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Ischemia refers to a lack of oxygen due to
inadequate perfusion of the myocardium,which
causes an imbalance between oxygen supply and
demand. The most common cause of myocardial
ischemia is obstructive atherosclerotic disease of

epicardial coronary arteries.
Epidemiology

Ischemic heart disease (IHD) causes more
deaths and disability and incurs greater economic
costs than any other illness in the developed world.
IHD is the most common, serious, chronic, life-
threatening illness in the United States,where >
12million persons have IHD ,>6millon have angina
pectoris ,and >7million have sustained a myocardial
infarction. A high-fat and energy-rich diet,smoking,
and a sedentary life-style are associated with the
emergence of IHD. In the United States and western .
Europe, it is growing amongst the poor rather than the

rich(who are adopting more healthful life-styles),
1
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while primary prevention has delayed the disease to
later in life in all socioeconomic groups. Obesity,
insulin resistance,and type 2 diabetes mellitus are
increasing and are powerful risk factors for IHD.
With urbanization in the developing world ,the
prevalence of risk factors for IHD is increasing
rapidly in these regions. Large increases in IHD
throughout the world are projected ,and THD is likely

to become the most common cause of death

worldwide by 2020.
Pathophysiology

Although the large epicardial coronary arteries
are capable of constriction and relaxation, in healthy
persons they serve as conduits and are referred to as
conductance vessels ,while the intramyocardial
arterioles normally exhibit changes in tone and are
therefore referred to as resistance vessels. Abnormal
constriction of the conductance vessels can cause
severe ischemia in Prinzmetal’s angina. Abnormal
constriction or failure of normal dilation of the
coronary resistance vessels can also cause ischemia.
When it causes angina this condition is referred to as
microvascular angina.

The normal coronary circulation is dominated
and controlled by the heart’s requirements for oxygen.
This need is met by the ability of the coronary
vascular bed to vary its resistance (and therefore
blood flow) considerably while the myocardium
extracts a high and relatively fixed percentage of
oxygen. Normally ,intramyocardial resistance vessels
demonstrate an immense capacity for dilation. For
example , the changing oxygen needs of the heart with
exercise and emotional stress affect coronary
vascular resistance and in this manner regulate the
supply of oxygen and substrate to the myocardium
(metabolic regulation). The coronary resistance
vessels also adapt to physiologic alterations in blood

pressure in order to maintain coronary blood flow at
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levels appropriate to myocardial needs
(autoregulation ).

By reducing the lumen of the coronary arteries,
atherosclerosis limits appropriate increases in
perfusion when the demand for flow is augmented , as
occurs during exertion or excitement. When the
luminal reduction is severe ,myocardial perfusion in
the basal state is reduced. Coronary blood flow can
also be limited by spasm,arterial thrombi,and,
rarely, coronary emboli as well as by ostial narrowing
due to luetic aortitis. Congenital abnormalities,such
as origin of the left anterior descending coronary
artery from the pulmonary artery,may cause
myocardial ischemia and infarction in infancy,but
this cause is very rare in adults. Myocardial ischemia
can also occur if myocardial oxygen demands are
markedly increased,and when coronary blood flow
may be limited,as occurs in severe left ventricular
hypertrophy due to aortic stenosis. The latter can
present with angina that is indistinguishable from
that caused by coronary atherosclerosis. A reduction
in the oxygen-carrying capacity of the blood,as in
extremely severe anemia or in the presence of
carboxyhemoglobin, rarely causes myocardial
ischemia by itself but it may lower the threshold for
ischemia in patients with moderate coronary
obstruction. Not infrequently ,two or more causes of
ischemia coexist,such as an increase in oxygen
demand due to left ventricular hypertrophy secondary
to hypertension and a reduction in oxygen supply

secondary to coronary atherosclerosis and anemia.
Clinical Manifestation

Coronary Atherosclerosis

Epicardial coronary arteries are the major site of
atherosclerotic disease. The major risk factors for
atherosclerosis[ high plasma low-density lipoprotein
(LDL) ,low plasma high-density lipoprotein(HDL),

cigarette smoking, hypertension,and diabetes mellitus
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disturb the normal functions of the vascular
endothelium. These functions include local control of
vascular tone , maintenance of an anticoagulant
surface ,and defense against inflammatory cells. The
loss of these defenses leads to inappropriate
constriction , luminal clot formation ,and abnormal
interactions with blood monocytes and platelets. The
latter results in the subintimal collections of fat,
smooth-muscle cells, fibroblasts , and intercellular
matrix (i.e.,atherosclerotic plaques),which develop at
irregular rates in different segments of the epicardial
coronary tree and lead eventually to segmental
reductions in cross-sectional area. When a stenosis
reduces the cross-sectional area by 75%,a full range
of increases in flow to meet increased myocardial
demand is not possible. When the luminal area is
reduced by=80%,blood flow at rest may be

reduced , and further minor decreases in the stenotic

orifice can reduce coronary flow dramatically and

cause myocardial ischemia.

Segmental atherosclerotic narrowing of
epicardial coronary arteries is caused most commonly
by the formation of a plaque,which is subject to
fissuring , erosion , hemorrhage ,and thrombosis. Any of

these events can temporarily worsen the obstruction,

reduce coronary blood flow,and cause clinical

manifestations of myocardial ischemia,as described
below. The location of the obstruction influences the
quantity of myocardium rendered ischemic and
determines the severity of the clinical manifestations.
Thus, critical obstructions in vessels such as the left
main coronary artery or the proximal left anterior
descending coronary artery are particularly
hazardous. Severe coronary narrowing and myocardial
ischemia are frequently accompanied by the
development of collateral vessels, especially when the
narrowing develops gradually. When well developed,
such vessels can,by themselves,provide sufficient

blood flow to sustain the viability of the myocardium
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at rest but not during conditions of increased
demand.

Once stenosis of a proximal epicardial artery has
reduced the cross-sectional area by =70% ,the distal
resistance vessels(when they function normally)
dilate to reduce vascular resistance and maintain
coronary blood flow. A pressure gradient develops
across the proximal stenosis,and poststenotic
pressure falls. When the resistance vessels are
maximally dilated , myocardial blood flow becomes
dependent on the pressure in the coronary artery
distal to the obstruction. In these circumstances
ischemia , manifest clinically by angina or
electrocardiographically by ST-segment depression,
can be precipitated by increases in myocardial
oxygen demands caused by physical activity,
emotional stress,and/or tachycardia. Changes in the
caliber of the stenosed coronary artery due to
physiologic vasomotion,loss of endothelial control of
dilation , pathologic spasm(Prinzmetal’s angina) ,or
small platelet plugs can also upset the critical
balance between oxygen supply and demand and thus
precipitate myocardial ischemia.

Effects of Ischemia

During episodes of inadequate perfusion caused
by coronary atherosclerosis, myocardial tissue oxygen
tension falls and may cause transient disturbances of
the mechanical ,biochemical ,and electrical functions
of the myocardium. The abrupt development of severe
ischemia, as occurs with total or subtotal coronary
occlusion,is associated with almost instantaneous
failure of normal muscle contraction and relaxation.
The relatively poor perfusion of the subendocardium
causes more intense ischemia of this portion of the
wall. Ischemia of large portions of the ventricle
causes transient left ventricular failure,and if the
papillary muscles are involved , mitral regurgitation
can complicate this event. When ischemia is

transient, it may be associated with angina pectoris;
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when it is prolonged, it can lead to myocardial
necrosis and scarring with or without the clinical
picture of acute myocardial infarction. Coronary
atherosclerosis is a focal process that usually causes
nonuniform ischemia. Regional disturbances of
ventricular contractility cause segmental akinesis or,
in severe cases,bulging(dyskinesia) ,which can
greatly reduce myocardial pump function.

A wide range of abnormalities in cell
metabolism, function,and structure underlie these
mechanical disturbances during ischemia. The normal
myocardium metabolizes fatty acids and glucose to
carbon dioxide and water. With severe oxygen
deprivation, fatty acids cannot be oxidized ,and
glucose is broken down to lactate ;intracellular pH is
reduced, as are the myocardial stores of high-energy
phosphates,i.e.,ATP and creatine phosphate.
Impaired cell membrane function leads to the leakage
of potassium and the uptake of sodium by myocytes.
The severity and duration of the imbalance between
myocardial oxygen supply and demand determine
whether the damage is reversible (<20 min for total
occlusion in the absence of collaterals) or whether it
is permanent , with subsequent myocardial necrosis (>
20min).

Ischemia also causes characteristic changes in
the electrocardiogram (ECG) such as repolarization
abnormalities , as evidenced by inversion of T waves
and , when more severe, by displacement of ST
segments. Transient ST-segment depression often
reflects subendocardial ischemia, while ST-segment
elevation is thought to be caused by more severe
transmural ischemia. Another important consequence
of myocardial ischemia is electrical instability ,which
may lead to ventricular tachycardia or ventricular
fibrillation. Most patients who die suddenly from IHD
do so as a result of ischemia-induced ventricular
tachyarrhythmias.

Asymptomatic versus Symptomatic IHD
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Postmortem studies on accident victims and
military casualties in western countries have shown
that coronary atherosclerosis often begins to develop
prior to age 20 and is widespread even among adults
who were asymptomatic during life. Exercise stress
tests in asymptomatic persons may show evidence of
silent myocardial ischemia,i.e.,exercise-induced
ECG changes not accompanied by angina pectoris;
coronary angiographic studies of such persons may
reveal coronary artery obstruction. Postmortem
examination of patients with such obstruction without
a history of clinical manifestations of myocardial
ischemia often shows macroscopic scars secondary to
myocardial infarction in regions supplied by diseased
coronary arteries. According to population studies,
~25% of patients who survive acute myocardial
infarction may not reach medical attention,and these
patients carry the same adverse prognosis as those
who present with the classic clinical syndrome.
Sudden death may be unheralded and is a common
presenting manifestation of IHD. Patients with ITHD
can also present with cardiomegaly and heart failure
secondary to ischemic damage of the left ventricular
myocardium that may have caused no symptoms prior
to the development of heart failure ;this condition is
referred to as ischemic cardiomyopathy. In contrast to
the asymptomatic phase of IHD ,the symptomatic
phase is characterized by chest discomfort due to
either angina pectoris or acute myocardial infarction.
Having entered the symptomatic phase,the patient
may exhibit a stable or progressive course,revert to
the asymptomatic stage,or suddenly die.

Stable Angina Pectoris

This episodic clinical syndrome is due to
transient myocardial ischemia. Males constitute~70%
of all patients with angina pectoris and an even

greater fraction of those <50 years.
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History

The typical patient with angina is a man >50
years or a woman >60 years who complains of chest
discomfort ,usually described as heaviness, pressure,
squeezing , smothering , or choking and only rarely as
frank pain. When the patient is asked to localize the
sensation , he or she will typically press on the
sternum , sometimes with a clenched fist,to indicate a
squeezing, central , substernal discomfort (Levine’s
sign). Angina is usually crescendo-decrescendo in
nature, typically lasts 2 to 5 min,and can radiate to
the left shoulder and to both arms, especially to the
ulnar surfaces of the forearm and hand. It can also
arise in or radiate to the back,interscapular region,
root of the neck,jaw,teeth,and epigastrium. Angina
is rarely localized below the umbilicus or above the
mandible.

Although episodes of angina are typically caused
by exertion(e.g. ,exercise , hurrying,or sexual
activity) or emotion(e.g.,stress,anger, fright ,or
frustration) and are relieved by rest,they may also
occur at rest (Unstable Angina Pectoris) and at night
while the patient is recumbent(angina decubitus).
The patient may be awakened at night distressed by
typical chest discomfort and dyspnea. Nocturnal
angina may be due to episodic tachycardia or to the
expansion of the intrathoracic blood volume that
occurs with recumbency ;the latter causes an increase
in cardiac size and myocardial oxygen demand that
lead to ischemia and transient left ventricular failure.

The threshold for the development of angina
pectoris may vary by time of day and emotional state.
Many patients report a fixed threshold for angina,
which occurs predictably at a certain level of
activity ,such as climbing two flights of stairs at a
normal pace. In these patients coronary stenosis and
myocardial oxygen supply are fixed and ischemia is
precipitated by an increase in myocardial oxygen

demand. In other patients the threshold for angina
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may vary considerably within any given day and from
day to day. In such patients variations in myocardial
oxygen supply,most likely due to changes in
coronary vascular tone,may play an important role. A
patient may report symptoms upon minor exertion in
the morning(a short walk or shaving) yet by midday
may be capable of much creater effort without
symptoms. Angina may also be precipitated by
unfamiliar tasks,a heavy meal, exposure to cold,or a
combination. Exertional angina is typically relieved
by rest in 1 to 5 min and even more rapidly by rest
and sublingual nitroglycerin. Indeed, the diagnosis of
angina should be suspect if it does not respond to the
combination of these two measures. The severity of
angina can be expressed by the Canadian Cardiac
Society functional classification.

Sharp, fleeting chest pain or prolonged , dull
aches localized to the left submammary area are
rarely due to myocardial ischemia. However, angina
pectoris may be atypical in location and not strictly
related to provoking factors. In addition, this symptom
may exacerbate and remit over days,weeks,or
months. Its occurrence can be seasonal ,being more
frequent in the winter in temperate climates. Anginal
“equivalents”are symptoms of myocardial ischemia
other than angina. These include dyspnea, fatigue,
and faintness and are more common in the elderly
and in diabetic patients.

Grading of Angina Pectoris According to
CCS C(lassification
Class

I  “Ordinary physical activity does not cause......

Description of Stage

angina,” such as walking or climbing stairs.
Angina occurs with strenuous,rapid,or

prolonged exertion at work or recreation.

I “Slight limitation of ordinary activity.” Angina
occurs on walking or climbing stairs rapidly;

walking uphill ;walking or stair climbing after
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M

meals;in cold,in wind,or under emotional
stress ; or only during the few hours after
awakening.Angina occurs on walking>2blocks
on the level and climbing>1flight of ordinary
stairs at a normal pace and under normal
conditions.

] “Marked limitations of ordinary physical
activity.” Angina occurs on walking 1 to 2
blocks on the level and climbing 1 flight of
stairs under normal conditions and at a normal
pace.

IV “Inability to carry on any physical activity
without discomfort”—anginal symptoms may

be present at rest.

Systematic questioning of the patient with
suspected THD is important to uncover the features of
an unstable syndrome associated with increased risk,
such as angina occurring at rest or awakening the
patient from sleep. Since coronary atherosclerosis is
often accompanied by similar diseases in other
arteries , the patient with angina should be questioned
and examined for peripheral arterial disease
(intermittent claudication, ,stroke,or transient
ischemic attacks. It is also important to uncover a
family history of premature IHD (<45 years in first-
degree male relatives and <55 in female relatives)
and the presence of diabetes mellitus,
hyperlipidemia, hypertension , cigarette smoking,and
other risk factors for coronary atherosclerosis. The
history of typical angina pectoris establishes the
diagnosis of IHD until proven otherwise. In patients
with atypical angina,the coexistence of advanced
age ,male gender,the postmenopausal state,and risk
factors for atherosclerosis increase the likelihood of
important coronary disease.

Physical Examination

This is often normal in patients with stable

angina, but it may reveal evidence of atherosclerotic
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