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Abstract:

Arterial endothelial dysfunction occurs at all stages of atherosclerosis, both preceding structural atherosclerosis changes, as well as

predisposing to clinical events in late obstructive disease. Endothelial dysfunction is thus well correlated with risks of vascular

events. Release of endothelial nitric oxide has been shown to be a key player in normal endothelial function. Endothelial function can

be measured in the coronary arteries and peripheral vascular tree by intra-arterial infusion of substances that promote release of nitric

oxide, but this method is limited by its invasive nature which limits its widespread use in asymptomatic subjects. Flow mediated

dilatation is a non invasive ultrasound-based method where arterial diameter is measured in response to an increase in shear stress,

which causes release of nitric oxide from the endothelium and consequent endothelium dependent dilatation. Flow mediated

dilatation has been shown to correlate with invasive measures of endothelial function, as well as with the presence and severity of the

major traditional vascular risk factors. This noninvasive endothelial function testing has also demonstrated the potential reversibility

of endothelial dysfunction by various strategies including cessation of smoking, weight loss in obese subjects, certain

pharmacological agents (statins, ACE inhibitors), L-arginine and hormones.
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Introduction

Atherosclerosis is a diffuse process of the arterial wall

whose natural history progresses through a long pre-

clinical stage, often starting in childhood or early

adulthood [22], eventually causing luminal stenosis

and/or sudden arterial occlusion from unstable lesions

which cause clinical events. It has been previously

documented that overall survival in patients with

coronary artery disease is largely independent of the

degree of luminal stenosis [13]. This observation can

be explained by appreciating that endothelial function

specifically and vascular reactivity generally are im-

portant determinants of the risk of vascular events,

over and well above the risk conferred by the size of the

plaque within an artery. In other words, the determinants

for acute arterial closure are both presence or absence of

plaque as well as the propensity of the vessel to constrict

or dilate under conditions of physical or mental stress.

Endothelial dysfunction is a key early event in

atherosclerosis and is demonstrable long before the

appearance of structural atherosclerotic disease [7,

21]. A key factor in normal endothelial function is re-
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lated to the normal production of nitric oxide. Nitric

oxide is released from endothelial cells in response to

shear stress and certain pharmacological stimuli [4].

Nitric oxide functions as an endogenous anti-

atherogenic molecule by promoting arterial vasodila-

tion, inhibiting smooth muscle cell proliferation, at-

tenuating platelet aggregation and inhibiting leuko-

cyte-endothelial interactions [4]. Not surprisingly

therefore, nitric oxide has been shown to be decreased

in patients with risk factors for atherosclerosis,

namely smoking, hypercholesterolaemia, diabetes,

hypertension, as well as aging itself. Thus testing of

endothelial nitric oxide release in humans provides

a valuable means of assessing endothelial function.

Endothelial function may be measured invasively

or non-invasively. Invasive measures involve the

intra-arterial administration of substances (such as

acetycholine and bradykinin) that enhance the release

of endothelial nitric oxide and lead to measurable

vasodilatation in normal subjects but vasoconstriction

in states of endothelial dysfunction [20]. The obvious

disadvantage with such a method is that its invasive

nature precludes its widespread use in the population.

This has therefore led to the development of noninva-

sive tests of endothelial function. One such method –

flow mediated dilatation (FMD) – involves the ultra-

sonographic interrogation of a medium sized ar-

tery(most commonly the brachial) before and after an

induced condition of high flow and shear stress by in-

flation and then deflation of a proximal upper arm

cuff. Since pretreatment with nitric oxide synthase in-

hibitors inhibit the vasodilatory response to shear

stress, it is likely that this phenomenon is predomi-

nantly due to endothelial release of nitric oxide [10].

Endothelial function as assessed by this method corre-

lates with invasive coronary endothelial testing, as

well as the presence and severity of coronary athero-

sclerosis [10, 27].

Methodology

Standard techniques involve scanning of the artery

and measuring its diameter during three conditions; at

baseline, during reactive hyperaemia (induced by in-

flation for a period of 5 min and then deflation of

a sphygmomanometer cuff around the limb distal to

the scanned part of the artery) and finally after ad-

ministration of sublingual nitroglycerin at a dose of

400 µg (which causes endothelium-independent smooth

muscle mediated vasodilation) (Fig.1).

The diameter of the target artery is measured from

B mode ultrasound images of the centre of the target

artery. To attain optimal resolution, tranducers with

a frequency greater than 7 MHz must be used. The ideal

vessel size for this test in 2.5–5 mm. Vessels larger

than 5 mm tend not to vasodilate significantly even in

the presence of normal endothelial function whereas

vessels smaller than 2.5 mm are difficult to image ac-

curately. In the adult population, over 90% of brachial

arteries fall into this range, whereas in prepubescent

children the artery of choice is the femoral artery [24].

It has been demonstrated that submillimeter distances

can be measured reliably and reproducibly using this

technique [25]. There is also expected significant be-

tween patient variability as well as day to day vari-

ability but little variation between weeks and months

[25]. Because of variations in FMD in the post-

prandial as opposed to fasting state (particularly after

high fat meals) as well as changes in FMD thoughout

the menstrual cycle, it is recommended studying pa-

tients fasting and controlling for menstrual cycle

times in serial studies of vascular reactivity in women

[25].
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Observational Studies

Numerous studied have demonstrated the interplay

between the vascular risk factors and endothelial

function as assessed by FMD in children and adults.

Sorensen et al. [24] found that familial hypercholes-

terolaemia is associated with arterial endothelial dys-

function in young children, and that the degree of en-

dothelial dysfunction was significantly correlated

with low density lipoprotein (LDL) levels. Also, ac-

tive cigarette smoking has been shown to be associ-

ated with endothelial dysfunction in otherwise healthy

teenagers and young adults in dose dependent manner

[6], as is passive smoking [5]. More recently, obesity

has been shown to be significantly associated with en-

dothelial dysfunction [31]. These studies also demon-

strate the potential reversibility of endothelial dys-

function: after smoking cessation or prolonged with-

drawal from environmental tobacco smoke exposure,

some improvement of endothelial function may be

observed [5, 6, 19]. Similarly, in obese subjects, im-

provement in FMD has been observed after dietary

modification, and especially after a combination of

diet and aerobic exercise, maintained for at least 12

months.

Strategies to restore endothelial function

There is a strong association between high serum cho-

lesterol and endothelial dysfunction, suggesting that

reduction in cholesterol levels may improve endothe-

lial function. Both Vogels et al. [29] and Simons et al.

[23] demonstrated significant improvement with sta-

tin therapy in endothelial function as measured by

FMD in otherwise healthy patients with primary

hypercholesterolaemia. Interestingly however, an-

other group using non-statin therapy to improve lipid

profile did not demonstrate improvement in endothe-

lial function, suggesting that statin therapy may have

beneficial effects on endothelial function independent

of its effect on cholesterol levels. This point was reinforced

by O’Driscoll et al. [18], who demonstrated by invasive

plethysmography techniques that the beneficial effects of

simvastatin on endothelial function did not correlate sig-

nificantly with decreases in total serum cholesterol levels.

Angiotensin-converting enzyme (ACE) inhibitors

have been shown to reduce cardiovascular events in at

risk patients [32]. This effect is at least partly medi-

ated by improvement in endothelial function. ACE in-

hibitors increase bradykinin levels which in turn pro-

mote increase synthesis of endothelial nitric oxide.

Not all studies to date have shown improvement in

endothelial function, although the TREND trial dem-

onstrated by invasive means a significant improve-

ment in coronary arteries in patients with coronary ar-

tery disease [16].

It is well established that estrogen therapy in post

menopausal women may promote the release of endo-

thelium derived nitric oxide. Numerous studies have

demonstrated improvement in FMD in post-menopausal

women taking hormone replacement therapy (HRT)

[3, 12, 14]. The role of combination therapy with pro-

gesterone is less clear, with some suggestion that ad-

dition of progesterone may attenuate estrogen’s bene-

ficial effects [9, 26].

The role of antioxidants has been investigated as

possible therapy for endothelial dysfunction. Produc-

tion of oxygen free radicals in the vessel wall is

thought to inactivate endothelial nitric oxide synthase

(eNOS), hence leading to endothelial dysfunction.

Therefore antioxidants, which may scavenge these

free radicals have been investigated as possible ther-

apy for endothelial dysfunction. Motoyama et al. [15]

showed that FMD in smokers can be acutely im-

proved with a single intravenous dose of Vitamin C,

while Levine et al. [11] showed similarly that FMD in

patients with coronary artery disease improved

acutely after a single oral dose of Vitamin C. How-

ever, to date, no study has shown clear benefit on en-

dothelial function with long term antioxidant therapy

alone. However there may be benefit in combining

antioxidants with statins. Neunteufl et al. [17] investi-

gated whether lipid lowering therapy in combination

with vitamin E supplementation improves peripheral

endothelial function more effectively than lipid lower-

ing therapy alone. In this small cohort of hypercholes-

terolaemic patients, improvement in FMD was signifi-

cantly more pronounced with statin therapy combined

with Vitamin E, compared with statin therapy alone.

The amino acid L-arginine plays a pivotal role in

nitric oxide synthesis and several controlled trials

have shown that endothelial dysfunction associated

with hypercholesterolaemia or coronary artery disease

can be successfully reversed with oral L-arginine

therapy [1, 8]. However L-arginine supplementation
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in healthy patients with normal endothelial function

did not augment function further [2, 28]. Also, folic

acid supplementation has been shown to improve en-

dothelial function in patients with hyperhomocystein-

aemia [30], although recent clinical trials do not sup-

port the effectiveness of homocysteine lowering treat-

ments for lowering clinical events.

Conclusion

Studies of arterial FMD have been very useful in

clinical research, providing insights into endothelial

function/vascular reactivity and facilitating the stud-

ies of disease reversibility. This is potentially relevant

to clinical practice as it allows for assessment of vari-

ous treatment modalities that may ameliorate vascular

health and thereby improve cardiovascular outcomes.
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