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Arterial stiffness and pulse contour analysis:
an age old concept revisited

‘‘In extreme old age, the arteries themselves, the grand instrument of the
circulation, by the continual apposition of earth, become hard, and as it were
bony, till, having lost the power of contracting themselves they can no longer
propel the blood, even through the largest channels, in consequence of which
death naturally ensues. ’’ ( John Wesley, 1703–1791)

Hardening of the arteries, and its relation to aging, is
far from a new phenomenon. Indeed, the fact that arteries
stiffen with age, and that such changes are associated with
an increased incidence of major cardiovascular events, is
now established beyond doubt [1–4]. However, the
influence of arterial stiffening on the interaction between
the heart and large vessels, and on athersclerosis, is less
well understood. Early researchers used pulse contour
analysis of peripheral pressure waveforms to obtain
information about arterial stiffness [5,6], but their results
were mainly qualitative, and pulse contour analysis was
largely abandoned by practicing clinicians in favour of
conventional sphygmomanometry.

With the increased longevity of modern societies and
the recognition that arterial stiffness is an independent
predictor of cardiovascular risk in selected populations,
the factors underlying vascular stiffness have assumed
major importance. In particular, there has been interest in
the association between stiffness and cardiovascular risk
factors, such as diabetes and hypertension in individuals
without manifest atheroma [7]. It has become clear that
arterial stiffness is not solely determined by structural
elements within the vessel wall and distending pressure,
but that there is also functional regulation by the
sympathetic nervous system [8] and endothelial-derived
NO [9]. This suggests that functional abnormalities, such
as endothelial dysfunction, may underlie some of the
large artery stiffening found in individuals with cardio-
vascular disease and risk factors, and thus may poten-
tially be reversible [10]. Moreover, assessment of arterial
stiffness in such individuals may aid risk stratification.

It is against this background that several groups have
focused on the development of simple reproducible
methods to assess arterial stiffness in clinical practice [11].
In this issue of Clinical Science, Millasseau et al. [12], in a
series of elegant studies, describe the use of pulse contour
analysis to derive quantitative data concerning large
arterial stiffness in the hope of providing new insights
into ventricular vascular interaction. Using the estab-
lished technique of photoplethysmography [13,14], they
have devised a reproducible parameter termed ‘stiffness
index’ by measuring the time delay between direct and

reflected waves in the digital volume pulse [12]. Since this
measure will be determined, to a large extent, by velocity
of the arterial waveform in the aorta and large arteries, it
is perhaps unsurprising that they were able to demon-
strate a significant correlation between the stiffness
index and carotid-femoral pulse wave velocity (PWV). In
addition, both stiffness index and carotid-femoral PWV
were, as expected, independently correlated with age and
mean arterial pressure. Nevertheless, their results are
important, as they suggest that stiffness index may be
used as a valid surrogate for aortic PWV. Since digital
pulse contour analysis is simple, operator-independent
and relatively inexpensive, it may be, as the authors
suggest [12], suitable for use in large clinical studies.
However, several relatively simple commercial systems
are available to measure PWV directly. Thus any per-
ceived benefit of the stiffness index must be weighed
against the fact that it is an indirect measure, as the
authors [12] themselves note; indeed path length is not
measured directly, instead height is used as a surrogate.
Such limitations may not be important, but it is becoming
increasingly clear that small changes in PWV may still
be physiologically meaningful [9]. Indeed, in humans,
femoral PWV changes by only 5% per decade [2].
Therefore, although Millasseau et al. [12] report only a
‘modest ’ change in stiffness index and PWV following
administration of glyceryl trinitrate, the potential impor-
tance of such a change should not be underestimated.

As the authors discuss [12], in addition to the stiffness
index, other parameters have been shown to correlate
with PWV, including central augmentation index (AIx),
derived by from the radial artery waveform using
a validated transfer function [15,16]. The timing of
the start of wave reflection (T

R
) can also be derived

from the ascending aortic waveform, and provides a
surrogate of aortic PWV [17,18]. Interestingly, recent
data [19], from the same cohort of patients with end-stage
renal failure referred to by Millasseau et al. [12], demon-
strates that central AIx and PWV are both independent
predictors of mortality, despite the fact that the majority
of subjects were receiving a wide variety of vasoactive
drugs [20].
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Blood pressure varies throughout the arterial tree [21],
and the normal amplification of pulse pressure towards
the periphery depends on a number of factors, including
age and mean pressure [22]. Interestingly, central rather
than peripheral pulse pressure seems to predict mortality
in patients with end-stage renal failure [23], and carotid
intima-media thickness in healthy men [24]. Therefore, it
appears that in order to fully assess the impact of disease
processes and drugs on large arteries, perhaps both aortic
PWV and AIx should be assessed, together with central
blood pressure.

There is no doubt that the assessment of arterial
stiffness will make a major contribution to the improved
management of cardiovascular disease in the clinical
arena and should be included in all future large in-
tervention studies. However, the choice of technique will
be influenced by ease of use, cost and other less rationally
chosen factors [25]. The race is on, and the technique of
digital pulse contour analysis, as described by Millasseau
et al. [12], is an important addition to the field. It is,
however, robust outcome data that is likely to determine
the eventual winner.

JOHN R. COCKCROFT*
and IAN B. WILKINSON†

*Department of Cardiology, Wales Heart Research
Institute, Cardiff CF14 4XN, Wales, U.K., and

†Department of Clinical Pharmacology, University of
Cambridge, Addenbrooke’s Hospital,

Cambridge CB2 2QQ, U.K.
(ON BEHALF OF THE EDITORIAL BOARD)

REFERENCES

1 Bramwell, J. C. and Hill, A. V. (1922) Velocity of
transmission of the pulse-wave and elasticity of the
arteries. Lancet i, 891–892

2 Avolio, A. P., Chen, S.-G., Wang, R.-P., Zahang, C.-L.,
Li, M.-F. and O’Rourke, M. F. (1983) Effects of ageing
on changing arterial compliance and left ventricular load
in a northern Chinese urban community. Circulation 68,
50–58

3 Kelly, R. P., Hayward, C., Avolio, A. P. and O’Rourke,
M. F. (1989) Non-invasive determination of age-related
changes in the human arterial pulse. Circulation 80,
1652–1659

4 Heijden-Spek, J. J., Staessen, J. A., Fagard, R. H., Hoeks,
A. P., Boudier, H. A. and van Bortel, L. M. (2000) Effect
of age on brachial artery wall properties differs from the
aorta and is gender dependent : a population study.
Hypertension 35, 637–642

5 Mahomed, F. A. (1872) The physiological and clinical use
of the sphygmograph. Med. Times Gazette 1, 62–64

6 Murrell, W. (1879) Nitroglycerine as a remedy for angina
pectoris. Lancet 80, 80–81

7 Glasser, S. P., Arnett, D. K., McVeigh, G. E., Finkelstein,
S. M., Bank, A. J., Morgan, D. J. and Cohn, J. N. (1997)
Vascular compliance and cardiovascular disease : a risk
factor or a marker? Am. J. Hypertens. 10, 1175–1189

8 Failla, M., Grappiolo, A., Emanuelli, G. et al. (1999)
Sympathetic tone restrains arterial distensibility of
healthy and atherosclerotic subjects. J. Hypertens. 17,
1117–1123

9 Wilkinson, I. B., Qasem, A., McEniery, C. M., Webb,
D. J., Avolio, A. P. and Cockcroft, J. R. (2002) Nitric
oxide regulates local arterial distensibility in vivo.
Circulation 105, 213–217

10 Wilkinson, I. B. and Cockcroft, J. R. (1998) Cholesterol,
endothelial function and arterial stiffness. Curr. Opin.
Lipidol. 9, 237–442

11 Mackenzie, I. S., Wilkinson, I. B. and Cockcroft, J. R.
(2002) Assessment of arterial stiffness in clinical practice
(review). Q. J. Med. 95, 67–74

12 Millasseau, S. C., Kelly, R. P., Ritter J. M. and
Chowienczyk, P. J. (2002) Determination of age-related
increases in large artery stiffness by digital pulse contour
analysis. Clin. Sci. 102, 371–377

13 Dillon, J. B. and Hertzman, A. B. (1941) The form of the
volume pulse in the finger pad in health, atherosclerosis,
and hypertension. Am. Heart J. 21, 172–190

14 Chowienczyk, P. J., Kelly, R. P., MacCallum, H. et al.
(1999) Photoplethysmographic assessment of pulse wave
reflection. J. Am. Coll. Cardiol. 34, 2007–2014

15 Karamanoglu, M., O’Rourke, M. F., Avolio, A. P. and
Kelly, R. P. (1993) An analysis of the relationship
between central aortic and peripheral upper limb pressure
waves in man. Eur. Heart J. 14, 160–167

16 Pauca, A. L., O’Rourke, M. F. and Kon, N. D. (2001)
Prospective evaluation of a method for estimating
ascending aortic pressure from the radial artery pressure
waveform. Hypertension 38, 932–937

17 Murgo, J. P., Westerhof, N., Giolma, J. P. and Altobelli,
S. A. (1980) Aortic input impedance in normal man:
relationship to pressure waveforms. Circulation 62,
105–116

18 Marchais, S. J., Guerin, A. P., Pannier B. M., Levy, B. I.,
Safar, M. and London, G. M. (1993) Wave reflections and
cardiac hypertrophy in chronic uremia. Hypertension 22,
876–883

19 Blacher, J., Guerin, A. P., Pannier, B., Marchais, S. J.,
Safar, M. and London, G. (1999) Impact of aortic stiffness
on survival in end-stage renal disease. Circulation 99,
2434–2439

20 London, G. M., Blacher, J., Pannier, B., Guerin, A. P.,
Marchais, S. J. and Safar, M. E. (2001) Arterial wave
reflections and survival in end-stage renal failure.
Hypertension 38, 434–438

21 Kroeker, E. J. and Wood, E. H. (1955) Comparison of
simultaneously recorded central and peripheral arterial
pressure pulses during rest, exercise and tilted position in
man. Circ. Res. 3, 623–632

22 Wilkinson, I. B., Franklin, S. S., Hall, I. R., Tyrrell, S. and
Cockcroft, J. R. (2001) Pressure amplification explains
why pulse pressure is unrelated to risk in young subjects.
Hypertension 38, 1461–1466

23 Safar, M. E., Blacher, J., Pannier, B., Guerin, A. P.,
Marchais, S. J., Guyonvarc’h, P. M. and London, G. M.
(2002) Central pulse pressure and mortality in end-stage
renal disease. Hypertension 39, 735–738

24 Tanaka, H., Dinenno, F. A., Monahan, K. D., DeSouza,
C. A. and Seals, D. R. (2001) Carotid artery wall
hypertrophy with age is related to local systolic blood
pressure in healthy men. Arterioscler. Thromb. Vasc.
Biol. 21, 82–87

25 Greenwald, S. E. (2002) Pulse pressure and arterial
elasticity. Q. J. Med. 95, 107–112

# 2002 The Biochemical Society and the Medical Research Society


