, an increase in sympathetic activity at 
a-adrenoceptors. It is possible, however, that normalisation of the functional 
disorder in the resistance vessels represents a mechanism through which both 
types of drug act to reduce arterial pressure. 
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Relation between forearm vascular bed and the circulation as a whole 

The forearm resistance vessels make up no more than a small fraction of the total 
peripheral resistance and the relevance of the abnormalities found in the forearm 
bed to the performance of the general circulation may well be questioned. In 
studies with many drugs, however, the forearm bed has given results that ap
peared representative of the circulation as a whole. Patients with hypertension 
have been reported to show proportionately larger reductions in pressure in 
response to acute administration of nifedipine than is the case in normal subjects 
[23,24]. This has been interpreted as showing a generalised increase in sensitivity 
to calcium entry blockade similar to that observed experimentally in the forearm. 
The validity of relating the fall in pressure induced by drugs to the initial pressure 
has, however, been questioned and it is difficult to interpret the results of 
systemic administration of drugs since reflex effects may limit the fall in pressure. 
It is therefore difficult to demonstrate a generalised increase in sensitivity to the 
dilator action of calcium entry blocking agents. 

Even if the increased responsiveness to verapamil were confined to the vessels 
of skeletal muscle, it might still be of considerable importance in the genesis and 
maintenance of hypertension. Skeletal muscle accounts in total for a substantial 
fraction of the peripheral vascular bed and since flow in muscle can vary more 
widely in response to changes in pressure than is the case in organs such as the 
kidney and brain, the muscle bed may play an important role in circulatory 
control, serving as a safety valve to accommodate transient increases in cardiac 
output. Any alteration in the responses of the resistance vessels in the muscular 
bed might thus be of critical importance to the behaviour of the circulation as a 
whole, and a sustained increase in resistance in this bed alone might serve to 
initiate the hypertensive process. 
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Cations and the forearm circulation in 
hypertensive humans 

A. TAKESHITA and T. IMAIZUMI 

1. Introduction 

Epidemiological studies suggest that excess salt intake contributes to the preva
lence of essential hypertension in humans [1]. For the past 15 years, there has been 
a considerable interest in the effects of excess salt intake on blood pressure and 
vascular resistance in humans [2-13]. Several important features as to the rela
tionship between excess salt intake and blood pressure in humans have been 
delineated in these studies. First, it has been clearly shown that effects of dietary 
salt loading on blood pressure and vascular resistance vary considerably among 
subjects. Dietary salt loading may produce a marked increase in blood pressure in 
some but may not alter blood pressure in others [4-6,11,13]. Generally speaking, 
hypertensive patients are more sensitive to dietary salt loading than normotensive 
subjects [5, 7, 8, 10, 11]. However, it has also been shown that there is a 
considerable variation in responses to salt loading even among hypertensive 
patients [4, 6, 13]. The findings of variable responses to salt loading in humans are 
consistent with the findings in experimental animals [14-18]. Excess salt intake 
increases blood pressure and vascular resistance in rats with genetic hypertension 
but does not alter them in normotensive control rats [14-18]. 

Second, it has been shown that a reduced natriuretic capacity is a characteristic 
common to salt-sensitive humans [4,5] and rats [19]. An impaired renal ability to 
excrete sodium leads to a greater retention of body fluid during excess salt intake. 
It has been shown that increases in body weight and cardiac output during excess 
salt intake are greater in patients with essential hypertension whose blood pres
sure rises in response to salt loading (salt -sensitive) than in those whose blood 
pressure does not rise (salt-nonsensitive) [4, 13]. 

Third, there seem to be differences in control of vascular resistance during 
dietary salt loading between salt-sensitive and salt-nonsensitive humans. In salt
nonsensitive subjects, vascular resistance decreases during salt loading [2, 5, 8, 
20]. In these men, the decrease in vascular resistance compensates the increase in 
cardiac output and thus blood pressure does not rise. In contrast, such compensa-



286 

tory decrease in vascular resistance does not occur in salt-sensitive patients with 
essential hypertension, which leads to the rise in blood pressure [10, 11, 13]. Thus, 
an abnormal control of vascular resistance in addition to a greater volume 
retention may contribute to the salt-induced elevation of blood pressure in salt
sensitive patients with essential hypertension. 

In this chapter, we will focus on control of forearm vascular resistance during 
excess salt intake in humans. In particular, the following two subjects will be 
discussed: 1) the difference between the effects of acute increase in sodium 
concentration in blood and those of dietary salt loading on control of forearm 
vascular resistance and 2) the difference in control of forearm vascular resistance 
between salt-sensitive and non-sensitive humans. In addition, we will discuss 3) 
the effect of excess salt intake on forearm venous distensibility and 4) the effect of 
potassium and diuretics on control of forearm vascular resistance. 

2. Excess salt intake and control of forearm vascular resistance 

a) Effects of the local increase in sodium and those of dietary salt loading on control 
of forearm vascular resistance 

Studies in experimental animals suggest that excess sodium may facilitate sympa
thetic neurotransmission and the release of endogenous norepinephrine from 
nerve endings [17, 18, 23]. Excess sodium may also increase vascular smooth 
muscle tone or vascular reactivity to humoral vasoactive substances through an 
effect on transmembrane cation gradients [24], calcium movement [25] or con
tractile proteins [25]. In addition, excess sodium may increase responses to 
vasoconstrictor stimuli by increasing salt and water content and the wall-to-lumen 
ratio of resistance vessels [21, 22]. 

On the other hand, dietary salt loading and associated water retention reduce 
production of angiotensin and aldosterone and may stimulate the release of atrial 
natriuretic peptide from the atria [26]. Dietary salt loading also decreases plasma 
norepinephrine in normotensive subjects [3, 8, 9]. These hormonal adjustments 
to excess salt intake may decrease vascular smooth muscle tone or vascular 
reactivity to vasoactive substances. 

It has been suggested that effects of excess salt intake on blood pressure and 
vascular resistance in humans may depend on the balance between the effects 
which increase vascular resistance and the opposing hormonal and hemodynamic 
adjustments [2, 10, 14]. Investigators at the University of Iowa have examined the 
effects of acute changes in sodium concentration in blood and those of dietary 
excess salt intake on control of forearm vascular resistance in normotensive 
young men [2, 10, 27]. 

Heistad, Abboud and Ballard examined the effects of three different sodium 
solutions on vascular reactivity in normotensive subjects [27]. Solutions, which 



287 

contained normal (145 mEg/L), high (193 mEg/L) or no sodium were infused into 
the brachial artery. Sodium contents of the venous effluents were paralleled with 
the sodium concentration of the infused solutions. Osmolarity was maintained at 
the normal level (305 mOsm/L) in each solution. During infusion of each solu
tion, forearm vascular responses to intra-arterial injections of norepinephrine 
and angiotensin and to lower body negative pressure were examined. Lower body 
negative pressure pools blood in the lower extremities and causes reflex neu
rogenic vasoconstriction in the forearm. Forearm blood flow was measured by a 
plethysmograph. The magnitudes of the decreases in forearm blood flow in 
response to norepinephrine, angiotensin and lower body negative pressure were 
directly correlated with the concentration of sodium in the infused solution [29]. 
Thus, the acute increase in the local sodium concentration augments vascular 
responses to neurohumoral vasoconstrictor stimuli in the forearm in normoten
sive young men. 

Abboud and his colleagues examined the effects of changes in chronic dietary 
salt intake on control of forearm vascular resistance in normotensive subjects [2]. 
Subjects were given three different salt diets; low (10 mEg/day), moderate (210 
mEg/day) and high (410 mEg/day). Each diet was given for a month and po
tassium content was constant (100 mEg/day). Metabolic and hormonal examin
ations revealed parallel decreases in plasma renin and aldosterone with sodium 
intake. Inulin space and exchangeable sodium tended to increase during high salt 
intake. Central venous pressure increased in every subject during high salt in
take. These results were consistent with increased blood volume during high salt 
intake. 

However, mean blood pressure did not change and surprisingly, resting fore
arm blood flow increased but did not decrease during high salt intake. Inulin 
clearance, which reflects glomerular filtration and possibly renal blood flow, also 
increased during high salt intake. Thus, in normotensive subjects, dietary salt 
loading decreased forearm vascular resistance and possibly renal vascular resis
tance. The decrease in vascular resistance during dietary salt loading is the 
opposite to what might be expected from the direct or local effects of excess 
sodium which are to increase vascular resistance [27]. 

They also examined forearm vascular responses to intra-arterial injections of 
norepinephrine and to lower body negative pressure after a month of low and 
high salt intake. Responses to norepinephrine were augmented but those to lower 
body negative pressure were not altered during high salt intake as compared to 
those during low salt intake. Thus, the acute increase in sodium in blood aug
mented forearm vascular responses to lower body negative pressure [27] whereas 
chronic dietary salt loading did not augment reflex forearm vasoconstriction 
despite the fact that vascular reactivity to norepinephrine was augmented [2]. 

These results suggest that compensatory adjustments had occurred during 
dietary salt loading and prevented increases in vascular resistance and reflex 
neural vasoconstriction in normotensive subjects. Several mechanisms might be 
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involved in compensatory adjustments. First, volume expansion and the increase 
in atrial pressure during dietary salt loading might have stimulated cardiac 
receptor reflex and produced reflex forearm vasodilatation [28]. Second, hu
moral vasoconstrictor substances in blood, such as norepinephrine, angiotensin 
and vasopressin, were likely to be decreased during dietary salt loading and 
volume expansion. The release of vasodilating atrial natriuretic peptide from the 
atria also might be increased during excess salt intake and volume expansion [26]. 
Such decreases in vasoconstrictor humoral substances and possible increases 
in vasodilator substance might have contributed to vasodilatation. Third, it is 
known that these vasoacting substances modify reflex neural vasoconstriction by 
acting at various levels of the reflex arc [29-31]. 

In summary, an acute increase in sodium concentration in blood augments 
vascular reactivity to vasoconstrictor stimuli. However, chronic dietary salt load
ing causes neurohumoral adjustments which modify the direct or local effect of 
excess sodium. In normotensive subjects, dietary salt loading does not alter blood 
pressure and causes forearm vasodilatation because of such neurohumoral ad
justments. It may be possible that abnormalities in neurohumoral adjustments 
may lead to the increase in blood pressure and vascular resistance during dietary 
salt loading in hypertensive patients. 

b) Control of forearm vascular resistance during dietary salt loading in normo
tensive subjects and patients with essential hypertension 

As discussed in the previous section, the study by Abboud and coworkers has 
shown that 410 mEg/day salt diet for a month did not alter blood pressure and 
caused forearm vasodilatation in normotensive subjects [2]. Mark and coworkers 
from the same institution later examined the effects of 10 and 410 mEg/day salt 
diet for a month on blood pressure and control of forearm vascular resistance in 
patients with borderline hypertension [10]. In contrast to the results in normoten
sive subjects, high salt diet increased blood pressure and forearm vascular resis
tance in patients with borderline hypertension [10] (Fig. 1). We also examined the 
effects of low (70 mEg/day) and high (345 mEg/day) salt diet for a week on blood 
pressure and forearm vascular resistance in patients with essential hypertension 
[13]. Salt loading increased forearm vascular resistance in patients with essential 
hypertension whose mean blood pressure rose by more than 10% as compared 
with that during low salt diet (salt-sensitive). Forearm vascular resistance did not 
change in patients with essential hypertension whose blood pressure did not rise 
with salt loading (salt-nonsensitive) (Fig. 2). Thus, it appears that forearm 
vascular responses to dietary salt loading differ between normotensive subjects 
whose blood pressure does not rise during salt loading and patients with bor
derline or essential hypertension who respond to salt loading by increasing blood 
pressure. It should also be mentioned that forearm vascular response to dietary 
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Figure 1. Forearm blood flow, forearm vascular resistance and mean arterial pressure in borderline 
hypertensive (n = 6, broken lines) and normotensive (n = 6, solid lines) men during low (10 mEg/day) 
and high (410 mEg/day) salt diets. (taken from reference [10]) 
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salt loading in salt-nonsensitive patients with essential hypertension differed from 
those in normotensive subjects. Forearm vascular resistance decreased during 
dietary salt loading in normotensive subjects [2] whereas it did not change in salt
nonsensitive patients with essential hypertension [13]. 

These findings on forearm circulation are consistent with the results of the 
studies which examined total peripheral vascular resistance during low and high 
salt intake [5, 8, 11]. In patients with borderline hypertension who responded to 
salt loading by increasing blood pressure, cardiac output increased during dietary 
salt loading but total peripheral vascular resistance did not adequately fall [5, 11]. 
However, in normotensive subjects whose blood pressure did not increase during 
salt loading, the increase in cardiac output was adequately compensated by the 
fall of total peripheral vascular resistance [5, 8, 11]. Similar differences have been 
found between salt-sensitive and salt-nonsensitive patients with essential hyper
tension [4]. In salt-sensitive patients with essential hypertension, dietary salt 
loading increased cardiac output but total peripheral vascular resistance did not 
change [4]. On the other hand, salt loading did not significantly alter cardiac 
output or total peripheral vascular resistance in salt-nonsensitive patients with 
essential hypertension [4]. 

Salt-sensitive patients with borderline or essential hypertension had greater 
increases in cardiac output during salt loading as compared with those in nor
motensive subjects or salt-nonsensitive patients with essential hypertension [4, 
5]. However, a greater increase in cardiac output by itself did not fully explain the 
salt -induced elevation of blood pressure in these patients. The magnitudes of the 
rise in blood pressure during salt loading in patients with borderline hypertension 
did not correlate with the changes in cardiac output but did correlate with the 
changes in total peripheral vascular resistance [5]. It is interesting to note that 
extremely high salt intakes of 800 to 1500 mEq/day increased blood pressure in 
normotensive subjects, but this increase resulted entirely from higher cardiac 
output and total peripheral vascular resistance tended to decrease even with the 
extremely high salt intake in normotensive subjects [8]. 

In summary, these results suggest that there are abnormalities in control of 
vascular resistance during dietary salt loading in salt-sensitive patients with 
borderline or essential hypertension. It appears that the rise in blood pressure 
during salt loading in salt-sensitive patients results from inadequate compensa
tory decreases in vascular resistance during the increase in cardiac output. In 
contrast, the increase in cardiac output is fully compensated by the decrease in 
vascular resistance in salt-nonsensitive normotensive subjects and thus blood 
pressure does not rise during dietary salt loading. In the forearm, salt loading 
causes vasodilatation in normotensive subjects whereas it produces vasoconstric
tion in salt-sensitive patients with borderline or essential hypertension. 
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c) Possible mechanisms for altered control of vascular resistance in salt-sensitive 
patients with essential hypertension 

What might be the mechanisms by which control of vascular resistance during 
dietary salt loading is altered in salt-sensitive patients with borderline or essential 
hypertension? We will consider three possible mechanisms: 1) total body auto
regulation, 2) neurogenic mechanisms and 3) structural vascular changes. 

It has been considered that increased cardiac output might lead to the increase 
in vascular resistance by the mechanism of autoregulation [32]. This view is 
consistent with the findings that salt-sensitive patients with borderline or essential 
hypertension have greater increases in cardiac output during salt loading as 
compared with those in normotensive subjects or salt-nonsensitive patients with 
essential hypertension [4, 5]. However, we consider it unlikely that the mecha
nism of autoregulation totally accounts for the salt-induced vasoconstriction. 
First, dietary salt loading increased blood flow and decreased vascular resistance 
in the forearm in normotensive subjects [2], suggesting that autoregulation did 
not occur. Second, Onesti and coworkers have shown that volume expansion 
caused blood pressure elevation in anephric patients with a history of hyperten
sion prior to nephrectomy whereas it did not increase blood pressure in anephric 
patients with no previous history of hypertension [33]. 

Studies in Dahl rats [17, 18] and rats with DOCA-salt hypertension [23] have 
suggested that increased neurogenic mechanisms may be involved in the salt
induced vasoconstriction. The possibility that neurogenic mechanisms may con
tribute to altered control of vascular resistance during dietary salt loading in 
humans has been studied by Mark and coworkers [10]. They examined forearm 
vascular responses to lower body negative pressure and intra-arterial injections of 
norepinephrine in patients with borderline hypertension after a month of low 
(10 mEg/day) and high (410 mEg/day) salt diet [10]. In normotensive subjects, salt 
loading tended to decrease forearm vasoconstrictive responses to lower body 
negative pressure [2], whereas in patients with borderline hypertension it in
creased reflex vasoconstrictive responses to lower body negative pressure (Fig. 
3). The increase in reflex vasoconstrictive responses to lower body negative 
pressure in patients with borderline hypertension might reflect facilitated neu
rogenic vasoconstriction or increased responsiveness to the adrenergic neu
rotransmitter norepinephrine. To evaluate these alternatives, they examined the 
ratio of vasoconstrictive responses to lower body negative pressure to responses 
to norepinephrine. Dietary salt loading tended to decrease this ratio in normoten
sive subjects whereas it increased the ratio in patients with borderline hyperten
sion (Fig. 3). These results suggest that dietary salt loading facilitated neurogenic 
vasoconstriction in patients with borderline hypertension but not in normotensive 
subjects. These results are consistent with the results of studies which examined 
plasma norepinephrine during dietary salt loading [3-5, 8,9]. Dietary salt loading 
decreased plasma norepinephrine in normotensive subjects [3, 8, 9] whereas in 
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Figure 3. Effect of salt intake on neurogenic vasoconstriction. Top panel, responses to lower body 
negative pressure (LBNP) at -20 and -40 mm Hg during low (10 mEg/day) and high (410 mEg/day) 
salt diet. Bottom panel, effect of low and high salt intake on the ratio of responses to LBNP divided by 
responses to norepinephrine (NE). The ratio was calculated by dividing the sum of increases in 
forearm vascular resistance with the two levels of LBNP by the sum of increases in resistance with the 
two doses of NE (taken from reference [10]). 

salt-sensitive patients with essential hypertension expected decreases in plasma 
norepinephrine during salt loading did not occur [3-5]. 

We examined the possibility that salt loading may produce structural changes 
of the forearm resistance vessels by increasing the wall-to-lumen ratio in patients 
with essential hypertension [13]. It has been shown that dietary salt loading causes 
structural changes in resistance vessels in spontaneously hypertensive rats [34]. 
To determine whether there were structural vascular changes of the forearm 
resistance vessels during salt loading, we examined maximal vasodilator capacity 
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of the forearm resistance vessels after 7 days of low (70 mEg/day) and high 
(345 mEg/day) salt diets. Maximal vasodilator capacity was assessed by measur
ing minimal forearm vascular resistance during peak reactive hyperemia follow
ing 10 minutes of arterial occlusion. It was previously shown that increasing 
metabolic vasodilator stimulus by combining hand grip exercise and 10 minutes of 
arterial occlusion did not lower minimal vascular resistance more than that 
following 10 minutes of arterial occlusion alone [20, 35]. These results suggest that 
there was maximal vasodilatation during peak reactive hyperemia after 10 min
utes of arterial occlusion [20, 35]. Dietary salt loading increased forearm vascular 
resistance and decreased maximal vasodilator capacity in salt-sensitive patients 
with essential hypertension but did not alter them in salt-nonsensitive patients 
(Fig. 4). These results are consistent with the view that, in hypertensive patients 
who responded to salt loading with a greater rise of blood pressure, salt loading 
produced structural changes of the forearm resistance vessels and structural 
changes contributed to the salt-induced increase in forearm vascular resistance 
[13]. 

In summary, dietary salt loading causes vasoconstriction in salt-sensitive hyper
tensive patients. It has been suggested that facilitated neurogenic vasoconstric
tion and/or structural vascular changes may contribute to salt-induced forearm 
vasoconstriction in salt-sensitive hypertensive patients. There is obviously much 
to be learned about the mechanisms which contribute to altered control of 
vascular resistance during salt loading in salt-sensitive humans. 

3. Excess salt intake and forearm venous distensibility 

Fujita and coworkers have shown that salt-sensitive hypertensive patients had a 
greater increase in cardiac output during salt loading than did salt-nonsensitive 
hypertensive patients [4]. A greater increase in cardiac output was attributed to 
greater volume retention resulting from reduced natriuretic response to salt 
loading [4]. We considered the possibility that salt loading might produce changes 
in veins as well as arteries in salt-sensitive patients with essential hypertension 
[12]. If salt loading produces changes in veins and decreases venous distensibility, 
such changes might contribute to redistribution of venous blood from peripheral 
to cardiopulmonary circulation and thus to the increase in cardiac output. 

The venous pressure-volume relationship was determined in the forearm with a 
water-filled plethysmograph in patients with essential hypertension after 7 days 
of low (70 mEg/day) and high (345 mEg/day) salt diet [12]. Patients were ar
bitrarily divided into two groups, salt-sensitive and salt-nonsensitive, based on 
their blood pressure responses to salt loading. While on the low salt diet, venous 
pressure-volume curves were not different between salt-sensitive and nonsensi
tive patients. High salt intake shifted the curve toward the pressure axis for salt
sensitive patients (Fig. 5), whereas it did not alter the curve for salt-nonsensitive 
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Figure 6. Venous pressure-volume curves in salt-sensitive patients with essential hypertension during 
low and high salt diet. 

patients (Fig. 6). These results suggest that salt loading decreased venous disten
sibility in salt-sensitive patients but not in salt-nonsensitive patients. The mecha
nisms for salt-induced decreases in venous distensibility in salt-sensitive hyper
tensive patients are unknown but it was considered that adrenergic mechanisms 
were unlikely to be involved since phentolamine did not alter the venous pres
sure-volume curve in these patients. It is possible that dietary salt loading 
produced structural changes in veins as it did in arteries [13] in salt-sensitive 
patients with essential hypertension, which resulted in decreased venous disten
sibility. These changes in veins may contribute to salt-induced hypertension by 
causing an increase in cardiac output. 

4. Potassium, diuretics and forearm circulation 

In contrast to the vasoconstricting effect of sodium, potassium has been known to 
have a vasodilator effect [36, 37]. An infusion of potassium into the brachial 
artery causes vasodilatation of forearm resistance vessels [38, 39]. Overbeck and 
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coworkers [38] and Phillip and Robinson [39] compared vasodilator response to 
intra-arterially infused potassium in the forearm between normotensive subjects 
and patients with essential hypertension. It was found that vasodilator response 
to potassium was reduced in patients with essential hypertension as compared 
with that in normotensive subjects [38, 39]. Potassium-induced vasodilation is 
thought to result from stimulation of the Na+-K+ pump since it is inhibited by 
prior administration of ouabain [40]. Thus, the observation of a reduced dilator 
response to potassium in patients with essential hypertension has been considered 
to suggest that the activity of the N a + -K + pump in the resistance vessels is 
impaired in patients with essential hypertension [38, 39]. However, this is not 
conclusive since a recent study has shown that vasoconstrictive response of 
forearm resistance vessels to ouabain is increased in patients with essential 
hypertension, suggesting that the activity of the Na+-K+ pump may be increased 
in hypertensive patients [41]. 

It is also known that dietary high potassium chloride intake has an antihyper
tensive effect [37]. In particular, potassium chloride supplementation attenuates 
the hypertensive effects of high salt intake [5, 36, 37]. It has been suggested that, 
in addition to the direct vasodilator effect of potassium, other mechanisms also 
may be involved in this antihypertensive effect of dietary potassium chloride 
supplementation [5, 36, 42]. Dietary potassium chloride supplementation in
creases natriuresis [5, 36] and thus reduces sodium retention during salt loading. 
Dietary potassium chloride supplementation also reduced plasma norepine
phrine, suggesting that it may decrease sympathetic nervous activity [5, 36]. 
However, the effects of dietary high potassium chloride intake on control of 
vascular resistance, such as that in the forearm, have not been studied in humans. 

The antihypertensive effects of diuretics result not only from volume depletion 
but also from the decrease in vascular resistance [43]. The long-term antihyper
tensive effects of diuretics may be related to its effect on vascular resistance since 
the antihypertensive effects of diuretics are not correlated with their natriuretic 
potentials [44]. There are several studies which have examined the effects of 
diuretics on forearm circulation [45-48]. Diuretics may dilate resistance vessels 
with no change in the diameter of large vessels in the forearm in patients with 
essential hypertension [45]. However, the mechanisms by which diuretics de
crease vascular resistance are not clear. It has been shown that diuretics may 
reduce the vasoconstrictive responses of forearm resistance vessels to norepine
phrine in normotensive subjects [46]. Recently, Robinson and coworkers have 
shown that the vasodilator response of forearm resistance vessels to verapamil is 
augmented more in patients with essential hypertension than in normotensive 
subjects [47], and that the treatment with chlorthalidone for a month normalizes 
the vasodilator response to verapamil but not to sodium nitroprusside [48]. What 
these results might indicate is still not clear. 
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5. Conclusion 

Studies of forearm circulation have contributed importantly to understanding 
vascular responses to dietary salt loading in humans. Dietary salt loading in
creases forearm vascular resistance in salt-sensitive patients with borderline or 
essential hypertension whereas it decreases forearm vascular resistance in salt
nonsensitive normotensive subjects. Dietary salt loading also decreases forearm 
venous distensibility in salt-sensitive patients with essential hypertension. It has 
been suggested that facilitated neurogenic mechanisms and/or structural vascular 
changes may contribute to altered control of vascular resistance and venous 
capacitance in salt-sensitive patients with borderline or essential hypertension. 
However, there is much to be learned about the salt-sensitivity in humans. 
Further studies need to be done to clarify the mechanisms by which salt sensitivity 
is determined in humans. 
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Homeostatic mechanisms and structural 
modifications of the cardiovascular system 
in essential hypertension 

M.E. SAFAR 

The understanding of hypertension is largely dependent on the methodology 
which may be used to investigate the disease. This methodology is different in 
animal and in man. 

In animal hypertension, the sequence of events occurring in the course of the 
disease may be described extensively [1-3]. In several examples, the initiating 
factors of the disease are well known. The general concept is that a drastic change 
in a given causative factor leads with time to major modifications of the cardiovas
cular system with a resulting elevation in blood pressure and complex interactions 
between the heart, the small vessels, the kidney and the autonomic nervous 
system. 

In hypertension in man, long-term longitudinal studies are almost impossible to 
perform. Initiating factors are largely unknown. The general assumption is that, 
with cross-sectional studies, somewhat significant (but never drastic) changes in 
any given parameter may be observed as in the renin-angiotensin, the prostaglan
din systems, the autonomic nervous system, the cation pumps ... However, in 
hypertensive humans, with the exception of the elevated blood pressure, most of 
the important functions of the body, such as the maintenance of blood flow and 
sodium balance, the capillary exchange and the nutritional needs of tissues, 
appear to be largely maintained. Thus, the basic problem in clinical hypertension 
is as follows: how may homeostasis (or autoregulation as a synonym) be pre
served in hypertensive humans? 

The purpose of this review is to discuss the problem of homeostasis in hyperten
sion, but only on the basis of clinical investigation. First, an example of home
ostasis will be presented, principally taking into account the control of cardiac 
output. Second, the concept of vascular resistance will be analysed and applied to 
the general understanding of hypertension. On the basis of hemodynamic data 
introduced into models of the cardiovascular system, the structural and the 
functional components of vascular resistance will be described and discussed. 
Then, the structural modifications of vascular resistance (and more generally of 
the cardiovascular system) will be studied in hypertension and assessed on the 
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basis of clinical data. The present review is restricted to the problem of men with 
uncomplicated sustained essential hypertension. 

Homeostasis of cardiac output in essential hypertension 

Basic knowledge about cardiac output in essential hypertension results both from 
cross-sectional and longitudinal studies. 

Cross-sectional studies 

In patients with sustained essential hypertension, all reports in the literature 
point to normal values of cardiac output and cardiac index in supine, upright and 
sitting positions with a gaussian distribution of the parameters [4-6]. The reduc
tion of cardiac output with age occurs in similar fashion as in normal subjects 
[4-5]. However, several dissimilarities may be observed when hypertensives are 
compared with healthy controls. First, heart rate is slightly elevated while there is 
a tendency towards lower values of stroke volume [4-6]. Second, regional blood 
flows remain largely within the normal range, although renal blood flow is 
reduced in patients with severe hypertension and decreases with age more than in 
the normal population [7-8]. Third, cardiac output is positively correlated to 
oxygen consumption both at rest and during exercise, but with a shallower slope 
than in controls [5]: at any given value of oxygen consumption, cardiac output is 
lower in hypertensives than in normal subjects. Finally, studies of hemodynamic 
correlates in large populations of subjects indicate that cardiac output, measured 
in steady-state conditions, is poorly correlated with heart rate but strongly and 
positively correlated with intravascular volume [9-11]. 

The hemodynamic situation is quite different from that of age- and sex
matched patients with borderline hypertension. In this particular population, 
cardiac output, when measured in supine position, is increased in 30 to 60% of the 
patients [6-12]. The decrease with age seems to be more rapid than in normal 
subjects. The elevated cardiac output is related to an increase in heart rate, to an 
increase in stroke volume or both [4-6, 12]. In addition to the increased cardiac 
output, patients with borderline hypertension exhibit several other hemodynamic 
abnormalities. First, regional blood flows are modified, with an increase in 
muscle blood flow and normal values of hepatic and renal blood flows, a situation 
which is often observed in normal subjects submitted to beta-stimulation [8]. 
Second, although cardiac output is elevated at rest in the supine position, it 
remains constantly within the normal range in upright and sitting position and 
also during exercise [4-6, 12]. Finally, study of hemodynamic correlates in large 
populations of subjects clearly indicate that cardiac output, measured in steady
state conditions is strongly and positively correlated with heart rate while no 
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significant correlation is observed with intravascular volume [9-11]. 
Since the gaussian distribution of blood pressure implies that the definition of 

hypertension is arbitrary [13], it may be difficult using cross-sectional studies to 
demonstrate the fundamental differences in cardiac output regulation observed 
in patients with sustained essential hypertension, in normal subjects and in 
patients with borderline hypertension. For that reason, mathematical methods 
[9-11] for the evaluation of clinical data have been developed to illustrate the 
changes in cardiac output control observed in patients with elevated blood 
pressure. In order to avoid the arbitrary subgroups classically defined in cross
sectional studies, patients were divided into overlapping subgroups [9-11], as 
detailed in the appendix. In this geometrical analysis, as two adjacent subgroups 
differed only by one individual from one group to the next, the changes in values 
of cardiovascular parameters occurred very slowly, enabling smooth modifica
tions of the hemodynamic pattern to be described as function of the level of blood 
pressure. Fig. 1 shows the changes in mean values of cardiac output, blood 
volume and heart rate according to the progressive changes of blood pressure. 
Indeed, cardiac output is increased in patients with borderline hypertension and 
remains within the normal range in patients with sustained hypertension. Heart 
rate is increased and intravascular volume reduced as soon as diastolic pressure is 
above 95mmHg [9-11]. Fig. 2 shows the most striking changes in the hemo
dynamic pattern, i.e. the modificatons of the relationships between cardiac 
output and heart rate and between cardiac output and blood volume as function 
of the level of diastolic arterial pressure. The relationship is expressed by the level 
of the correlation coefficient between two studied hemodynamic parameters. 
While the correlation coefficient of the relationship between heart rate and 
cardiac output was significant in the normotensive and the borderline hyperten
sive ranges, the significance of the correlation disappeared in the sustained 
hypertensive ranges. On the contrary, the correlation between cardiac output and 
blood volume was significant exclusively in the blood pressure ranges correspond
ing to patients with established hypertension [9-11]. 

Longitudinal studies 

Validation of the interpretation of cross-sectional studies in hypertensive man 
requires that long-term longitudinal investigations of cardiac output control may 
be carried out. Indeed, short-term modifications of cardiac output after acute 
stimulation or depression cannot provide an adequate approach to investigate the 
pathophysiology of a disease such as hypertension, which develops over many 
years. Only a small number of studies involving long-term repeat hemodynamic 
studies without any treatment have been published in the literature (see review in 
4). Most of them clearly indicate that a characteristic hemodynamic pattern 
occurred in patients with borderline hypertension: during a 4- to lO-year follow-
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up survey, while blood pressure was practically unchanged, cardic output and 
heart rate decreased and vascular resistance significantly increased. Such findings 
may be difficult to interpret since comparable repeat hemodynamic investigations 
have not been performed extensively in normal subjects. However, when the 
relationships between the different hemodynamic parameters (cardiac output, 
blood volume, heart rate) are studied in patients with borderline hypertension, 
then important changes in the cardiac output control may be observed. 

Studies of the steady-state relationships between cardiac output and heart rate 
and between cardiac output and blood volume [14] have been performed in a 
population of patients with borderline hypertension investigated on two occa
sions: first, at the beginning of the follow-up; second, at the end of the survey 
follow-up. At the beginning of follow-up, cardiac output was strongly and posi
tively correlated with heart rate while blood volume was not. On the other hand, 
at the end of the survey, cardiac output was strongly and positively correlated 
with blood volume, while heart rate was not. 

Further findings have been obtained by studying the relationship between 
cardiac output and oxygen consumption during exercise at the beginning and the 
end of long-term follow-up surveys [15]. Both at the beginning of follow-up and 10 
years later, cardiac output was positively correlated with oxygen consumption. 
However, at the end of follow-up, the slope of the relationship was shallower, 
indicating that cardiac output was lower at any given value of oxygen consump
tion in patients with hypertension. This pattern was observed in the absence of 
congestive heart failure. 

In conclusion, longitudinal studies confirm the findings of cross-sectional stud
ies as regards the cardiac output regulation in patients with elevated blood 
pressure. The mean value of cardiac output is normal in patients with sustained 
essential hypertension, implying that homeostatic mechanisms do exist. How
ever, behind the normal value, important changes in cardiac output control 
occur, as shown by the changing pattern of the relationships observed between 
cardiac output and heart rate, cardiac output and blood volume, and cardiac 
output and oxygen consumption. The strong correlation between cardiac output 
and heart rate observed in normotensive ranges contrasts with the strong correla
tion between cardiac output and blood volume observed in hypertensive ranges. 
Since such studies were performed under steady-state conditions, cause and 
effect relationships between the different hemodynamic parameters are difficult 
to interpret. A more complete interpretation of clinical data is thus required, as 
detailed below. 

Difficulties for the concept of vascular resistance in essential hypertension 

Since cardiac output (Q) is normal in patients with sustained essential hyperten
sion, it is usually stated that vascular resistance (R), calculated as the ratio 
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between mean pressure gradient (6P) and Q is elevated. The value of R is used 
as a measure of the extent to which the system 'opposes' or 'resists' flow. 
However, a better understanding of the meaning of R in hypertension humans 
requires a complete definition of the basic hypothesis enabling the calculation of 
vascular resistance (see p. 3ff). 

In order to evaluate R as the 6P/Q ratio, it is necessary to suppose that both 
the normotensive and the hypertensive cardiovascular systems may be described 
according to the same lumped linear model of the circulation [16--19]. In this 
model, P and Q represent the set points of the pressure-flow curves of normoten
sive and hypertensive subjects, as denoted in Fig. 3. To calculate R as the 6P/Q 
ratio, the most important hypothesis is that both in normal subjects and in 
hypertensives, the inflow pressure is arterial pressure (P) and the outflow pres
sure is represented by right auricula pressure, which is nearly null. In that 
condition, R represents, in each population, the slope of the pressure-flow curve, 
so that: 

P=RQ (1) 

Equation (1) is the simple application of Poiseuille's law. It is thus assumed that 
the cardiovascular system may be considered as a cylindrical tube where resis
tance to flow is a function of the dimensions of the tube and the viscosity of the 
moving fluid. Thus: 

R = 8 nLl3.14 r4 (2) 

where n is the viscosity of fluid, L the length and r the radius of the system. Since 
viscosity and length are considered as nearly constant, R is mainly influenced by 
the power four of the radius of small arteries. 

For a general understanding of hypertension, it is important to remember that 
the lumped model of the circulation defined by equations (1) and (2) and repre
sented in Fig. 3 has never been validated in man. This is particularly true for the 
definition of the outflow pressure [16--19]. Even if it is accepted that viscosity and 
length of the cardiovascular system are constant and similar in normotensives and 
hypertensives, the assumption of a linear relationship through zero between 
pressure and flow is a problem difficult to resolve. In several regional circula
tions, it has been extensively demonstrated that critical closing pressures do exist. 
In other words, blood pressure is not constantly null when flow is equal to zero. In 
that condition, the model defined in equations (1) and (2) has to be reviewed and 
becomes: 

P= RQ+Po (3) 

where Po is the measured pressure for zero flow. The model so defined by 
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equation (3) and represented in Fig. 4 has two dominant features. First, vascular 
resistance cannot be calculated as P/Q but rather as [22]: 

R= (P- Po)/Q (4) 

with the possibility that Po may be significant by comparison with P. Second, 
elevation of blood pressure may be due either to an increase in Po, or to an 
increase in R or both. Such different possibilities for an elevated blood pressure 
now have to be analyzed in detail. 

Hypertension may be theoretically caused by an increase in Po, i.e. a shift of 
the pressure-flow curve toward higher values of blood pressure (Fig. 4). Indeed, 
according to Guyton [16], several studies have shown that Po, evaluated as mean 
circulatory pr{:ssure, is significantly increased in several forms of animal hyper
tension. In such experiments, Po refers to the pressure level that occurs through
out the circulation by briefly stopping the heart and rapidly equalizing the arterial 



310 

p 

/' 

/ 
/' 

R- (P- Po)/R 

I / 
*/ 

/1 
/ I 

/ 

Set - point 

Flow 

HYPERTENSION 

(Hypothesis 2 ) 

HYPERTENSION 

(Hypothesis t ) 

NORMOTENSION 

Q 

P Mean blood pressure 

Q Blood flow 

R Vascular resistance 

Figure 4. Pressure-flow relationship: other simple linear models. 

and venous pressures, thus causing a redistribution of blood from arteries to 
veins. Although such a methodology is impossible to develop in man, there is 
indirect evidence in patients with sustained essential hypertension for an in
creased value of Po [20]. In a competent heart, cardiac output and venous return 
are equal. The flow in each segment is proportional to pressure gradients divided 
by resistance. According to Guyton et ai. [16], cardiac output (CO) is: 

CO = (CA + Cy) (Po - RAP) 
RyCy + (Ry + RA ) CA 

(5) 

where RAP is right atrial pressure (central venous pressure) and Rand C are the 
resistance and the compliance of the arterial (A) and venous (V) systems respec
tively. Assuming venous resistance (Ry) as constant and nearly equal to zero, it 
follows that: 



311 

(6) 

In men with sustained essential hypertension, C<\ is reduced, RA is elevated and 
CARA almost unchanged [21]. On the other hand, (CA + Cy ) is reduced and RAP 
increased [22-24]. Thus, as in several forms of experimental hypertension, the 
only possibility of maintaining a normal CO in patients with essential hyperten
sion is to achieve an increase in Po. In other words, an adequate pressure gradient 
for venous return requires an elevation of Po in patients with essential hyperten
sion. 

Basically the problem in hypertension humans is less to affirm the existence of 
increased values of Po than to evaluate the pathophysiological meaning of this 
abnormality in the mechanisms of hypertension. In several kinds of animal 
hypertension [16], as in volume-loading hypertension, Po and arterial blood 
pressure are increased to the same extent, so that an increase in Po is an important 
pathophysiological mechanism to explain the elevated blood pressure. In other 
forms of animal hypertension, as in spontaneous hypertension in rats (SHR), the 
increase in Po is small in relation to the increase in arterial blood pressure. In 
SHR, Po is found to be 18 per cent greater than in normotensive controls while the 
arterial pressure is 43 per cent greater [16]. The latter finding clearly indicates that 
an increase in Po in SHR is not a sufficient hypothesis to explain the elevated 
blood pressure. An increase in vascular resistance (R) is also required. 

Since an increase in the slope of the pressure-flow curve (Fig. 4) is a prere
quisite to the general understanding of hypertension, a correct and precise 
evaluation of 'vascular resistance' is important to delineate in humans. Two 
different steps are required. The first is to define vascular resistance. The second 
is to relate this parameter to the cross-sectional area of small arteries. 

In animal experiments, evaluation of vascular resistance remains relatively 
easy (see p. 21ff). Changes in pressure at a given flow or changes in flow at a given 
pressure indicate without any doubt a change in opposition to flow and hence in 
the cross-sectional area of small arteries (see equation 2). In hypertensive hu
mans, changes in vascular resistance and hence in the caliber of small arteries are 
much more difficult to interpret. First, it is assumed that Po is null, an approxima
tion which might be almost valid in severe hypertension (Po is small by compari
son with P) but is much more difficult to assume in mild hypertension. Second, 
changes in R (calculated as P/O) are used as a marker of the changes in the radius 
(r) of small arteries. In that regard, it is important to consider that small errors in 
R evaluations may lead to erroneous approximations of changes in radius (r), 
since R is influenced by the power four of r. Thus, any pathophysiological 
discussion about the mechanism of hypertension in humans requires a more 
detailed approach to investigate the changes in the cross-sectional area of small 
arteries in long-term clinical investigations. 
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Introduction of clinical hemodynamic data into models of the cardiovascular 
system: the structural component of vascular resistance in hypertension 

Cardiovascular models may be useful for the interpretation of vascular resistance 
in hypertensive humans. In other words, the simple calculation of vascular 
resistance is insufficient to understand fhe pathophysiological mechanisms of 
clinical hypertension. A more sophisticated approach is required. The model 
building method requires adequate definitions of the hemodynamic parameters, 
physical bases underlying their behaviors and description of these behaviors by 
mathematical relationships [9-11, 16]. Some of the complex interactions between 
the components of the system are lumped into 'function blocks' which are 
obtained directly from experimentation in animals [16]. The mathematical rela
tionships of each block are generally a set of differential equations, with time as 
an independent variable, together with a set of algebraic equations that define the 
components of the system or describe the 'function blocks' [16]. Each equation is 
characterized by one or several coefficients which can therefore be called 'regu
lation coefficients' of the model [10, 11, 16]. 

Chau et at. [11] were the first to delineate the conditions required to modify the 
Guyton model of the circulation [16] in order to define the regulation coefficients 
characterizing the steady-state conditions of normotensive and hypertensive 
humans. Using a simplified model involving the most classical hemodynamic 
parameters (blood pressure, cardiac output, blood volume, vascular resistance 
and functions characterizing the status of the kidney and of the autonomic 
nervous system) (Fig. 5), they defined the linearized function blocks of the model 
(Table 1) when the steady state was achieved, i.e. at infinite time. Then, hemo
dynamic data, as depicted by the smoothing technique (see appendix and Figs 1 
and 2), were introduced in the model. So that the curves depicted in Figs 1 and 2 
may be compatible with the model, changes in the values of one or several 
regulation coefficients of the model were required. An adequate identification 
between the clinical data (Figs 1 and 2) and the characteristics of the model was 

Table 1. Linearized function blocks in Guyton-Coleman model [11]. 

UO= a,AP+b, 
MSPb = a3BV + b3 

RAP = asCOn + bs 
BC= a7AP+ b7 

BV = a,ECFV + b, 
dV AS/dt = a4CO + b4 
AMP = a6AP + b6 

RVR= ~VRES+yAR 

Abbrevations: AP = arterial pressure (mm Hg), UO = urinary output (mllmin), ECFV = extracellu
lar fluid volume (liter), BV = blood volume (liter), MSP = mean systemic pressure (mm Hg), AUM = 
autonomic multiplier (normalized unit), CO = cardiac output (liter/min), VAS = index of vascula
ture (normalized unit), TPR = total peripheral resistance (mm Hg· min/ml), RVR = resistance to 
venous return (mm Hg· min/ml), VRES = venous resistance (mm Hg· min/ml), RAP = right arterial 
pressure (mm Hg), APM = arterial pressure multiplier (normalized unit), BC = baro-chemo coeffi
cient, AR = arterial resistance. 
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obtained by changing only 8 of the 21 regulation coefficients. Two of these 
coefficients (a1 and b2) (see Table 1) were related to a change in the kidney 
function, a quite classical disturbance in several forms of hypertension. Two 
other coefficients (a7 and b7) were related to modifications in the autonomic 
nervous system. The remaining 6 coefficients (a4, b4, k1, k2) pointed exclusively 
to the changes in the status of vascular resistance [13]. 

The mathematical characteristics of vascular resistance in cardiovascular mod
els are comparable to those described in basic physiology. Total peripheral 
resistance is the sum of a constant venous resistance and of a variable arterial 
resistance. The latter is composed of two parts. The first one is submitted to the 
control of the autonomic nervous system (,functional component'). The second 
one is the 'structural component', which is inversely proportional (with coeffi
cient k1, which might be called the 'resistivity coefficient') to a variable index of 
the vasculature (VAS) introduced to quantify the whole vascular network. The 
V AS is considered as an integral result of two dynamic processes: a first-order 
destruction process with rate constant k2 and a creation process (with coefficients 
a4 and b4). Since the changes in the model produced by the introduction of 
clinical data affected exclusively a4, b4, kl and k2, it is clear that only the non
autonomic part of vascular resistance, i.e. the structural component of vascular 
resistance, was modified in essentially hypertensive humans. More specifically, a 
reduction in the creation process (a4, b4) and an increase in the destruction 
process (k2) of the vessels was clearly demonstrated by the introduction of clinical 
data in the Guyton model. 

Finally, the conclusion of the mathematical study was quite simple. In order to 
attain the normal value of cardiac output observed in patients with sustained 
essential hypertension, adaptive changes of the vascular system (i.e. modifica
tions in the regulation coefficients a4, b4, k1, k2 of the model) were required. The 
most important modifications were in the structural component of the vascula
ture, whatever histopathological mechanism may be postulated (reduction in the 
number of the vessels or increase in the thickness of the arterial wall or both). 

Such findings in man are in agreement with those observed in hypertensive 
animals. For Folkow [25] and also for Korner [26], structural adaptation of the 
cardiovascular system occurs very early in the course of the disease and contrib
utes largely to maintain the elevated blood pressure and vascular resistance (see 
p. 21ff). For Guyton [16], an excess flow is often a prerequisite for the develop
ment of hypertension at its early phase. However, when the excess flow persists 
for days, weeks or months, an autoregulatory process occurs with time and results 
not only from active vasoconstriction but also from an increase of thickness of the 
arteriolar wall, with further decrease in arteriolar diameter. Clearly, whatever 
the initiating factors and the time-course of hemodynamic parameters may be, 
structural modifications invariably occur with time to maintain blood flow. In 
hypertensive humans, the initiating process is generally unknown. However, 
structural modifications of the vessels are constantly expected and contribute to 
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maintain the normal value of cardiac output and therefore an adequate oxygen 
supply. Studying forearm vascular resistance of human essential hypertensives at 
maximal vasodilation, Seventsen et al. [27] showed that such structural changes 
indeed exist in this particular circulation. 

Clinical basis for the demonstration of structural vascular changes of the overall 
cardiovascular system in essential hypertension 

An important prerequisite for the study of adaptive changes of the cardiovascular 
system in hypertensive humans is the application of the Laplace law [25]. Basi
cally, the cardiovasular system must be considered as structured to suit tissue 
nutritional demands, as reflected in cardiac pumping capacity, maximal flow 
conductance and capillary exchange surface. Therefore, in all parts of the cardio
vascular system, the thickness (h) must be dimensioned both to regional trans
mural pressure (P) and tube dimension (internal radius r), in order for the tension 
per unit wall layer (T) to remain constant according to the Laplace law: T = P x 
r/h. As long as P remains constant, hlr can be kept unchanged but if P is raised, hlr 
must also increase, and vice versa, for balance to prevail [25]. Taking into account 
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this concept, it is now possible to analyze the structural modifications that may be 
suspected or even demonstrated in the cardiovascular system of patients with 
essential hypertension: not only the small arteries but also the heart, the large 
arteries and the veins. 

Cardiac hypertrophy 

Since echo cardiography has been widely used, cardiac hypertrophy is considered 
as a common feature in patients with sustained essential hypertension. This 
abnormality is observed even without congestive heart failure [28]. Cardiac 
hypertrophy is associated with an increased responsiveness of cardiac output to 
volume load [22] and, on the basis of experimental studies [25], may be con
sidered as a simple consequence of the Laplace law. However, clinical investiga
tions have shown that the degree of hypertrophy was poorly correlated with the 
level of blood pressure, suggesting that hemodynamic modifications are not the 
sole explanation for cardiac hypertrophy. Before accepting this interpretation, it 
is important to recall that blood pressure is an insufficient approach to evaluate 
afterload of the heart in hypertension [17-29]. Studies of vascular impedance have 
shown that afterload was influenced not only by its resistive component (related 
to the caliber of small arteries) but also by its inertial and its capacitive compo
nents which involve the status of large arteries. Indeed, the degree of cardiac 
hypertrophy inpatients with sustained essential hypertension is correlated not 
only with the increase in vascular resistance but also with the viscosity of blood 
and with the reduction in compliance of large vessels [29-30]. 

Geometrical redesign and hypertrophy of large arteries 

Recent clinical studies have shown that, as vascular resistance was increased, 
arterial compliance was constantly reduced in patients with sustained essential 
hypertension [31-32]. The reduction in compliance has been observed both in the 
systemic and the brachial circulations. Furthermore, in the carotid circulation, 
the association of normal values of arterial diameter and elevated blood pressure 
also implies intrinsic modifications of the carotid arterial wall [33]. In hyperten
sive humans, compliance measured under steady-state condition is not correlated 
with the level of steady-state mean arterial pressure. The same reduction in 
arterial compliance may be observed in mild and in severe hypertension [31]. 
Thus, the alteration of the buffering function of the large arteries implies a 
modification of the arterial wall due to a disturbance in the excitation-contraction 
coupling, a hypertrophy of the media, a change in the collagen and elastin content 
or the association of several of these factors. In hypertensive humans, arguments 
in favor of medial hypertrophy and increased thickness of the arterial wall are 
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somewhat indirect and may be summarized as follows. First, the reduction in 
arterial compliance is mainly observed in hypertensive patients with structural 
alterations of large arteries, as in isolated systolic hypertension in the elderly and 
in patients with arterosclerosis obliterans of lower limbs [32]. Second, in patients 
with sustained essential hypertension, the reduction in arterial compliance is not 
modified by alpha-blockade, a result which suggests a major contribution of the 
non-autonomic component of the reduced arterial compliance [32]. Finally, the 
reduction of brachial artery diameter observed after administration of suppres
sive doses of norepinephrine or angiotensin is significantly greater in patients 
with sustained essential hypertension than in age-matched normotensive subjects 
[34]. Such findings support the hypothesis of adaptive structural vascular 
changes, as observed for resistive vessels (p. 21ff). However, direct evidence for 
an increased thickness of the arterial wall in patients with hypertension is still 
lacking since such a modification cannot be directly measured in man. 

Structural modifications of the venous system in hypertension 

Reduced compliance of the venous system in the systemic and the forearm 
circulation is a common finding in patients with essential hypertension [20]. The 
abnormality in the venous function may be due to hypertrophy of the venous 
tissue, activation of the autonomic nervous system or both. Unlike the resistance 
vessels, which alter their caliber in response to local metabolic changes, the 
capacitance vessels are regulated through sympathetic nervous system activation 
[16-18]. As is well accepted [27], sympathetic stimulation causes a reduction in 
systemic venous compliance with a redistribution of intravascular volume toward 
the intrathoracic compartment. Therefore, in hypertensive humans, arguments 
in favor of structural modifications of the venous wall would result only from the 
finding of abnormal relationships between venous tone and activation of the 
sympathetic nervous system. 

In normal subjects, head-down tilt, which causes a reduction in sympathetic 
tone and plasma catecholamines, has been shown to be associated with a relaxa
tion of forearm veins (Fig. 6) [23]. In hypertensives studied under similar condi
tions, no relaxation occurs despite a similar decrease in plasma catecholamines. 
In head-up tilt in normal subjects, forearm venous tone is increased in association 
with sympathetic stimulation and elevation of plasma catecholamines. In hyper
tensives in head-up tilt, for the same elevation in plasma catecholamines, venous 
tone increased more than in normal subjects. Such findings suggest an abnormal 
relationship between sympathetic drive and venous wall in human hypertensives 
and indirectly suggest hypertrophy of the venous tissue, as described more 
extensively in another chapter of this book. 

For many years it was believed that central venous pressure was constantly 
normal in patients with sustained essential hypertension in the absence of con-
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Figure 6. Forearm venous tone in normal subjects and in patients with sustained essential hyperten
sion in supine position, in head-down and in head-up tilt. Under basal conditions, venous tone is 
elevated in hypertensives. It decreases less in head-down tilt (A < B) and increases more in head-up 
tilt (C > D) than in normal subjects. The results A < B suggest structural changes of the veins in 
hypertensives [23]. 

gestive heart failure. In fact, most recent studies in the literature indicate a slight 
but significant increase in central venous pressure in patients with sustained 
uncomplicated essential hypertension [24]. In such conditions, it may be that the 
Laplace law is operating in the venous system and could be the basis for the 
development of structural abnormalities. In favor of this hypothesis is the recent 
demonstration of changes in venous function with age: the greater the age, the 
more increased the central venous pressure, the lower the venous compliance, 
with a steeper slope of the curve in patients with sustained essential hypertension 
as compared to normal subjects [24]. 

In conclusion, evidence for structural changes of the cardiovascular system in 
patients with sustained essential hypertension may differ according to the to
pography of the circulation involved. Direct evidence may be shown in the heart 
and, to a lesser extent, in small arteries. A smaller number of studies was 
performed in conduit arteries and veins, resulting in rather indirect evidence for 
structural changes. Perhaps the most important arguments in men with sustained 
essential hypertension are suggested by two observations. First, pressure is 
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increased in all parts of the cardiovascular system, so that Laplace law operates 
together in the arterial system, the heart and the veins. Second, in patients with 
hypertension, the physiological coupling between the heart and the vasculature 
implies an increased thickness of the vessels since cardiac hypertrophy does exist. 
Thus, a large body of evidence suggests that homeostatic mechanisms for the 
maintenance of blood flow are the common background of normotensive and 
hypertensive subjects. However, the mechanisms of homeostasis are different in 
the two populations, with larger structural modifications in hypertensives. 

Appendix 

Overlapping subgroups in a large population of subjects may be defined as 
follows [10, 11, 13]. Consider a population of N individuals and an arbitrary 
hemodynamic variable X. Let us classify the N subjects by increasing X levels, 
denote the classified subjects by an index i (i = 1,2, ... , N) and form subgroups of 
n subjects from the total populations: 

Subgroup 1 = individuals 1, 2, ... , n 
Subgroup 2 = individuals 2, 3, ... , n + 1 

Subgroup N - n + 1 = individuals N - n + 1, N - n + 2, ... , N 
In each subgroup, mean values of each parameter and correlations between 

two parameters can be calculated. The results describe the characteristics of the 
subgroup, with smooth variations from one group to another (see Fig. 1 and 2). 
This technique may be useful in a primary exploration of the data. To attribute 
statistical meaning to the geometrical findings, distinct subgroups of patients may 
then be considered. In these distinct subgroups, difference of mean values can be 
assessed by the t test or by an of analysis variance and correlations can be tested 
via the Fischer z-transform. 
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