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Abstract:

Two established methods to assess endothelium-dependent vasodilation in the peripheral circulation have been used in

epidemiological research, the invasive forearm technique using intra-brachial infusion of acetylcholine (EDV) and flow-mediated

vasodilation (FMD) of the brachial artery using ultrasound Both EDV and FMD have proven to predict future cardiovascular events

in patient populations and to be related to the major risk factors in large population studies, but both have methodological problems

in the elderly. EDV is hampered by the fact that also endothelium-independent vasodilation (by nitroprusside infusion) is related to

major cardiovascular risk factors and predict future cardiovascular events, so that little could be said about the specific function of

the endothelium. FMD is markedly influenced by the impairment in brachial artery compliance seen even in the healthy elderly

subjects, so that its use in the elderly has been questioned.

The usefulness of other methods used in population studies, such as pulse wave analysis using a beta-2 receptor agonist as

vasodilator and the hyperaemic blood flow velocity have to be further validated.
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Different methods to assess

endothelium-dependent vasodilation

Much attention has been paid to the evaluation of ni-

tric oxide (NO) in the vasodilatory process in humans.

Originally, endothelium-dependent vasodilation was

evaluated as the vasomotor response to acetylcholine

infused in a coronary artery in 1986 [24]. This method

seems to be valuable since impaired vasodilation could

predict future cardiovascular events in patients with

coronary disease [29], but is restricted to subjects un-

dergoing coronary angiography for clinical reasons.

The so-called invasive forearm technique uses ace-

tylcholine to be infused in the brachial artery and the

increase in forearm blood flow is taken as a measure

of endothelium-dependent vasodilation (here denoted

EDV). This technique mainly evaluates endothelium-

dependent vasodilation in forearm resistance arteries

and was described by different groups in 1990. A re-

duced EDV has been found in patients with coronary

heart disease, hypertension, and hypercholesterolemia

and in diabetes [8, 13, 14, 21] and also to predict fu-

ture cardiovascular events [27].

Another method to assess endothelium-dependent

vasodilation is the ultrasound-based method evaluat-

ing flow-mediated vasodilation (FMD) in the brachial
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artery during hyperaemia [4, 7]. This technique evalu-

ates endothelium-dependent vasodilation in a conduit

artery and was first described in 1992. Similar to

EDV, it has been shown that FMD is attenuated in pa-

tients with coronary heart disease, and in those with

major risk factors [1, 3], and can predict future cardio-

vascular events [10].

Using aplanation tonometry of the radial artery to

capture the peripheral pulse pressure waveform it was

shown that reductions in the reflected waves induced

by adrenergic beta-2 receptor agonist stimulation

could be blunted by the NO-blocker L-NMMA [11,

22, 34]. This technique mainly evaluates endo-

thelium-dependent vasodilation in resistance arteries

and was described in 1999, (see Fig. 1 for details).

A reduced response to beta-2 agonists has been dem-

onstrated in patients with hypercholesterolemia, coro-

nary heart disease and diabetes mellitus [6, 11, 34].

When used in the same study, EDV and FMD in

the brachial artery were not related in three different

studies [18–20]. In the latter two of these studies, the

pulse wave based technique was found to be related to

EDV, but not to FMD [18, 19]. Thus, endothelium-

dependent vasodilation in resistance and conduit ar-

teries does not seem to carry the same information, at

least not when applying the techniques described

above. This is further exemplified by a recent study

showing that endothelium-dependent vasodilation in

resistance arteries and in conduit arteries are related to

the Framingham risk score, a commonly used estima-

tion of risk for coronary heart disease, independently

of each other [18].

Ageing and endothelium-dependent

vasodilation

It has been described both with the invasive forearm

model and FMD that endothelium-dependent vasodi-

lation declines with age also in apparently healthy

subjects. The decline seems to be rather linear in men,

while no reduction in endothelium-dependent vasodi-

lation was seen in women before menopause. There-

after, a rapid reduction was seen also in females. This

gender difference has been described for endo-

thelium-dependent vasodilation in both resistance and

conduit arteries [5, 9, 28].

The exact mechanism behind this reduction in

endothelium-dependent vasodilation with age is not

known, but an increased production of reactive oxy-

gen radicals inactivating nitric oxide [30], as well as

increased production of a prostanoid-derived endo-

thelium-produced vasoconstrictive factor [31] or a re-

duced activity of nitric oxide synthase have all been

suggested to be of importance.
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However, although endothelium-dependent vasodi-

lation in both resistance and conduit arteries declines

by age, there is considerable difference in magnitude.

In the Prospective Investigation of the Vasculature in

Uppsala Seniors (the PIVUS study) we evaluated

three different tests of endothelium-dependent vasodila-

tion in the peripheral circulation in more than 1000 sub-

jects aged 70 living in the community of Uppsala, Swe-

den [18]. We also provided data from a young healthy

reference group in order to compare endothelium-

dependent vasodilation in the young vs. apparently

healthy elderly. These data are presented in Table 1.

When the mean values for the three different tech-

niques in the young sample were ranked as 100%,

there was a considerable difference between the re-

ductions in endothelium-dependent vasodilation with

age between the different techniques. While the re-

duction in endothelium-dependent vasodilation in the

resistance arteries, as judged by the invasive forearm

technique or the pulse wave-based method, was in the

order of 7–12%, the difference in FMD between the

young and the elderly healthy samples was 43%.

Thus, the effect of age on endothelium-dependent

vasodilation is by far more pronounced in conduit arter-

ies then in resistance arteries. One problem that arises

from the drastic decline in FMD also in the healthy eld-

erly is that the mean value in the elderly is in the order

of 4–5%, and that very large samples are needed in or-

der to show any differences between healthy and dis-

eased subjects within this narrow range, as originally

pointed out by Wendelhag and co-workers [33].

Impact of arterial stiffness on measures

of endothelium-dependent vasodilation

Another difference between the invasive forearm

technique and FMD is that the former method meas-

ures blood flow as the primary variable, while FMD

evaluates the change in vessel diameter. The change

in vessel diameter is heavily influenced by arterial

stiffness and a stiff brachial artery would result in

a low FMD irrespectively of the degree of nitric oxide

production. It has recently been reported that arterial

compliance in the brachial artery is a major determi-

nant of the strength of the relationships between FMD

and major cardiovascular risk factors [35]. A similar

finding was made in the PIVUS study, but in this case

no influence of arterial compliance on the strength of

the relationships between acetylcholine-mediated in-

crease in forearm blood flow and major cardiovascu-

lar risk factors was found [16].

Thus, since arterial compliance in the conduit arter-

ies declines by 45–75% from the age of 20 to the age

of 70 even in the healthy depending on the method

used [17], this major reduction in arterial compliance

would affect the measurement of FMD in almost all

elderly subjects. This is probably why such a huge

drop in FMD is seen with age.

Therefore, while FMD is marvellous non-invasive

technique originally developed for use in children and

young to middle-aged adults [4] and has provided out-

standing important information in these age-groups,

the use in elderly subjects will probably underestimate

relationships between endothelium-dependent vasodi-

lation in conduit arteries and various risk factors.

Increasing importance of endothelium-

independent vasodilation with age

Endothelium-independent vasodilation is most often

evaluated by either infusion of sodium nitroprusside

(SNP) in the brachial artery using the invasive fore-

arm model, or by systemic administration of nitro-

glycerine using brachial artery ultrasound or pulse

wave analysis. Most reports, including own investiga-

tions, regarding endothelium-independent vasodila-

tion and various risk factors in young and middle-

aged populations have been negative or have pointed

to only weak relationships compared to those found

for endothelium-dependent vasodilation. However, in

the PIVUS study conducted in the elderly, the rela-

tionships between major risk factors and SNP-

induced vasodilation in the forearm are as powerful

and significant as those seen when acetylcholine is in-

fused [18]. Thus, measurement of endothelium-
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independent vasodilation in resistance arteries be-

comes more informative in the elderly, while in

younger subjects it has mainly be en used as a ¨nega-

tive control¨ to ascertain that no relationship was

found. The consequence of this, at least when it

comes to the invasive forearm model, is that it is usu-

ally impossible to separate the degree of endo-

thelium-dependent vasodilation from the magnitude

of endothelium-independent vasodilation, and there-

fore it cannot be told if the vasodilatory defect associ-

ated with major risk factors in the elderly is due to an

impaired endothelium or if the dysfunction is located

in vasodilatory mechanisms in the vascular smooth

muscle cells. An alternative explanation might be that

the increased production in reactive oxygen species

seen in the elderly at this age also inactivate the ex-

ogenous given SNP to a similar degree that endoge-

nously generated NO is inactivated.

However, whatever mechanism lies behind this in-

creased importance of endothelium-independent

vasodilation in the elderly, the action to divide the

acetylcholine response with the SNP response, the en-

dothelium function index, used in middle-aged and

younger populations in which the invasive forearm

technique has been applied is not very informative in

the elderly. Whether or not also the importance of

endothelium-independent vasodilation assessed by

the brachial artery ultrasound technique or by pulse

wave analysis increase by age has not been thor-

oughly investigated, but in one of the first studies re-

lating vasodilation in the coronary arteries to later car-

diovascular events in elderly patients endothelium-

independent vasodilation was as predictive as

endothelium-dependent vasodilation [29], further em-

phasizing the importance also of endothelium-

independent vasodilation in the elderly.

The role of hyperaemic blood flow

in the elderly

Just as endothelium-independent vasodilation, the hy-

peraemic blood flow recorded immediately following

release of the forearm cuff when evaluating FMD has

not provided much information regarding risk factors

in young or middle-aged populations [4]. The meas-

urement of hyperaemic blood flow has merely served

as a quality control that an appropriate shear stress

stimuli for the later occurring FMD had taken place.

In the Framingham heart study, the largest popula-

tion study with FMD measurements published so far,

the correlations between FMD and major risk factors

were rather weak although highly significant. How-

ever, in that cohort study with a mean age of 61 years,

hyperaemic blood flow, especially in diastole, was

more closely related to the major risk factors than

FMD [25]. Thus, the ability of the smaller arteries to

dilate, whether the stimuli is hyperaemia or SNP,

seems to be of major importance with increasing age.

Conclusion

Today when measurement of endothelium-dependent

vasodilation has moved from smaller mechanistic

studies to large-scale epidemiological research [2, 12,

15, 18, 23, 26, 32] it is of great importance to consider

the limitations of the different techniques that arise in

the elderly. In this age group, the use of FMD is lim-

ited due to the effects of a markedly reduced arterial

compliance with age on the vasodilatory properties in

conduit arteries. Furthermore, the use of the invasive

forearm technique with acetylcholine infusion is ham-

pered by the increasing importance of endothelium-

independent vasodilation in the elderly. Further stud-

ies are needed in order to show if the ability of the

smaller arteries to dilate to different stimuli might be

the most informative way to evaluate arterial vasodi-

latory function in the elderly.
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