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Pulse pressure and arterial elasticity
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The last decade has seen increased interest in the
mechanical interaction between the heart and the
arterial system. In particular, it has been suggested
that increased arterial stiffness is associated with
the development of cardiovascular disease and may
even predict its development at an early stage
before vascular lesions or external symptoms
become evident (reviewed in references 1 and 2).
The reasons for this association are not fully
understood, although we have known for almost
200 years that pulse pressure is affected by the
distensibility of the arterial system, its dimensions
and the presence of wave reflections.® Accordingly,
renewed attention has been directed at methods
of measuring arterial elasticity, either directly or by
way of ‘surrogates’.

The review in this issue by Mackenzie and
colleagues discusses the clinical value of such
measurements. They reiterate the argument out-
lined by O’Rourke:" that after the introduction of
the sphygmomanometer, the shape of the pressure
wave was neglected in favour of a simple numerical
representation (i.e. pulse pressure), and that with
the development of improved methods, analysis of
the pulse wave is back in fashion. Whatever the
reasons, it is clear that the long-term performance
of the heart, like that of all machines, depends not
only on the average load to which it is exposed,
but at least as much on time-varying and peak
loads. It is surprising, at least with the benefit of
hindsight, that more attention has not been given
to this aspect of the circulation.

To explain the relationship between forces
generated within the myocardium, pressure within

the ventricles, and changes in the shape and height
of the pressure pulse as it travels away from the
heart, requires a model of the circulation which,
constrained by the observed anatomy and mechan-
ical properties of the circulation, is able to predict
the pressure and flow waveforms at any point, given
these variables at any other upstream or down-
stream point. In practice, such models are most
frequently used to derive estimates of central aortic
pulse pressure and stiffness, using measurements
at distal sites more easily accessible to non-invasive
techniques. They form the basis of many of the
methods often grouped under the heading of
pulse wave analysis. Without an understanding
of the limitations of such models and their under-
lying assumptions, the quality of the results pro-
duced by the ‘algorithms’ cannot be properly
assessed, and there is a danger that the pronounce-
ments of machines based on these approaches will
acquire a spurious authority.

As a starting point, it is worth describing the
physical properties of the arterial wall on which
some of the indices of arterial elasticity described
by Mackenzie et al. are based. A complete and
rigorous description of the elastic properties of the
arterial wall must obviously take into account all
its observed properties. These include anisotropy,
viscoelasticity, a non-linear stress-strain relationship
(manifested as an increase in stiffness as a blood
vessel is distended or stretched longitudinally), and
the presence of residual stresses. This last property
refers to the forces that remain within the vessel
wall when all external loads have been removed.
They are revealed by the tendency of a ring-shaped
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vessel segment to spring open into a horseshoe
shape when cut along a line parallel to its long axis,
and are thought to have evolved to minimize the
stress gradients that inevitably arise across the wall
of a pressurised tube. Residual stresses have been
known to structural engineers for many years (and
are often introduced by design into gun barrels to
counteract high internal gas pressures®), although
they were not described in the biomedical literature
until 1983.%7

In principle a constitutive equation can be
formulated which can account for all the observed
properties,® although some of them are difficult or
currently impossible to measure in vivo. For the
vascular physiologist, pathologist or clinician, a
description in which blood vessel stiffness may be
related to haemodynamic and structural factors is
required, so that useful diagnostic and predictive
measurements can be made non-invasively and
routinely. A simplified model of arterial elasticity
has been used in many studies in which meas-
urements are confined to the circumferential direc-
tion, and elastic non-linearity is treated by defining
incremental elastic properties over a limited region
of the stress strain curve that is taken to be linear
(for instance, that corresponding to the part
between diastolic and systolic pressure). To calcu-
late this quantity, which is equivalent to ‘Young’s
modulus’ as defined in Table 1 of the Mackenzie
review, one must determine pressure, diameter and
wall thickness over the chosen range of pressures.
It may be regarded as a measure of the stiffness of
the vessel wall material. The functional stiffness of
a blood vessel, that is a measure of the relative
change in its diameter in response to a known
change in pressure, defined by Mackenzie et al. as
the ‘elastic modulus’ (although more often known
in the literature as ‘elastance’, ‘pressure-strain’ or
‘Peterson’ modulus®) is of more concern to the
clinician for two reasons. Firstly, it is easier to
measure, because it does not require knowledge
of vessel wall thickness; secondly, it is an import-
ant determinant of the reservoir function of the
large arteries (see below). Functional stiffness
(E,) is related to structural stiffness (Y) by the
approximation:

E,=YXh/r

where h is the thickness of the vessel wall and r
its: midwall radius. Distensibility as defined by
Mackenzie et al. is simply the reciprocal of E,.
Thus for a vessel of given material properties, its
distensibility (and hence effectiveness as an elastic
reservoir) will increase as the relative thickness of
its wall decreases. Conversely, medial hypertrophy
leads to decreased distensibility even if the wall
material remains the same.

When the left ventricle contracts, it generates a
pulse wave which travels along the great arteries
at a velocity proportional to the square root of E,.
This ‘pulse wave velocity’ (PWV) therefore depends
on the combined effect of material stiffness and
relative wall thickness as shown by the equation
above. It is worth emphasizing that the pulse wave
velocity differs from the velocity of the blood in
much the same way that the speed of a breaker
approaching a beach differs from that of the much
slower moving tide.

The relationship between pulse pressure, the
resultant pulsatile flow, arterial elasticity and
dimensions is encapsulated in the concept of
impedance. This may be described as a combina-
tion of all the factors which limit the pulsatile flow
across a pulsatile pressure gradient. In addition
to functional stiffness and lumen diameter, they
include the timing and magnitude of wave reflec-
tion, and to a lesser extent, the inertia of the blood
and viscous losses in the vessel wall. For a given
cardiac output, impedance determines pulse
pressure and therefore the peak load on the heart,
just as resistance defines the relationship between
the steady components of pressure and flow, and
therefore the mean load on the heart (Figure 1).

The concept of impedance is useful in explain-
ing the link between mean and pulse pressure.
Referring to Figure 1, it is apparent that an acute
increase in mean pressure will lead to increased
impedance in two ways. Firstly, the material stiff-
ness of the vessel increases because it is stretched
more. Secondly, the increased pulse wave velocity
results in an earlier return of the reflected wave
and augmentation of the pulse pressure,'*"
although in the aged there is evidence that the
strength of the reflection from some sites is
reduced.'” If the increase in mean pressure
becomes chronic, two more factors will contribute
to increased impedance. Firstly, increased collagen
synthesis will lead to stiffer wall material and
hence functional stiffness, and secondly, medial
hypertrophy will increase the ratio of wall thick-
ness to midwall radius (h/r) and further raise
functional stiffness, regardless of any change in
material properties. It is perhaps not so widely
appreciated that the connection between mean
and pulse pressure may be a two-way process. Not
only does raised mean pressure lead to raised
pulse pressure, but there is experimental evidence
that an increase in pulse pressure, induced by
banding the ascending thoracic aorta in pigs,
can lead to an increase in mean pressure which is
maintained for at least 2 months (N. Stergiopulos,
personal communication). Reduced aortic baro-
receptor activity, a possible although speculative
mechanism for this process, is supported by the
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Figure 1. Relationship between structure composition and function in conduit arteries.

observation that administering the lathyrogen beta-
amino proprionitrile (which prevents collagen
cross-linking and leads to excessively compliant
arteries) reduces mean blood pressure and aortic
stiffness in hypertensive rats.'*'* This synergy
between the mean and pulsatile components of
blood pressure suggests that they should always be
considered together when studying the causes and
consequences of vascular disease.

As explained above, increased arterial stiffness
implies increased pulse pressure, and the epidemi-
ological evidence cited by Mackenzie et al., as
well as that from more recent studies,'? shows that
the latter is linked to increased mortality from
cardiovascular disease. Suggested mechanisms for
the connection have been lucidly reviewed by
Dart,'> who also cites evidence that changes
in stiffness per se may contribute directly to the
progression of hypertension.'® Similar findings have
been reported in patients with end-stage renal
disease'”'® and diabetes.'? It has also been found
that increased vascular stiffness may precede the
development of isolated systolic hypertension.””

The techniques for measuring arterial elasticity
reviewed by Mackenzie et al. may be classified
into direct and indirect methods. Direct meas-
urement of arterial elasticity, which requires
measurement of the pressure/diameter/wall thick-
ness relationship, is feasible, although obtaining
accurate non-invasive measurements of these
variables remains technically challenging. Direct
methods provide information about the arterial
wall at a single location, and are useful for assessing
changes in elasticity due to localized lesions.

For a more general assessment of vascular health,
pulse wave velocity (PWV) measurements may
be the preferred method, because it is possible
to measure average stiffness at various locations in
arterial segments hundreds of millimetres in length.
When measuring PWV to determine arterial elasti-
city, information about the shape of the pulse wave
is, perforce, discarded. If this is not done the ‘true’
wave velocity cannot be derived, and false values
of elasticity will result. However, as is shown in the
Mackenzie review, much general information about
arterial elasticity and wave reflection distal to the
measurement site and pulse pressure proximal to
it, can be derived by analysing the shape of the
pulse wave. This approach, often referred to as
pulse wave analysis (PWA), forms the basis of
the commercial systems described in the review.
There has been some contention recently about the
relative merits of PWV and PWA as a means of
assessing large-artery stiffness,”' > and their review
provides a balanced view of these two related
techniques. The two approaches (both of which,
in fact, involve analysis of the pulse wave) are
complementary. PWV as a means of estimating
arterial elasticity is based on a clearly-understood
and well-tested theoretical model (see, for example,
references 24-26) that relates wave propagation to
functional stiffness but tells us nothing about pulse
pressure. PWA on the other hand, does not permit
quantification of functional stiffness per se, but
provides information about wave reflection and
pulse pressure, and in the hands of those who
favour the Windkessel model of the circulation, a
means of estimating the lumped parameters which
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Figure 2. a A pulsatile pump (P) equipped with two one-way valves (V) pumping into a two-element windkessel consisting
of a pressure vessel partially filled with air, which acts as a capacitor (C) and a tube terminating in a high resistance pipe and
nozzle (R). The combined effect of the capacitor and the resistor is to maintain a nearly constant outflow from the hose in
spite of the variable flow produced by the pump. b Electrical analogue of the vascular system consisting of a capacitance
(C) and a resistance (R) (the two-element Windkessel model). The addition of third and fourth elements, impedance and
inductance (L) (representing the combined effects of the distal circulation and the inertia of the blood) improve the
agreement between measured and predicted aortic pressure and flow in the aorta. Distributed model of the vascular system
in which many individual Windkessel-like elements are arranged in series and or parallel.

define the arterial system as a whole (see Figures 2a
and b). In the Windkessel model, as originally
conceived by Hales®” and further developed by
Frank,”® the systemic arterial system is character-
ized by a total peripheral resistance (TPR) asso-
ciated primarily with the arterioles and a total
arterial compliance (TAC) (the sum of individual
local arterial compliances), more than half of
which is due to the large elastic arteries.”® This
two-element model helps to elucidate the relation-
ship between aortic pressure and flow. As the left
ventricle contracts, the compliant arteries near the
heart become distended and at the end of systole,
when the aortic valve has closed, the blood is
discharged towards the periphery at a rate which is
determined by the product of the TPR and TAC.
Refinements of the model which account for
impedance®® and the inertial effects of blood
movement®'*? give a more precise description
of the time-varying relationship between aortic
pressure and flow. The usefulness and limitations

of these models have recently been reviewed.'>??

Despite the lack of an obvious correspondence
between the lumped parameters and any dis-
crete anatomical features, and its neglect of wave
propagation, the Windkessel model provides
clearly defined and measurable variables which
may be measured in vivo. In its simplest two-
element form, it is possible, given mean pressure
(obtained by sphygmomanometry), and mean and
pulsatile aortic flow (measured non-invasively by
Doppler ultrasound, for instance) to estimate aortic
pulse pressure non-invasively and with a high
degree of accuracy.”*?*

An alternative approach, based on the concept
of an electrical transmission line divides the
vascular tree into small sections, each of which
may be regarded as individual Windkessel systems
with their own compliance, resistance and inert-
ance (a measure of the inertia of the blood in the
section) (Figure 2c). It has the advantage of direct
correspondence between the model transmission



Measuring arterial stiffness 5

line and the anatomy of the vascular tree, and takes
into account the propagation and reflection of
pressure and flow waves from one segment to the
next (see references 29 and 35 for reviews). Given
the appropriate values of all these local variables
and the flow wave produced by the left ventricle,
it is possible to predict the shape size and timing
of the pressure and flow waves at any point in the
vascular system. The computational procedure
used to accomplish this is known as a transfer
function. Of greater interest to the clinician is the
inverse problem: estimation of pulse pressure in
the aorta given its value at distal sites, such as the
radial, brachial or carotid arteries, where it can
be measured non-invasively. As O’Rourke and
his colleagues have shown (summarized and
reviewed in references 4 and 36), by applying
the inverse transfer function to a distal pressure
wave, the proximal pressure wave may be derived.
(The inverse transfer function is related to the
original in the same way that the operation of
taking a square root of a number is related to the
process of squaring it) In their commercially-
available system, described by Mackenzie et al.,
O’Rourke and colleagues describe a ‘generalized’
inverse transfer function which is an average of
individual functions obtained empirically from a
large number of subjects by direct measurement.
This is used to derive the central pressure waveform
and therefore pulse pressure from that measured
peripherally. The procedure has been validated
by comparing the calculated aortic pressure wave
derived from the brachial or carotid pressure
wave measured tonometrically to that obtained in
the ascending aorta with a high-fidelity pressure
transducer. Given the wide age range of the subjects
measured, the agreement between the measured
and calculated waves is impressive.* Efforts are
still in progress to validate the technique further*>”
and some doubt remains about its ability to derive
accurate estimates of central pressure in diseased
subjects.*®

The value of the pulse pressure and the factors
which determine its magnitude (i.e. wave reflection
and arterial stiffness), as a means of describing
the general health of the cardiovascular system
and predicting mortality from cardiovascular
disease is now almost beyond doubt. Of the
available methods for measuring these factors,
some (pulse wave velocity, for example) are
founded on well-understood physical principles,
whereas others (such as oscillometry and pulse
wave analysis) rest on a more empirical founda-
tions. In the absence of any single approach
which is clearly superior to the others, the
choice of technique will, as usual, rest on a
balance between ease of use, cost, and other

more intangible and perhaps less rationally chosen
qualities.
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