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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



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 of the systolic
and the diastolic pressure in the brachial artery rather than on the parameters that



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

____(Pl — Pz) X

Q 8ulL
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where Q is volume flow, P, — P, is pressure gradient, r is internal diameter, u is
viscosity and L is vessel length. And resistance is expressed as

_8uL
- qrt

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 flow/relationships 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



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 ml/min, 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



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 <+ 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].

Merrillon and 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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Figure 6. Pressure and flow waves (above) broken down into other harmonic components (centre) and
with the mean values and corresponding components related (below) to give modulus and phase of
impedance as a function of frequency.
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Figure 7. Modulus and phase of impedance in a group of hypertensive patients and in a group of
normal subjects. In hypertension, modulus and phase plots are displaced to the right. From Merillon
et al. [30].

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

-2

1 'peripheral resistance
2 ldistensibility

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
consequence of 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. Itis 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 by elevated 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
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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
(r,), wall thickness (w) and their relationship (w/r,) in the various parts of the
cardiovascular system can considerably influence overall hemodynamics. For
example, concerning the heart the structural w and r, 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 r,. Concerning the
resistance vessels, maximal capacity of flow (and minimal resistance; Rmin)
varies directly (inversely) with the fourth power of their average structural r; 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 r;. 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/r; relationships. Further, all blood vessels are distensible, where r;
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 w/r, [1, 2, 3]. Finally, as resistance varies
inversely to the fourth power of r;, 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 r;, w and w/r, [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 r,.

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; 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 r; and R) any changes
of average vascular smooth-muscle length, or/and any differences in r; 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



24

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. H and 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. Steepness
of curves, 4. 50 per cent of the maximal pressor (resistance) response (Ms,; which approximately
corresponds to EDys, though increases of w/r; tend to displace Mj, to the left, as evident from the right
part). and 5. Maximal constriction (pressor, resistance) response. (For details see [5]; 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 w and r; 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 (P/V)
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 r, 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 r, 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 w/r; 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 r; 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 (r;) 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, 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 r; increases w also seems to increase somewhat,
presumably mainly by means of a secondary media growth whereby w/r,, 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 r; 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 w/r, 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 r; 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, wir,
remains well adapted to the hypertensive state, which must imply some second-
ary, additional w increase to match the exercise-induced average r, 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 w and w/r, 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-cotransmitters.

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-lesional
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



PRIMARY HYPERTENSION

|. POLYGENETICALLY TRANSFERRED PREDISPOSITION, in man of individually varying
balance; in hypertensive rat
strains uniformized though
differing between strains

Il. ENVIRONMENTAL FACTORS, influencing and reinforcing |:

a. Excitatory psychoemotional influences
b. Tncreased salt intake

.SECONDARY ADJUSTMENTS influencing | + Il and very early initiated:

a. Of reinforcing nature «__ . _»(introduction of positive feedback)
b. Of stabilizing nature «~ S"mel—c’ﬂma—io—r-‘\‘(resening of negative feedbacks)

relative importance varies
>wirh the balance of |

c. Of counteracting nature (largely unaffected negative feedbacks)

PRINCIPLE: Chronic hypertensive state initiated and maintained by interactions between
I'+ 11 + Il a, b, where the balance differs between individuals but where Ill a, b
increasingly dominates, while |l c tends to counteract the development. Also Ill a, b
may sometimes be genetically “reinforced”.

Figure 2. Outline of principal causative elements in primary hypertension illustrating its multifactorial
nature, as well as the relationship of the ‘structural factor’ (Illa, b) to other elements. In case the
process of structural adaptation of heart and vessels is genetically reinforced (see section D”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; 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 w and w/r
are increased and r, 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/r; 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 w and w/r; increases act as a ‘structural amplifier’ to
produce this vascular hyperreactivity [2, 3, 24], and together with the r; reduction
they result in an upward resetting of the entire range of resistance adjustments
which may even be widened (cf. 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/r, 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 w/r; 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 tend 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



Figure 4. Left panel: Relationships (‘resistance lines’) between mean arterial distending pressure (P,)
and resistance to flow (PRU units; i.e. mm Hg/flow 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 EDj, 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



‘low-pressure side’, it hardly acts here as a significant ‘structural amplifier’,
simply because the w/r; 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, 20].)

4. Therapeutic regression of structural cardiovascular adaptation

It has already been mentioned that reduced load causes regression of wall
thickness and somewhat increases r; 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
thanin 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 (CDP)
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 CDP 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 CDP) 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 CDP
(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



40

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].

5. 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
afew studies provide the information really necessary to evaluate the alternations



41

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 0f 10, 2 of 10 and 9 of 10 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 40mm 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 xX100) 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 [28], 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 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 +40mm 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.

5.Two findings derived from electroneuro-graphic studies of aortic barorecep-
tors in rats emphasize that complete resetting is somehow related to achievement
of anew 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 11

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=EAL/L €Y)

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 AL 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' = AP/AV), where AP is the change in pressure and AV 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= AV/AP @)

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 (O); 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 ml/kg/mm Hg. In such
conditions, it is clear that compliance expresses the inherent elasticity of anatomi-
cal structures.



55

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
(TVCQO) is:

TVC = (V — Vo)/(MCFP — 0) (4)
or TVC = AV/AMCFP (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 ml/kg/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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Indogs, 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 (AV/ACVP ratio)
has the dimension of compliance (ml/mm Hg). To differentiate the AV/ACVP
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] (0.034 ml/mm Hg/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 1.2ml/
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 ml/
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 Sustained essential Reference

hypertensive

patients
Total effective vascular 2.08 £ 0.09 1.49 £ 0.06* * * 10
compliance
(ml/mm Hg/kg)
Cardiopulmonary effective 0.45 + 0.03 0.45 £ 0.06 28
vascular compliance
(ml/mm Hg/kg)
Arterial compliance 0.044 = 0.004 0.025 + 0.0019* ** 27
(ml/mm Hg/kg)
Left ventricular compliance 0.07 £ 0.16 0.04 £ 0.10*** 46

(ml/mm Hg - 10)

+1 standard error of the mean.
*** p<0.001.
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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 ml/cm of
body height, increased values can be found since blood volume in ml/cm 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
ml/kg, 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/TBYV 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’ [S, 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 (cm) 173 £5 173 £ 6

SAP (mm Hg) 124 £ 15 184 + 28** *
DAP (mm Hg) 689 107 £ 15%**
BV (ml) 5284 * 551 5213 + 692
BV/BW (ml/kg) 79.6 + 8.3 70 £ 7.9%**
BV/BH (ml/cm) 30.6 + 3.2 30.1 + 3.8
BV/BSA (ml/m) 2953 + 228 2774 + 297***

Abbreviations: *+ standard deviation.

* = p<0.05, **=.p<0.01, *** 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.
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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 hypertension, 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 along 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 AP/AV/V,
(where AP is pressure in dynes/cm? and V is volume in ml) of the various vascular
wall elements is as follows: collagen: 300 X 10° dynes/cm?; elastin: 6 X 10%; smooth
muscle and endothelium: 0.1 X 10 [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 alse 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 ml/sec 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 er al., 1953. Circ 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 (3-5cm) 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 10-25cm 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 2mm 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 20mm Hg occluding pressure resulted in a volume increment of only
0.10ml/100 ml 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 H,0); B. Venous distensibility at 30 cm H,O 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,0; D. Calibration curve. Each step represents shortening or
lengthening of the mercury-filled rubber tubing by one turn (0.6 mm) of the adjusting nut on the
gauge. (From Simon G et al., ref. 15. By permission.)

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 5mg iv. (From Takeshita A et al., ref. 16. By permission.)
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70 mm Hg occluding pressure was 2.29 ml/100 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 AV 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 30mm Hg the absolute increment in
forearm circumference is about 67 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 of their subjects. They found
a marked shift of forearm venous pressure-volume curves toward the pressure



75

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 H,0) 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 5mg 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 play a 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 play a 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 play a
role in the pathogenesis of reduced venous distensibility in hypertension.
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