
The heart consumes more energy than any other organ. It cycles about 6 kg of
ATP every day, which is 20–30 times its own weight. To acquire the energy
necessary to carry out cardiac functions, the heart converts chemical energy
stored in fatty acids and glucose into mechanical energy, in the form of actin-
myosin myofibrillar interactions. The main contributors to ATP synthesis are
fatty acids (70%), through β-oxidation, and glucose (30–40%), through aero-
bic glycolysis.

Energy supplied to the myocardium is used for mechanical activities, i.e.,
contraction (65%) and relaxation (15%), and for electrical activity (5%); the
rest is spent on other cellular functions (20%). Under anoxic or ischemic con-
ditions, the myocardium uses anaerobic glycolysis to produce energy. This
consumes a large amount of glucose and leads to the production of lactate and
2 ATP molecules for every molecule of glucose, whereas oxidative phospho-
rylation produces 36 molecules of ATP for the same amount of glucose. Lac-
tate reduces intracellular pH, which inhibits glycolysis, β-oxidation, and pro-
tein synthesis.

Almost all (90%) energy (ATP) derived from substrate utilization is pro-
duced in the mitochondrial respiratory chain, through oxidative phosphoryla-
tion. During coronary ischemia, ATP is degraded, resulting in the production
of ADP and then AMP and adenosine. Consequently, adenosine diffuses from
myocytes into the interstitial fluid and the coronary venous effluent. Adeno-
sine is a powerful coronary dilator and the rise in its interstitial concentration
parallels the increase in coronary blood flow. Adenosine loss from myocytes
can have catastrophic consequences, since as much as 50% of the adenosine
reserve may be depleted during prolonged (30 min) ischemia. Adenosine de
novo synthesis is very slow; about 2% every hour; thus, during an ischemic
event lasting more than 30 min, a large number of myocytes can be perma-
nently injured.

The coronary arteries supply the myocardium with oxygen and nutrients;
only the innermost layer of the endocardium (about 0.1 mm thick) is supplied
directly from the blood that is inside the heart chambers. From the epicardial
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coronary arteries, and then via intramuscular and subendocardial vessels,
blood flows to the myocardial capillaries. During systole, blood flow in these
capillaries is very low due to cardiac contraction and ventricular ejection.

In a normal heart, blood flow is controlled by the vascular tone of the coro-
nary microcirculation (vessels with diameters < 400 μm). A pressure drop
across a stenosis causes compensatory vasodilation at rest, thereby diminish-
ing the ability of the coronary circulation to adapt to an increase in oxygen
demand. Resting coronary flow is not impeded by mild or moderate stenoses
and is maintained by normal vasodilatory regulation of the microcirculation.
It remains constant until epicardial coronary constriction exceeds 85–90% of
the normal segment diameter. By contrast, maximal hyperemic coronary
blood flow begins to decline when the diameter of the stenosis exceeds
45–60%, leading to myocardial ischemia and angina.

Coronary Flow Reserve

The myocardial oxygen supply rises and falls in response to the oxygen demands
of the myocardium. Myocardial oxygen extraction at rest is almost maximal
(about 70%). In response to physiologic or pharmacologic stimuli, coronary flow
to the myocardium is increased from its basal level to a maximal flow, rising to
280 ml for 100 g/min. Coronary flow at rest is 220–250 ml/min (70–90 ml for
100 gr myocardial tissue per min) and is about 5% of cardiac output. An in-
creased metabolic demand can only be met by augmented coronary flow.

Coronary flow reserve is the capacity to increase coronary blood flow in re-
sponse to a hyperemic stimulus and is defined as the ratio of maximal to basal
coronary flow. It is a measure of the ability of the two components of myocar-
dial perfusion, namely, epicardial stenosis resistance and microvascular resist-
ance, to achieve maximal blood flow. Since flow resistance is mainly deter-
mined by the microvasculature, coronary flow reserve reflects the microvascu-
lar repsonse to a stimulus and therefore presumably the function of the small
vessels. Coronary flow reserve is determined by measuring coronary or my-
ocardial blood flow and taking measurements both at rest (basal flow) and with
maximal hyperemia, which is achieved with an intracoronary or intravenous
infusion of adenosine or an intravenous infusion of dipyridamole.

Normal coronary flow reserve in young patients with normal arteries com-
monly exceeds 3.0; in patients undergoing cardiac catheterization with angio-
graphically normal vessels, coronary flow reserve averages 2.7±0.6.

In patients with coronary artery disease, the extent of the reduction in coro-
nary flow reserve is directly related to the severity of the stenosis, whereas in
individuals with angiographically normal arteries it is a marker of microvascu-
lar dysfunction. A coronary flow reserve of <2.0 is often considered abnormal.

Coronary Stenosis: Definition and Evaluation in Coronary 
Artery Disease

In 1959, the first coronary angiography was performed and the technique
soon became the gold standard in the evaluation of coronary artery disease.
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Coronary stenosis can be assessed by different approaches: by evaluating lu-
men reduction (anatomopathological section or CT imaging) or by measuring
the reduction in longitudinal diameter (angiography imaging) (Fig. 5.1).

Coronary angiography examines diameter reduction and quantifies coro-
nary lesions in terms of the percentage stenosis and minimal lumen diameter.

The percentage stenosis is given by the relationship between the minimal
lumen diameter resulting from the stenosis and the reference diameter up-
stream or downstream of the lesion, identified as normal. Minimal lumen di-
ameter is calculated in millimeters and is an absolute value; it is more reliable
and more consistent than percentage stenosis.

Hyperemic flux, in the animal model proposed by Gould (Fig. 5.2), begins
to decrease when an atherosclerotic plaque causes a 50% reduction in diame-
ter; implying a 75% stenosis of the lumenal area (Fig. 5.1). This is why an
atherosclerotic plaque is defined as obstructive when the vessel diameter is
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Fig. 5.1. Relationship between diameter and caliber (lumen) reduction in coronary stenosis

Fig. 5.2. Coronary flow reserve. Relationship between stenosis and microvasculature



decreased by more than 50%. However, this does not mean that the lesion will
certainly cause ischemia; rather, it is a threshold value over which the stenosis
has ischemic potential.

Coronary blood flow at rest is not significantly decreased until the diameter
of the lumen is reduced by about 90%. In the absence of coronary microcircu-
lation dysfunction or hypertrophy, coronary blood flow during exercise is re-
duced when the stenosis is severe (diameter reduction between 50 and 80%).

In many people with coronary artery disease, any revascularization strate-
gy needs to be discussed not only in anatomic terms but also regarding the
functional severity of the stenosis. Thus, it is extremely important to evaluate
patients non-invasively, since the angiographic degree of stenosis is not al-
ways of prognostic value. When there is moderate stenosis (between 50 and
80%) and non-invasive tests have confirmed myocardial ischemia, if medical
therapy is unable to stop the symptoms then the patient is referred for percuta-
neous revascularization.

If non-invasive testing does not detect myocardial ischemia, even in pa-
tients with chest pain, then a functional evaluation of stenosis should be ob-
tained. Among the many functional tests, measurement of fractional flow 
reserve (FFR) is a good way to evaluate the severity of a stenosis. In the pres-
ence of a stenosis, there is a decrement in the distal pressure that is propor-
tional to its severity. To maintain resting myocardial perfusion, arteriolar re-
sistance decreases to compensate for the pressure drop caused by the epicar-
dial stenosis. FFR estimates coronary blood flow through a stenotic artery and
is calculated by measuring the coronary pressure distal to a stenosis at con-
stant and minimal myocardial resistances (i.e., maximal hyperemia) obtained
during intracoronary adenosine infusion.

FFR is defined as the mean distal coronary pressure divided by the mean
proximal coronary or aortic pressure measured during maximal hyperemia.
Since it is calculated only at peak hyperemia, FFR differs from coronary flow
reserve by being largely independent of basal flow, driving pressure, heart
rate, systemic blood pressure, or status of the microcirculation.

A FFR of 1 is considered normal and is anomalous when < 0.75. For exam-
ple, dividing the pressure value obtained distal to the stenosis, e.g., 52 mmHg,
with the value obtained proximal to the stenosis, e.g., 101 mmHg, yields FFR
= 0.51, which is obviously anomalous.

Another parameter used to assess stenoses is Doppler flow velocity, in
which the velocity of the blood before and after the stenosis is measured us-
ing a Doppler probe. The variation in velocity is proportional to the flow
changes, assuming that vessel caliber remains the same.

The Limits of Coronary Angiography

Coronary angiography is able to identify the number, extent, and degree of
stenosis. However, one of its limitations is that it only visualizes the lumen,
whereas coronary artery disease usually affects the arterial wall. In fact,
anatomopathological studies and intravascular ultrasound (IVUS) data have
shown that angiographically normal coronary artery segments often have an
atherosclerotic burden. Moreover, many trials have shown that most coronary
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thromboses occur in a non-occluding plaque, and often in mild or moderate
stenoses. In addition, positive remodeling, which is caused by an atheroscle-
rotic plaque that extends outwardly from the vessel wall, decreases the accu-
racy of coronary stenosis evaluation by coronary angiography.

Coronary stenosis is usually evaluated according to the degree of vessel di-
ameter reduction compared to apparently normal proximal and distal vessel
segments; but, since coronary artery disease usually extends all along the
coronary arteries, there is a high chance that the referring segment also con-
tains plaque. Thus, the amount of stenosis is generally underestimated, as the
atherosclerotic burden is present throughout the vessel. In the evaluation of
coronary artery disease, it is of pivotal importance to determine the athero-
sclerotic burden as well as the biological qualitative composition of the
plaque. As many vulnerable plaques prone to rupture are non-obstructive,
they are often missed by coronary angiography, leading to the increasing need
to measure the atherosclerotic burden and to analyze the plaque’s composition
instead of the degree of stenosis. Thus, the most important prognostic factor is
the extent of atherosclerotic disease and not the degree of stenosis, as several
studies on patients who died from myocardial infarction or sudden death have
clearly established.
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