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section i

EpidEmiology and pathophysiology

INTRODUCTION

Until the beginning of 20th century, it was believed that 
coronary thrombosis was always immediately fatal. In 1910, 
two Ukrainian physicians described five patients with acute 
myocardial infarction (MI), in whom three were found to 
have coronary thrombosis at autopsy. In 1912, James Herrick 
articulated the first clear description in English of the clini-
cal syndrome of acute MI in his landmark article, “Certain 
Clinical Features of Sudden Obstruction of the Coronary 
Arteries.” Up to that time, although pathologists had made 
causal connections between thrombotic coronary occlu-
sion and degenerative changes in the myocardium, a clini-
cal syndrome of MI in surviving patients had not been 
described. The term acute coronary syndrome (ACS) that 
emerged more than eight decades later is now used to 
denote any clinical presentation suggestive of acute myo-
cardial ischemia caused by unstable ischemic heart disease. 
ACS encompasses both unstable angina (UA) and acute MI, 
in distinction from chronic stable angina. In addition, some 
clinicians have adapted use of the term ACS to imply acute 
coronary atherothrombosis, which is differentiated from 
ischemia caused by increased myocardial oxygen demand 
in the presence of stable coronary atherosclerotic lesions.

Over the past century, the classification of ACS, its epide-
miology, and our understanding of its pathobiology have 
evolved considerably.1–3 The epidemiology and natural his-
tory of MI are reviewed in Chapter 2. The pathobiology of 
ACS is discussed in Chapter 3. Both a historical perspective 
and a summary of emerging concepts regarding mecha-
nisms of myocardial ischemic injury and healing are pro-
vided in Chapter 4. Chapter 7 details the role of cardiac 
biomarkers of necrosis in the diagnosis of acute MI. In this 
chapter, we describe the evolution of the clinical classifica-
tion of ACS, including UA, non–ST-elevation MI (NSTEMI), 
ST-elevation MI (STEMI), and the additional subclassifica-
tion of the types of MI as defined in the section on Universal 

Definition of Myocardial Infarction. This chapter reflects our 
opinion that in the era of high-sensitivity assays for cardiac 
troponin (cTn), UA is a disappearing diagnostic entity.3

SPECTRUM OF UNSTABLE ISCHEMIC  
HEART DISEASE

Stable ischemic heart disease (SIHD) is most commonly 
caused by atheromatous plaque that obstructs or gradually 
narrows one or more of the epicardial coronary arteries. 
Although the clinical manifestations of SIHD are variable, 
stable angina induced by increased effort, as classically 
described by Heberden in 1772, is typically the predomi-
nant symptom. UA is characterized by an accelerated pat-
tern of increasing frequency and tempo of angina or angina 
at rest in the absence of MI. MI is defined by evidence of 
myocardial necrosis in a clinical setting consistent with 
acute myocardial ischemia. Because of the implications 
for treatment, including reperfusion therapy, MI is classified 
clinically into those cases in which the clinical presentation 
includes ST-segment elevation in 2 contiguous leads on the 
12-lead electrocardiogram (ECG) and those cases without 
ST-elevation at presentation, which are designated as NSTEMI. 
Moreover, because of their indistinguishable clinical and 
electrocardiographic features (ST-segment depressions and 
T-wave inversion) and similar management, patients with 
UA and NSTEMI are commonly grouped together by the 
term non–ST-elevation ACS (NSTE-ACS) (Figure 1-1; also see 
the section on Clinical Classification: Electrocardiography).

A nomenclature that incorporates the development of 
pathological Q waves (Q-wave MI) versus their absence 
(non–Q-wave MI) on the surface ECG is no longer deemed 
useful as part of initial management of acute MI; however, 
the presence of Q waves should be recognized as indica-
tive of late presentation of a large MI. In addition to the cat-
egories already described, MI can be classified into various 
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types, based on pathological, clinical, and prognostic differ-
ences, along with different treatment strategies (see the sec-
tion on Clinical Classification).

Unstable Angina: A Historical Perspective
In the days of Herrick’s original clinical description of MI, MI 
and angina were beginning to be recognized as manifesta-
tions of the same underlying disease process.3 Nevertheless, 
the conclusions by Russian physicians Obrastzow and 
Straschesko that “the differential diagnosis of coronary 
thrombosis from angina pectoris is made by the pres-
ence of status angiosus with coronary thrombosis and its 
absence with isolated attacks of angina pectoris” reflected 
the prevailing view at the time that these two diagnoses 
were quite distinct. This distinction began to blur by 1937, 
when Sampson and Eliaser and Feil each described several 
patients with prolonged chest discomfort at rest that dif-
fered from stable angina, and appeared sometimes to pre-
cede an acute MI.3 This pattern of symptoms was variously 
referred to as “pre-infarction angina” or “crescendo angina.” 
In 1948, Wood proposed that this “intermediate coronary 
syndrome” between stable angina and MI was caused by “a 
coronary circulation insufficient to meet the full demands 
at rest yet sufficient to prevent MI.” He recognized that, just 
as for acute MI, coronary thrombosis could be playing a role 
in this coronary insufficiency. Moreover, he observed that MI 

or death occurred in 12 of 25 patients with this intermedi-
ate coronary syndrome, whereas among 33 patients with the 
same syndrome whom he treated with oral anticoagulants, 
only 3 patients died or had an MI. It was nearly 25 years later, 
in 1971, that Fowler and colleagues introduced the term 
“unstable angina.”

At first, UA was considered to be quite rare, and as late 
as the 1950s, some experts even questioned its existence. 
Friedberg, in the leading cardiology textbook at the time, 
described these patients as “a motley group,” which he rec-
ommended should be “best classified clinically as angina 
pectoris (more or less severe or prolonged) or as MI.” 
Despite this debate, in the era predating the development 
of high-sensitivity assays for cTn, it appeared that UA was 
common. In 1991, the National Center for Health Statistics 
reported that UA was responsible for 570,000 hospitaliza-
tions annually in the United States, making UA one of the 
most common reasons for hospital admission.

In 1994, in the first published guidelines on its diagnosis 
and management, UA was defined as “a clinical syndrome 
falling between stable angina and MI.”3 Three principal clin-
ical presentations were considered to be typical of UA: (1) 
angina at rest; (2) new onset of severe exertional angina; and 
(3) distinct, often sudden, intensification of previously stable 
angina. Any one of these, in the absence of an acute MI (see 
the section on Diagnosis of Myocardial Infarction), was the 
basis for a diagnosis of UA. UA could be further classified 

Ischemic DiscomfortPresentation
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(predominantly nonthrombotic)

Acute coronary syndrome
(atherothrombotic)

No ST elevation ST elevation

Unstable angina
(demand-related)

Non-ST elevation MI
(Type 2)

Unstable angina
(thrombotic-mediated)

Non-ST elevation MI
(Type 1)

ST elevation MI
(Type 1)

Non–Q-wave MI Q-wave MI

– –+ + +

Non-ST-elevation acute coronary syndrome

FIGURE 1-1 Myocardial ischemia and infarction. Unstable ischemic syndromes may result from acute changes in either myocardial oxygen demand and/or supply. Pre-
dominantly nonthrombotically mediated events (left side) typically occur without ST-segment elevation but can result in myocardial infarction (MI) with elevated levels of cardiac 
biomarkers if the ischemia is sufficiently severe and prolonged (type 2 MI). Myocardial ischemia caused by acute coronary thrombosis (right side) may occur with or without 
ST-segment elevation. The distinction of whether MI has occurred is ultimately determined by the presence or absence of detectable elevation of circulating cardiac troponin. 
Non–Q-wave MI ultimately develops in most patients with non–ST-elevation MI (NSTEMI); Q-wave MI may develop in a few patients. MI that develops as the result of the athero-
thrombotic lesion of an acute coronary syndrome is classified as type I MI. ECG, Electrocardiography. (Adapted from Scirica BM, Morrow DA: ST-elevation myocardial infarction: 
pathology, pathophysiology, and clinical features. In Mann DL, et al, eds: Braunwald’s heart disease: a textbook of cardiovascular medicine, ed 10, Philadelphia, Saunders, 2015.)
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according to its severity, the clinical circumstances in which 
it occurred, and the presence or absence of electrocardio-
graphic ST-segment deviations (Table 1-1).

By the beginning of the 21st century, UA was firmly estab-
lished as one possible manifestation of ACS; however, ambi-
guity had begun to creep into its definition. As an example, 
the World Health Organization revision of the definition of 
MI in 2008 to 2009 characterized UA as “new or worsen-
ing symptoms of ischemia (or changing symptom pattern) 
and ischemic ECG changes…with normal biomarkers,” 
but noted that the “distinction between new angina, wors-
ening angina and unstable angina is notoriously difficult 
and based on a clinical assessment and a careful and full 
clinical history.”4 At the same time, the increasing analyti-
cal sensitivity of assays for cTn decreased the proportion of 
patients with ACS with “normal biomarkers” (see the sec-
tion on Biomarkers of Myocyte Necrosis), resulting instead 
in the diagnosis of MI.

Diagnosis of Myocardial Infarction
In 1971, the World Health Organization proposed that the 
diagnosis of MI required the presence of at least two of the 
following: (1) typical symptoms; (2) a typical ECG pattern 
involving the development of Q waves; and (3) an initial rise 
and subsequent fall in serum and/or plasma biomarkers of 
myocardial necrosis. Patients with similar clinical manifes-
tations of myocardial ischemia as UA, but who exhibited 
a typical pattern of a rise to abnormally elevated level(s) 
and subsequent fall in serum biomarkers of necrosis were 
diagnosed with MI. Subsequently, the emergence of both 
more sensitive and specific serologic biomarkers of myocar-
dial necrosis and precise imaging techniques prompted a 
reevaluation of this definition of MI. This effort resulted in an 
evolution of the definition of MI that placed greater empha-
sis on the detection of ischemic myocardial necrosis, either 
with sensitive biomarkers or with cardiac imaging.

In 2000, the First Global MI Task Force, which was a collab-
orative joint committee of the European Society of Cardiology 
and the American College of Cardiology, articulated a new 
definition of MI that was founded on the principle that “any 
amount of myocardial necrosis caused by ischemia should 

be labeled as a [myocardial] infarct.”5 In addition, this joint 
committee confirmed previous guidelines that established 
the 99th percentile in the distribution of cTn in an appar-
ently healthy population as the upper reference limit (URL) 
for diagnosis of myocardial injury (see Chapter 7). The task 
force also recognized that as a consequence of this funda-
mental premise “an individual who was formerly diagnosed 
as having severe, stable or unstable angina pectoris might 
be diagnosed today with a small MI.” These principles were 
refined by the Second Global MI Task Force in 2007, leading 
to the Universal Definition of Myocardial Infarction, which 
included a clinical classification of MI that placed empha-
sis on differentiating the various conditions that might 
lead to an MI (see the section on Clinical Classification 
of Myocardial Infarction).5 Subsequently, the 2012 Third 
Universal Definition of Myocardial Infarction responded to 
the development of even more sensitive assays for markers 
of myocardial necrosis.6

The Third Universal Definition of Myocardial Infarction for-
mulated by the European Society of Cardiology, the American 
College of Cardiology, the American Heart Association, and 
the World Heart Federation recommends that patients who 
are suspected on clinical grounds of having ACS should 
undergo serial sampling for cTn.6 An MI is defined by a typi-
cal rise and/or fall of cTn, with at least one value above the 
assay’s URL, accompanied by at least one other feature of 
ischemia (e.g., typical symptoms or ECG changes) (Table 1-2).

Biomarkers of Myocyte Necrosis
Contemporary assays for cTn, their related important analyt-
ical considerations,7 and their clinical use in the evaluation 
of patients with suspected MI are discussed in Chapter 7. This 
development of progressively more sensitive and precise 
biomarkers of myocardial necrosis has changed the epide-
miology of MI. In the 1980s and 1990s, the myocardial band 
fraction of creatine kinase (CK-MB) was deemed to be the 
most sensitive and specific biomarker. Because serial deter-
minations of CK-MB were not part of routine practice at the 
time in patients with NSTE-ACS, NSTEMI was not adequately 
excluded in many patients who were given a final diagnosis 
of UA. Therefore, the high incidence of UA reported in 1991 
was likely an overestimate.

TABLE 1-1 Original Braunwald Classification of Unstable Angina

SEVERITY

CLINICAL CIRCUMSTANCES
A B C

DEVELOPS IN PRESENCE OF 
EXTRACARDIAC CONDITION 
THAT INTENSIFIES MYOCARDIAL 
ISCHEMIA (SECONDARY UA)

DEVELOPS IN THE ABSENCE 
OF EXTRACARDIAC 
CONDITION (PRIMARY UA)

DEVELOPS WITHIN 2 
WKS AFTER ACUTE 
MYOCARDIAL 
INFARCTION 
(POSTINFARCTION UA)

I New onset of severe angina or 
accelerated angina; no pain 
at rest

IA IB IC

II Angina at rest within past 
month but not within 
preceding 48 hr (angina at 
rest, subacute)

IIA IIB IIC

III Angina at rest within 48 hr 
(angina at rest, acute)

IIIA IIIB Troponin negative
IIIB Troponin positive*

IIIC

*Now defined as myocardial infarction if cardiac troponin is more than the 99th percentile upper reference limit.
UA, Unstable angina.
Adapted from Braunwald E: Unstable angina—a classification. Circulation 80:410–414, 1989.
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The differentiation between UA and NSTEMI has proven 
to be of considerable prognostic importance. First dem-
onstrated with CK-MB, and subsequently refined with cTn, 
patients with unstable ischemic symptoms and biomarker 
evidence of myocardial necrosis (i.e., NSTEMI) are at sig-
nificantly higher risk of death or recurrent ischemic events 
compared with patients presenting with UA, in whom, by 
definition, biomarkers of necrosis are not elevated (see 
Chapter 11).

Although, in the 1970s and 1980s, CK-MB was superior to 
previously available enzymes used as biomarkers of necro-
sis (total creatine kinase, aspartate aminotransferase, and 
alanine aminotransferase), it lacked optimal sensitivity and 
specificity. In 1987, Cummins and colleagues introduced 
an assay for cardiac-specific troponin I (cTnI), and shortly 
thereafter, Katus and colleagues developed an analogous 
assay for cardiac-specific troponin T (cTnT). Troponin I and 
T are components of the troponin regulatory complex that 
is bound to actin and modulates the interaction between 
actin and myosin in myocytes. In contrast to CK-MB, tro-
ponin I and T have cardiac isoforms (cTnI and cTnT) that 
are unique to cardiac myocytes and may be measured by 
assays that use monoclonal antibodies specific to epitopes 
of the cardiac form. Because of this greater tissue specificity, 

cTn allows detection of a faint signal of release from cardiac 
myocytes against minimal background noise in the circula-
tion, and delivers considerably higher sensitivity and speci-
ficity than CK-MB.5 For example, in the TIMI 3 trial, 25% of the 
patients classified with UA, based on the absence of abnor-
mally elevated concentrations of CK-MB, had cTnI ≥0.4 ng/
ml (the cutpoint of a relatively insensitive assay from the 
mid-1990s), and therefore, should be reclassified as having 
had an NSTEMI.8 Thus, in retrospect, patients with UA made 
up a smaller percentage of patients with NSTE-ACS than had 
previously been believed.

Like the earlier classification of ACS patients based on 
CK-MB, this second wave of reclassification also appeared to 
be clinically important. Among patients with normal CK-MB, 
patients with elevated cTn were at higher risk of adverse car-
diac events than those without such elevations. In the TIMI 
11B trial, we observed a six-fold increase in death or new MI 
in patients with normal CK-MB who had elevated cTnI com-
pared with patients without such an elevation. The clinical 
relevance of such reclassification with cTn was reinforced 
by evidence that patients with ACS who had elevated cTn 
benefited more from newer therapies than did patients in 
whom cTn was not detectable. These therapies included 
an early invasive strategy (see Chapter 16), the addition of 
platelet glycoprotein IIb/IIIa inhibitors (see Chapter 19), and 
treatment with a low–molecular-weight heparin rather than 
unfractionated heparin (see Chapter 18).

Two critical trends in the clinical applications of cTn have 
since ushered in what we view as a third wave of reclassifi-
cation of ACS: (1) a move to lower diagnostic cutoffs for cTn; 
and (2) progressive improvement in the analytical precision 
of assays for cTn that has further lowered diagnostic and 
prognostic decision limits.3,5 At initial approval for clinical 
use, manufacturer-recommended cutpoints for cTn origi-
nated from comparative studies with CK-MB. However, this 
approach was flawed because the derived cutpoints were 
based on a comparison with a less sensitive test. For this 
reason, in 1999, laboratory professional guidelines recom-
mended an additional lower cutpoint based on the distribu-
tion of cTn in a healthy reference population. This approach 
of defining an upper limit of normal at the 97.5th or 99th 
percentile of a reference population is the method used to 
establish cutpoints for many clinical laboratory tests. In 2000, 
cardiology and laboratory professional guidelines endorsed 
a single cutpoint for diagnosis of MI at the 99th percentile 
URL for each assay (see Chapter 7).

However, more than 10 years after publication of the first 
Universal Definition of Myocardial Infarction, many labora-
tories have continued to report an inconclusive or sugges-
tive range using two cTn cutpoints based on the outdated 
initial proposal from laboratory guidelines and some pack-
age inserts.9,10 This practice is no longer consistent with 
present guidelines.6

The progressive improvement in analytical precision of 
assays for cTn during the past 25 years had driven both the 
limit of detection and the URL downwards. This trend is 
illustrated by the data from clinical studies that revealed the 
proportion of patients with NSTE-ACS with a positive cTn 
result, and hence, a diagnosis of NSTEMI. In 1996, in the TIMI 
3 trial, 25% of patients with UA had elevated cTnI (≥0.4 ng/
mL). A decade later, in NSTE-ACS patients enrolled into the 
MERLIN-TIMI 36 trial, which used a widely available current 
generation sensitive assay for cTnI (URL 0.04 ng/mL), we 
observed that 65% of patients with NSTE-ACS had a positive 

TABLE 1-2 Criteria for Acute Myocardial Infarction

The term acute myocardial infarction (MI) should be used when there 
is evidence of myocardial necrosis in a clinical setting consistent with 
myocardial ischemia. Under these conditions any one of the following 
criteria meets the diagnosis for MI:

 •  Detection of rise and/or fall of cardiac biomarkers (preferably cardiac 
troponin [cTn]) with at least one value above the 99th percentile upper 
reference limit (URL) and with at least one of the following:

 •  Symptoms of ischemia
 •  New significant ST-T changes or new left bundle branch block (LBBB)
 •  Development of pathological Q waves in the electrocardiogram 

(ECG)
 •  Imaging evidence of new loss of viable myocardium
 •  Identification of an intracoronary thrombus by angiography
 •  Pathological findings of an acute or a recent MI.
MI in specific settings:
 •  MI related to sudden cardiac death

Sudden, unexpected cardiac death, involving cardiac arrest, with 
symptoms suggestive of myocardial ischemia, or accompanied by 
presumably new ST elevation, or new LBBB, or evidence of fresh 
thrombus by coronary angiography and/or at autopsy, but death 
occurring before blood samples could be obtained, or at a time 
before the appearance of cardiac biomarkers in the blood.

 •  MI related to percutaneous coronary intervention (PCI)
For PCI in patients with normal baseline cTn values (≤99th percentile 
URL), PCI-related MI is arbitrarily defined by elevations of >5 × 
99th percentile URL plus either evidence of ischemia, such as 
prolonged chest pain or hemodynamic instability, ST changes or 
new pathological Q waves, angiographic loss of patency of a major 
coronary artery or a side branch, persistent slow- or no-reflow, 
or embolization or imaging demonstration of new loss of viable 
myocardium.

 •  MI related to stent thrombosis
PCI-related stent thrombosis is designated MI when detected by 
coronary angiography or autopsy in the setting of myocardial ischemia 
and with a rise and/or fall of cardiac biomarkers (preferably cTn) with 
at least one value above the 99th percentile URL.

 •  MI related to coronary artery bypass surgery
For coronary artery bypass surgery (CABG) in patients with normal 
baseline cTn values (≤99th percentile URL), procedure related MI is 
arbitrarily defined by elevations of >10 × 99th percentile URL plus 
either new pathological Q waves or new LBBB, or angiographic 
documented new graft or native coronary artery occlusion, or imaging 
evidence of new loss of viable myocardium.

From Thygesen K, Alpert JS, Jaffe AS, et al: Third universal definition of myocardial 
infarction. J Am Coll Cardiol 60:1581,2012.
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cTnI result, approximately 50% of whom would not have 
been identified with CK-MB.11 Importantly, the subgroup of 
patients who had low-level elevations in cTnI that would not 
have been detected with the previous generation cTn assay 
turned out to be at similar heightened risk of death or recur-
rent ischemic events. Using the earlier assay, these patients 
did not have detectable elevations of cTn and would there-
fore have been considered to have UA, but were later classi-
fied as NSTEMI and were found to have a commensurately 
increased risk.11

With yet another decade of evolution, high-sensitivity 
assays with improved analytical precision have progres-
sively lowered the URL and enabled detection limits as 
low as 0.0002 ng/ml (0.2 ng/L) with consequent detection 
of cTn above the URL in 82% to 99% of patients with puta-
tive UA; again, data demonstrate a graded rise in the rate 
of adverse outcomes.12,13 Such clinical studies have estab-
lished that most patients with clinical manifestations of myo-
cardial ischemia, with pain at rest, but without elevated cTnI 
by a previous generation assay, have detectable dynamic 
concentrations of circulating cTnI measured by a high-sen-
sitivity assay, and therefore, would be reclassified from UA 
to NSTEMI. Clinically, there is a need to distinguish acute 
increases in cTn that occur in MI from chronic, relatively 
stable, low-level concentrations that can exist in patients 
with SIHD or other structural heart disease, but which are 
not necessarily indicative of ACS (see Chapter 7, Table 7-2).14

CLASSICATION OF MYOCARDIAL 
INFARCTION

Pathological Description
The pathological diagnosis of MI requires evidence of myo-
cardial cell death. Characteristic findings of myocyte necro-
sis include coagulation necrosis and contraction band 
necrosis, usually with patchy areas of myocytolysis at the 
periphery of the infarction (see Figure 4-2). During the acute 
phase of MI, most of the myocyte loss occurs via coagula-
tion necrosis, with ensuing inflammation, phagocytosis of 
necrotic myocytes, and repair eventuating into scar forma-
tion (see Chapter 4).

MI can be classified pathologically on gross examina-
tion as transmural, in which myocardial necrosis involves 

the full thickness (or nearly full thickness) of the ventricu-
lar wall, and subendocardial (nontransmural) infarcts, 
in which the necrosis involves the subendocardium, the 
intramural myocardium, or both, without extending all the 
way through the ventricular wall to the epicardium (Figure 
1-2). Transmural infarction is more likely when coronary 
thrombosis is completely occlusive and is localized to the 
distribution of a single coronary artery. Subendocardial 
infarctions may result from severely narrowed, but still 
patent, coronary arteries, or when significant collateral cir-
culation to the infarcted region exists. Patchy subendocar-
dial infarction may arise from reperfusion of an originally 
occlusive thrombus with restoration of blood flow before 
the wavefront of necrosis has extended from the subendo-
cardium across the full thickness of the ventricular wall 
(see Chapter 24).

Clinical Classification
Electrocardiography
Abnormalities of the surface ECG during myocardial isch-
emia or infarction may include the PR segment, the QRS 
complex, the ST-segment, or the T-wave. The earliest manifes-
tation of myocardial ischemia is typically hyperacute T-wave 
amplitude followed by ST-segment changes. The loss of elec-
tromotive forces caused by myocardial necrosis leads to 
R-wave loss in the ECG territory of the MI. The development 
of Q-waves is a result of delayed conduction through an 
ischemic area or conduction around an area of infarction, 
leading to recording potentials from the opposite ventricu-
lar wall. Criteria for Q-waves consistent with previous MI are 
shown at the bottom of Table 1-3. Transient Q-waves may be 
observed during an episode of acute ischemia or (rarely) 
during acute MI with successful reperfusion.

The term Q-wave infarction was often used synony-
mously with transmural infarction, whereas non–Q-wave 
infarctions were believed to be indicative of subendocar-
dial infarctions. However, studies that used cardiac mag-
netic resonance imaging (see Chapter 33) indicate that the 
development of Q-waves on the ECG is influenced more 
by the size of the infarction than the extent of transmural 
involvement (see Figure 1-1). Moreover, the classification of 
MI on the basis of Q-waves has been supplanted by a focus 
on the presence or absence of initial ST-segment elevation 

Completed infarct
involving nearly the
entire area at risk

Zone of
perfusion

(area at risk)

Zone of
necrosis

Zone of
necrosis

0 Hour 2 Hours 24 Hours

Cross-section
of myocardium

Obstructed
coronary

artery

Endocardium

Nontransmural
infarction

Transmural
infarction

FIGURE 1-2 The progression of myocardial necrosis after coronary artery occlusion. Necrosis begins in a small zone of the myocardium beneath the endocardial sur-
face in the center of the ischemic zone. This entire region of myocardium (dashed outline) depends on the occluded vessel for perfusion and is the area at risk. A narrow zone 
of myocardium immediately beneath the endocardium is spared from necrosis because it can be oxygenated by diffusion from the ventricle. (Adapted from Schoen FJ, Mitchell, 
RN: The heart. In Kumar V, et al, eds: Robbins and Cotran pathologic basis of disease, ed 8. Philadelphia, Saunders, 2010.)
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(see the section on Spectrum of Ischemic Heart Disease). 
Nonetheless, the development of Q-waves during the subse-
quent evolution of an MI adds to other clinical data suggest-
ing a larger infarction.

Deviation of the ST-segment is the most consistent ECG 
finding during severe myocardial ischemia, and it is the result 
of the development of a voltage gradient between the normal 
and ischemic zones of the myocardium. The voltage gradient 
leads to a flow of current between regions of myocardium, 
resulting in the injury current recorded on the surface ECG. 
When acute ischemia is transmural, which is usually associ-
ated with complete coronary occlusion, the overall ST vec-
tor is most often shifted in the direction of the epicardial 
layers, producing ST-segment elevation. In contrast, when 
ischemia is confined to the subendocardium, the ST vector 
usually shifts toward the ventricular cavity, which results in 
ST-segment depression in the overlying leads. Clinical stud-
ies have established the benefit of immediate reperfusion 
therapy in patients with ST-segment elevation (see Chapter 
13). Because of this fundamental tie to therapeutic strategy 
for patients with acute MI, current nomenclature focuses on 
classifying patients at the time of presentation as STEMI or 
NSTEMI (see Figure 1-1). Criteria for diagnostic ST-segment 
elevation are shown in Table 1-3. Lesser degrees of ST-segment 
deviation should also be recognized by the clinician and inte-
grated into the overall clinical assessment of the patient with 
suspected MI (see Chapter 6).

Universal Definition of Myocardial Infarction 
Classification of Myocardial Infarction Type
In addition to establishing criteria for the diagnosis of MI, 
the Universal Definition of Myocardial Infarction classifies 
definite MI into various types, based on proposed patho-
logical, clinical, and prognostic differences (Table 1-4).6 
Importantly, these classifications are intended to be useful 

for determining therapeutic strategy, which is expected to 
differ, for example, between spontaneous MI and MI second-
ary to an increase in myocardial oxygen demand or coro-
nary vasospasm (Figure 1-3; also see Chapter 13).

Spontaneous Myocardial Infarction (Type 1)
Type 1 MI is an event related to atherothrombosis, including 
plaque rupture, ulceration, fissuring, erosion, or dissection, with 
resulting coronary thrombus in one or more of the coronary 
arteries (see Chapter 3). The Universal Definition of Myocardial 
Infarction also classifies distal platelet microemboli as type 1 
MI. Type 1 MI is the classic paradigm of ACS with an athero-
thrombotic cause for which early reperfusion therapy for 
STEMI and antithrombotic therapies and invasive evaluation 
for NSTEMI and STEMI are of proven benefit. Patients with type 
1 MI may have underlying severe epicardial coronary artery 
disease (CAD) but nonobstructive or minimal CAD may be 
found at angiography in 5% to 20% of patients, particularly 
among women (see the section on Myocardial Infarction with 
Nonobstructive Coronary Arteries).

Myocardial Infarction Secondary to an Ischemic 
Imbalance (Type 2)
Type 2 MI is defined as an MI that occurs as a result of 
an imbalance between myocardial oxygen supply and 
demand, which is contributed to by a condition other 
than CAD (see Figure 1-3). Type 2 MI may occur in the 
setting of stable underlying coronary atherosclerosis that 
results in supply–demand mismatch only in the context 
of increased myocardial oxygen demand or reduced 
oxygen delivery. Examples include MI in the presence of 
uncontrolled hypertension, markedly increased heart 
rate caused by arrhythmia, or severe anemia. Other con-
tributors may include respiratory failure, bradycardia, 
and hypotension. Type 2 MI also encompasses reduced 
myocardial blood oxygen supply that results from coro-
nary vasospasm, endothelial dysfunction, or coronary 

TABLE 1-3 Electrocardiographic Manifestations of 
Myocardial Infarction

ECG Manifestations of Acute Myocardial Ischemia (in Absence 
of LVH and LBBB)

ST Elevation

New ST elevation at the J point in two contiguous leads with the cutpoints:
≥0.1 mV in all leads other than leads V2 to V3
In leads V2 to V3
≥0.2 mV in men ≥40 years, and ≥0.25 mV in men <40 years, or
≥ 0.15 mV in women

ST Depression and T-Wave Changes

New horizontal or down-sloping ST depression ≥0.05 mV in two contiguous 
leads and/or T inversion ≥0.1 mV in two contiguous leads with prominent 
R wave or R/S ratio >1

ECG Changes Associated with Previous Myocardial Infarction 
(Q Waves)

 •  Any Q wave in leads V2 to V3 ≥0.02 sec or QS complex in leads V2 
and V3

 •  Q wave ≥0.03 sec and ≥ 0.1 mV deep or QS complex in leads I, II, 
aVL, aVF, or V4 to V6 in any two leads of a contiguous lead grouping 
(I, aVL, V1–V6, II, III, aVF)*

 •  R wave ≥ 0.04 sec in leads V1 toV2 and R/S ≥1 with a concordant 
positive T wave in the absence of a conduction defect

*The same criteria are used for supplemental leads V7 to V9, and for the Cabrera 
frontal plane lead grouping.
ECG, Electrocardiography; LBBB, left bundle branch block; LVH, left ventricular 
hypertrophy.
From Thygesen K, Alpert JS, Jaffe AS, et al: Third universal definition of myocardial 
infarction. J Am Coll Cardiol 60:1581,2012.

TABLE 1-4 Universal Definition Classification of 
Myocardial Infarction

Type 1: Spontaneous Myocardial Infarction

Spontaneous myocardial infarction related to ischemia caused a primary 
coronary event, such as plaque rupture, erosion, fissuring, or dissection.

Type 2: Secondary Myocardial Infarction

Myocardial infarction secondary to ischemia caused by increased oxygen 
demand or decreased supply (e.g., coronary endothelial dysfunction, 
coronary artery spasm, coronary embolism, tachy-/brady-arrhythmias, 
anemia, respiratory failure, hypotension, and hypertension with or 
without LVH).

Type 3: Myocardial Infarction Related to Sudden Cardiac 
Death

Sudden unexpected cardiac death with symptoms suggestive of myocardial 
ischemia, accompanied by presumably new ST elevation, or new LBBB, 
or evidence of fresh thrombus in a coronary artery by angiography or at 
autopsy, but death occurs before blood samples could be obtained, or at 
a time before the appearance of cardiac biomarkers in the blood

Type 4a: Myocardial Infarction Related to PCI

Type 4b: Myocardial Infarction Related to Stent Thrombosis

Type 5: Myocardial Infarction Related to CABG

CABG, Coronary artery bypass graft; LBBB, left bundle branch block; LVH, left 
ventricular hypertrophy; PCI, percutaneous coronary intervention.
From Thygesen K, Alpert JS, Jaffe AS, et al: Third universal definition of myocardial 
infarction. J Am Coll Cardiol 60:1581,2012.
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embolism, as well as ischemia that occurs in patients with 
extreme increases in myocardial oxygen demand in the 
absence of recognized coronary abnormalities (also see 
the section on Myocardial Infarction in Nonobstructive 
Coronary Arteries). Nonischemic etiologies of myocardial 
injury caused by direct myocardial toxicity of circulating 
substances in the setting of acute illness or stress-induced 
cardiomyopathy (Takotsubo myopathy) are both not clas-
sified as type 2 MI, but they may be very difficult to dis-
tinguish from myocardial ischemia because of increased 
myocardial demand (see Table 7-2).

Estimates of the proportion of MIs that are type 2 vary 
widely from 3.5% to 72%, depending on the setting and 
approaches to diagnostic categorization. Among patients 
with established ischemic heart disease and recent ACS, 
less than 5% of recurrent infarctions appear to be type 2.15 
In hospitalized patients with elevated cTn, the proportion 
of type 2 MIs increases from 10% to 30%, and among all-
comers to the emergency department who have cTn evalu-
ated, the proportion has been reported to be as high as 
approximately 70%.16 Although approaches that incorpo-
rate specific criteria for heart rate, blood pressure, hemo-
globin, and oxygenation have been proposed,17 there is no 
established gold standard for type 2 MI. Efforts to establish 
rigid criteria are likely to be unsuccessful because the 
severity of increased myocardial oxygen demand neces-
sary to cause ischemic injury will vary substantially based 
on the severity of any underlying coronary abnormalities. 
For example, a heart rate of 110 beats/min may cause isch-
emia in a patient with severe left main coronary disease, 
but others may tolerate a heart rate of 150 beats/min with-
out any ischemia. Presence of a clearly identifiable cause 
(e.g., infection, or acute change in heart rate or blood pres-
sure) or situational signs or symptoms may all be used as 
evidence for a type 2 cause. Diagnostic coronary imaging 
may not be appropriate in many cases, such as patients 
with severe noncardiac illness, but it is often helpful when 
performed.

Few studies have examined the near- and long-term 
prognosis in patients with type 2 MI. Among patients 
with established ischemic heart disease and a previous 
ACS, cardiovascular mortality associated with type 2 MI 
appears similar to that for recurrent type 1 MI (Figure 
1-4).15 Moreover, among unselected patients hospitalized 
with MI, patients with type 2 MI appear to have worse long-
term survival than patients with type 1 MI (Figure 1-5).17 

This observation may be explained by the generally older 
age and greater number of comorbid medical conditions 
in the population with type 2 MI, as well as the common 
presence of an acute noncardiac illness that contributes to 
the onset of ischemia. In general, management of type 2 MI 
should be directed at the underlying contributors to a sup-
ply–demand mismatch. Because of the poor prognosis of 
patients with type 2 MI, long-term cardiovascular risk strati-
fication is often appropriate once a primary noncardiac 
illness is treated.

Cardiac Death Caused by Myocardial Infarction (Type 3)
In some instances, patients with symptoms suggestive of 
myocardial ischemia accompanied by presumed new isch-
emic ECG changes or new left bundle branch block (LBBB) 
may experience sudden death before blood samples for 
biomarkers can be obtained or before circulating cardiac 

Plaque rupture with thrombus

Vasospasm or endothelial
dysfunction

Fixed atherosclerosis and
supply-demand imbalance

Supply-demand
imbalance alone

FIGURE 1-3 Differentiation between myocardial infarction (MI) types 1 and 2 according to the condition of the coronary arteries. Myocardial ischemia and infarc-
tion can result from various coronary disease processes, including erosion or rupture of vulnerable atherosclerotic plaque leading to acute thrombus formation and subsequent 
ischemia (type 1 MI, top), or predominantly nonthrombotic supply–demand mismatch from any of the following (type 2 MI): coronary vasospasm; increased myocardial demand 
in the setting of a fixed coronary lesion; or supply–demand imbalance in the absence of critical epicardial disease, such as in patients with microvascular disease or endothelial 
dysfunction. (From Thygesen K, Alpert JS, Jaffe AS, et al: Third universal definition of myocardial infarction. J Am Coll Cardiol 60:1581, 2012.)

Type 1 – Atherothrombotic

Type 2 – Secondary “demand”

Type 4a – PCI related

Type 4b – Stent thrombosis

Type 5 – CABG related

All MI

1 10 100

4.0

3.0

2.5

8.6

15.4

4.9

Hazard Ratio for Cardiovascular Death

FIGURE 1-4 Prognosis associated with myocardial infarction (MI) classified 
by the Universal MI Classification System. Data are from 1218 new or recurrent 
MIs occurring in a clinical trial of patients with acute coronary syndrome. Adjusted 
hazard ratio for cardiovascular (CV) death at 180 days during study follow-up by the 
universal definition of MI subtypes (type 1: spontaneous atherothrombotic; type 2: 
demand related; type 3: sudden unexpected cardiac death; type 4a: percutaneous 
coronary intervention [PCI] related; type 4b: stent thrombosis; and type 5: coronary 
artery bypass grafting [CABG] related). Referent for type 5 MI was the cohort of 
patients who underwent CABG but did not have an MI during follow-up. Analyses 
were adjusted for known risk indicators of age, sex, diabetes, hypertension, dyslip-
idemia, renal function, previous heart failure, previous MI, randomization group, 
severity of coronary artery disease at the index angiogram, and presenting syndrome 
(unstable angina, non–ST-elevation MI, or ST-elevation MI). (From Bonaca MP, Wiviott 
SD, Braunwald E, et al: American College of Cardiology/American Heart Association/
European Society of Cardiology/World Heart Federation universal definition of myo-
cardial infarction classification system and the risk of cardiovascular death: obser-
vations from the TRITON-TIMI 38 trial [Trial to Assess Improvement in Therapeutic 
Outcomes by Optimizing Platelet Inhibition With Prasugrel-Thrombolysis in Myocar-
dial Infarction 38]. Circulation 125:577–583, 2012.)
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biomarkers become elevated. In such cases of a presenta-
tion with clinical features of myocardial ischemia, or pre-
sumed new ischemic ECG changes, patients should be 
classified as having had a fatal MI, even in the absence of 
diagnostic cardiac biomarkers.

Myocardial Infarction Associated with Revascularization 
Procedures (Types 4 and 5)
Periprocedural myocardial injury or infarction may occur 
during mechanical revascularization, either by percutane-
ous coronary intervention (PCI) (type 4) or coronary artery 
bypass graft (CABG) (type 5). MIs related to PCI are further 
classified as periprocedural MI (type 4a) and stent throm-
bosis (type 4b). PCI and CABG-related MIs are arbitrarily 
defined by specific thresholds above the URL (see Table 1-2) 
in conjunction with either evidence of ischemia, demon-
strated loss of myocardium, or overt clinical complications. 
Elevated cTn values that do not meet these thresholds may 
be evident after revascularization procedures or may occur 
in the absence of clear evidence of ischemia. The Universal 
MI Committee has concluded that it is likely that limitation 
of such an injury is optimal; however, in the absence of 
overt procedural complications, a specific threshold for an 
asymptomatic rise in circulating cTn or CK-MB that is asso-
ciated with worse clinical outcomes has not been conclu-
sively defined.6

The clinical significance of periprocedural myocardial 
injury is controversial and has led to the development of 
multiple alternative definitions for types 4 and 5 MI by vari-
ous stakeholders.18 It is our interpretation of the available 
evidence that there is an increasing gradient of risk associ-
ated with increasing concentrations of CK-MB or cTn after 

coronary revascularization procedures; however, the asso-
ciated mortality risk, for type 4a MI in particular, although 
measurable, is less than that for spontaneous (type 1) MI 
(see Figure 1-4). In part, the controversy stems from seem-
ingly conflicting data from observational studies in which 
some have shown no association with adverse outcomes 
in patients with biomarker elevation post-PCI (see Chapter 
23). However, it is likely that the risk associated with peri-
procedural injury may vary across settings (e.g., elective PCI 
compared with primary PCI in STEMI). Moreover, discrimi-
nation of new periprocedural injury from elevated concen-
trations of cTn or CK-MB preprocedure, if they are caused by 
a presenting MI or chronic structural heart disease, is com-
plicated and pivotal to accurately estimating the risk associ-
ated with type 4 and type 5 MI.

Definitions that incorporate criteria for dynamic 
increases, which are clearly separate from myocardial injury 
preceding the procedure, and that use higher biomarker 
thresholds for diagnosis of MI, appear to improve specificity 
and have an association with cardiovascular mortality.19,20 
Despite the controversy, the consensus view across commit-
tees participating in the development of professional guide-
lines and/or definitions is that when associated with clinical 
evidence of ischemia (e.g., persistent ST-changes, symptoms, 
or angiographic loss of flow in a major vessel or branch), 
elevation of cTn or CK-MB establishes the diagnosis of peri-
procedural MI; however, the criteria for biomarker elevation 
differ between these recommended definitions.6,21,22

The treatment of periprocedural MI depends on the underly-
ing cause. For example, with acute stent thrombosis, immediate 
re-dilation of the occlusion with or without stenting is highly 
effective in reducing the size of the infarction. Dissection and 
side branch occlusion can be treated with dilation and stenting 
of the occlusive lesions. In most cases, a periprocedural myo-
cardial injury is silent and not detected during the procedure, 
but recognized afterwards. Specific therapeutic guidelines for 
such patients have not been developed.

Classification by Myocardial Infarction Size
In addition to classification by MI type, the Universal 
Definition Classification System also has proposed catego-
ries of MI size based on the peak concentration of the cardiac 
biomarker (cTn preferred).6 Data using both scintigraphy 
and cardiac magnetic resonance (CMR) suggest that peak 
cTn values correlate well with infarct size determined from 
imaging approaches. As for CK-MB, the correlation between 
cTn and MI size by CMR is less strong in NSTEMI than in 
STEMI. However, correlation ranges are good (0.8–0.93) 
and are better than the correlations reported for CK-MB. 
Clinicians should recognize that because of the improved 
sensitivity of cTn (compared with CK-MB) elevations rela-
tive to the URL differ between cTn and CK-MB in terms of 
the size of the infarct reflected (i.e., a twofold elevation 
of cTn reflects a substantially smaller amount of necrosis 
than a twofold elevation of CK-MB). The relative relationship 
between the two biomarkers will differ between each assay. 
As an approximation, in one comparative study of cTn and 
CK-MB based on prognosis rather than imaging of infarct 
size, a 3-fold elevation of CK-MB was equivalent in frequency 
and 1-year mortality risk to a 60-fold elevation of cTn.20 As 
discussed in Chapter 7 and Chapter 11, the risk associated 
with elevation of cTn is, nonetheless, evident at even one- to 
two-fold elevations above the URL in patients with a clinical 
syndrome consistent with myocardial ischemia (Figure 1-6).
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FIGURE 1-5 Survival among patients with type 1 and type 2 myocardial 
infarction. Data are from 20138 patients hospitalized in 2011 in Sweden with an 
acute myocardial infarction (MI) stratified into MI type 1 (88.5%) and type 2 (7.1%). 
All-cause mortality through 1 year after hospital admission is shown. The adjusted risk 
of type 1 and type 2 MI were very similar after accounting for the greater comorbid 
conditions of patients with type 2 MI. Nevertheless, the risk of death after a type 2 
MI was no less than that after a type 1 MI. CI, Confidence interval; HR, hazard ratio. 
(From Baron T, et al: Type 2 myocardial infarction in clinical practice. Heart 101:101-
106, 2015.)
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Myocardial Infarction in the Setting of Nonobstructive 
Coronary Arteries
Up to 20% (average approximately 6%) of participants in 
registries of patients with a clinical diagnosis of MI are found 
to have no evidence of obstructive epicardial coronary 
atherosclerosis at coronary angiography.23 Such patients 
with suspected MI with nonobstructive coronary arteries 
(MINOCA) are very difficult to discriminate from patients 
with nonischemic mechanisms of acute myocardial injury. 
In a meta-analysis of 28 studies, patients with MINOCA were 
more likely to be younger and female, and less likely to have 
dyslipidemia than patients with critical coronary atheroscle-
rosis. Other coronary abnormalities are moderately preva-
lent in this population. Among 402 patients with MINOCA, 
28% had inducible coronary vasospasm. CMR among 1801 
patients with suspected MINOCA revealed delayed hyperen-
hancement consistent with MI in 24% and features of myo-
carditis in 33%, illustrating the challenging clinical overlap 
between patients with probable type 2 MI and those with 
other causes of myocardial injury.23 For this reason, CMR 
imaging is emerging as a valuable tool when it becomes 
clinically important to perform additional diagnostic eval-
uation in patients with suspected MINOCA (see Chapter 
6 and Chapter 33). In general, the prognosis of patients 
with MINOCA is more favorable than that of patients with 
obstructive coronary disease, but less so in comparison to 
individuals without cardiac disease or patients with chest 
pain without MI.23 Because of the heterogeneous contribu-
tors to MINOCA, there are as yet no well-defined algorithms 
for treatment.

SUMMARY

The terminology and epidemiology that describes unstable 
ischemic heart disease continues to evolve. Current nomen-
clature has shifted in focus toward alignment with discrete 
lines of clinical management. The term ACS captures the 
spectrum of unstable angina, NSTEMI, and STEMI. Although 

present guidelines remain silent on this issue, we favor 
reserving the term ACS for unstable ischemic syndromes of 
atherothrombotic causes to differentiate patients with acute 
thrombosis from the increasingly recognized, large group of 
patients with nonthrombotic, mostly demand-related isch-
emia and infarction (see Figure 1-1).

Initial classification of the patient with suspected ACS 
should be made on the basis of the ECG to identify patients 
with STEMI who are candidates for immediate reperfusion 
therapy. Among patients with NSTE-ACS, the advent of more 
sensitive assays for cTn has shifted the epidemiology, such 
that the proportion of patients with NSTE-ACS who have 
demonstrable myocardial injury, and thus are classified 
as NSTEMI rather than UA, has steadily increased. In our 
view, when high-sensitivity assays for cTn are applied, it is 
an extremely small proportion of patients with unstable 
ischemic symptoms who do not manifest at least small 
amounts of myocardial injury, and for this reason, UA has 
all but disappeared. Because the distinction between 
UA and NSTEMI has become highly dependent on the 
particular assay used for detecting cTn, the term UA has 
increasing ambiguity and means different things to dif-
ferent people. With this shift, the epidemiology of ACS has 
come full circle back to before the 1930s when two princi-
pal manifestations of symptomatic ischemic heart disease 
were recognized: SIHD and acute MI.

Because of an accompanying increase in the heteroge-
neity of patients with MI, it has become even more impor-
tant to classify every MI. Equally important, MI must be 
distinguished from myocardial injury caused by primarily 
nonischemic causes, in which setting we advocate being 
descriptive for the purposes of clinical clarity (e.g., “myo-
cardial injury caused by decompensated heart failure” or 
“myocardial injury caused by myocarditis”). The classifi-
cation of MI based on the setting and suspected underly-
ing pathology as captured by the Universal Definition of 
Myocardial Infarction classification system is an important 
step toward defining rational pathways for treatment of the 
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varied group of patients with MI encountered in clinical 
practice. A diagnosis of “acute MI” is no longer sufficient; 
instead, for example, a diagnosis of a “type 2 NSTEMI in the 
setting of uncontrolled hypertension” is substantially more 
useful to formulating a treatment plan and communicating 
with colleagues.
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