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Abbreviations and acronyms

ACC American College of Cardiology
ACS Acute coronary syndrome

AHA American Heart Association
ARC-2 Academic Research Consortium-2
AUC Area under the curve

CAD Coronary artery disease

CABG Coronary artery bypass grafting
CKD Chronic kidney disease

CK-MB Creatine kinase MB isoform

CMR Cardiac magnetic resonance
CTCA Computed tomographic coronary angiography
cTn Cardiac troponin

cTnl
cInT
CT
Ccv

EF
ECG
HF
hs-cTn
IFCC

ISFC

LAD
LBBB

LoD

LGE
LGE-CMR

LV

LVH

Ml
MINOCA

MONICA

MPS
NHLBI
NSTEMI
PET
PCI
POC
RBBB
SPECT
STEMI
ST-T
TIMI
TTS
UDMI
URL
WHF
WHO

Cardiac troponin |

Cardiac troponin T

Computed tomography

Coefficient of variation

Ejection fraction

Electrocardiogram or electrocardiographic
Heart failure

High-sensitivity cardiac troponin

International Federation of Clinical Chemistry and
Laboratory Medicine

International Society and Federation of Cardiology
Left anterior descending artery

Left bundle branch block;

Limit of detection

Late gadolinium enhancement

Late gadolinium enhancement cardiac magnetic
resonance

Left ventricular

Left ventricular hypertrophy

Myocardial infarction

Myocardial infarction with non-obstructive coronary
arteries

MONlItoring of trends and determinants in
CArdiovascular disease

Myocardial perfusion scintigraphy

National Heart, Lung, and Blood Institute
Non-ST-elevation myocardial infarction
Positron emission tomography

Percutaneous coronary intervention

Point of care

Right bundle branch block

Single photon emission computed tomography
ST-elevation myocardial infarction
ST-segment—T wave

Thrombolysis in Myocardial Infarction
Takotsubo syndrome

Universal Definition of Myocardial Infarction
Upper reference limit

World Heart Federation

World Health Organization
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1 What is new in the Universal Definition of Myocardial Infarction?

What's new in the universal definition of myocardial infarction?

New concepts

« Differentiation of myocardial infarction from myocardial injury.

+ Highlighting peri-procedural myocardial injury after cardiac and non-cardiac procedures as discrete from myocardial infarction.

+ Consideration of electrical remodelling (cardiac memory) in assessing repolarization abnormalities with tachyarrhythmia, pacing, and
rate-related conduction disturbances.

+ Use of cardiovascular magnetic resonance to define aetiology of myocardial injury.

+ Use of computed tomographic coronary angiography in suspected myocardial infarction.

Updated concepts

+ Type 1 myocardial infarction: Emphasis on the causal relationship of plague disruption with coronary athero-thrombosis; new Figure 3.

+ Type 2 myocardial infarction: Settings with oxygen demand and supply imbalance unrelated to acute coronary athero-thrombosis;
new Figures 4 and 5.

+ Type 2 myocardial infarction: Relevance of presence or absence of coronary artery disease to prognosis and therapy.

+ Differentiation of myocardial injury from type 2 myocardial infarction; new Figure 6.

+ Type 3 myocardial infarction: Clarify why type 3 myocardial infarction is a useful category to differentiate from sudden cardiac death.

+ Types 4-5 myocardial infarction: Emphasis on distinction between procedure-related myocardial injury and procedure-related
myocardial infarction.

+ Cardiac troponin: Analytical issues for cardiac troponins; new Figure 7.

+ Emphasis on the benefits of high-sensitivity cardiac troponin assays.

+ Considerations relevant to the use of rapid rule-out and rule-in protocols for myocardial injury and myocardial infarction.

+ Issues related to specific diagnostic change (‘delta’) criteria for the use of cardiac troponins to detect or exclude acute myocardial
injury.

+ Consideration of new non-rate-related right bundle branch block with specific repolarization patterns.

+ ST-segment elevation in lead aVR with specific repolarization patterns, as a STEMI equivalent.

+ ECG detection of myocardial ischaemia in patients with an implantable cardiac defibrillator or a pacemaker.

+ Enhanced role of imaging including cardiac magnetic resonance imaging for the diagnosis of myocardial infarction; new Figure 8.

New sections

+ Takotsubo syndrome.

+ MINOCA.

+ Chronic kidney disease.

+ Atrial fibrillation.

+ Requlatory perspective on myocardial infarction.
+ Silent or unrecognized myocardial infarction.

©ESC/ACC/AHA/WHF 2018

ECG = electrocardiogram; MINOCA = myocardial infarction with non-obstructive coronary arteries; STEMI = ST-elevation myocardial infarction.
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2 Universal definitions of myocardial injury and myocardial infarction:
summary

Universal definitions of myocardial injury and myocardial infarction

Criteria for myocardial injury

The term myocardial injury should be used when there is evidence of elevated cardiac troponin values (cTn) with at least one value above
the 99th percentile upper reference limit (URL). The myocardial injury is considered acute if there is a rise and/or fall of cTn values.

Criteria for acute myocardial infarction (types 1, 2 and 3 MI)

The term acute myocardial infarction should be used when there is acute myocardial injury with clinical evidence of acute myocardial
ischaemia and with detection of a rise and/or fall of cTn values with at least one value above the 99th percentile URL and at least one of
the following:

+ Symptoms of myocardial ischaemia;

+ New ischaemic ECG changes;

+ Development of pathological Q waves;

+ Imaging evidence of new loss of viable myocardium or new regional wall motion abnormality in a pattern consistent with an

ischaemic aetiology;

« |dentification of a coronary thrombus by angiography or autopsy (not for types 2 or 3 MIs).
Post-mortem demonstration of acute athero-thrombosis in the artery supplying the infarcted myocardium meets criteria for type 1 M.
Evidence of an imbalance between myocardial oxygen supply and demand unrelated to acute athero-thrombosis meets criteria for type 2 M.
Cardiac death in patients with symptoms suggestive of myocardial ischaemia and presumed new ischaemic ECG changes before cTn
values become available or abnormal meets criteria for type 3 MI.

Criteria for coronary procedure-related myocardial infarction (types 4 and 5 MI)

Percutaneous coronary intervention (PCI) related Ml is termed type 4a M.
Coronary artery bypass grafting (CABG) related Ml is termed type 5 MI.
Coronary procedure-related MI <48 hours after the index procedure is arbitrarily defined by an elevation of cTn values > 5 times for
type 4a Ml and > 10 times for type 5 Ml of the 99th percentile URL in patients with normal baseline values. Patients with elevated
pre-procedural cTn values, in whom the pre-procedural cTn level are stable (< 20% variation) or falling, must meet the criteria for
a>5or>10 fold increase and manifest a change from the baseline value of >20%. In addition with at least one of the following:
» New ischaemic ECG changes (this criterion is related to type 4a Ml only);
+ Development of new pathological Q waves;
+ Imaging evidence of loss of viable myocardium that is presumed to be new and in a pattern consistent with an ischaemic aetiology;
+ Angiographic findings consistent with a procedural flow-limiting complication such as coronary dissection, occlusion of a major
epicardial artery or graft, side-branch occlusion-thrombus, disruption of collateral flow or distal embolization.
Isolated development of new pathological Q waves meets the type 4a Ml or type 5 Ml criteria with either revascularization procedure if
cTn values are elevated and rising but less than the pre-specified thresholds for PCl and CABG.
Other types of 4 Ml include type 4b Mi stent thrombosis and type 4c Mi restenosis that both meet type 1 Ml criteria.
Post-mortem demonstration of a procedure-related thrombus meets the type 4a M criteria or type 4b M criteria if associated with a stent.

«©

Criteria for prior or silent/unrecognized myocardial infarction §
T

=

Any one of the following criteria meets the diagnosis for prior or silent/unrecognized MI: B
+ Abnormal Q waves with or without symptoms in the absence of non-ischaemic causes. s

+ Imaging evidence of loss of viable myocardium in a pattern consistent with ischaemic aetiology. <

+ Patho-anatomical findings of a prior MI. g

CABG = coronary artery bypass grafting; cTn = cardiac troponin; ECG = electrocardiogram; Ml = myocardial infarction; PCl = percutaneous coronary intervention; URL =

upper reference limit.
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3 Introduction

In the late 19th century, post-mortem examinations demonstrated a
possible relationship between thrombotic occlusion of a coronary
artery and myocardial infarction (MI)." However, it was not until the
beginning of the 20th century that the first clinical descriptions
appeared describing a connection between the formation of a throm-
bus in a coronary artery and its associated clinical features.> Despite
these landmark observations, considerable time elapsed before gen-
eral clinical acceptance of this entity was achieved, in part due to one
autopsy study that showed no thrombi in the coronary arteries of
31% of deceased patients with an M1.* The clinical entity was referred
to as coronary thrombosis, although use of the term ‘MI’ ultimately
prevailed. Over the years, several different definitions of Ml have
been used, leading to controversy and confusion. Hence, a general
and worldwide definition for Ml was needed. This occurred for the
first time in the 1950-70s, when working groups from the World
Health Organization (WHO) established a primarily electrocardio-
graphic (ECG)-based definition of Ml intended for epidemiological
use.” The original description, with minor modifications, is still used in
epidemiological surveys (Figure 1).6~®

With the introduction of more sensitive cardiac biomarkers, the
European Society of Cardiology (ESC) and the American College of

Cardiology (ACC) collaborated to redefine Ml using a biochemical
and clinical approach, and reported that myocardial injury detected
by abnormal biomarkers in the setting of acute myocardial ischaemia
should be labelled as ML’ The principle was further refined by the
Global MI Task Force, leading to the Universal Definition of
Myocardial Infarction Consensus Document in 2007, introducing a
novel Ml classification system with five subcategories.'® This docu-
ment, endorsed by the ESC, the ACC), the American Heart
Association (AHA), and the World Heart Federation (WHF), was
adopted by the WHO."" The development of even more sensitive
assays for markers of myocardial injury made further revision of the
document necessary, particularly for patients who undergo coronary
procedures or cardiac surgery. As a result, the Joint ESC/ACC/AHA/
WHF Task Force produced the Third Universal Definition of
Myocardial Infarction Consensus Document in 2012."

Studies have shown that myocardial injury, defined by an elevated
cardiac troponin (cTn) value, is frequently encountered clinically and is
associated with an adverse prognosis.”*'* Although myocardial injury
is a prerequisite for the diagnosis of M|, it is also an entity in itself. To
establish a diagnosis of M, criteria in addition to abnormal biomarkers
are required. Non-ischaemic myocardial injury may arise secondary to
many cardiac conditions such as myocarditis, or may be associated
with non-cardiac conditions such as renal failure." Therefore, for

Epidemiological Approach

Clinical Approach

ESC ACC
Re-
definition

Third
UDMI
Definition

First Fifth ISFC WHO Fourth
WHO WHO WHO MONICA UDMI UDMI
Definition Definition || Definition || Definition Definition Definition
I I I I I I I
1950 1960 1970 1980 1990 2000 2010 2020

AHA - ESC - WHF - NHLBI
Clinical and
epidemiological definition

©ESC/ACC/AHA/WHF 2018

Figure | History of documents on the definition of myocardial infarction. ACC = American College of Cardiology; AHA = American Heart
Association; ESC = European Society of Cardiology; ISFC = International Society and Federation of Cardiology; MONICA = MONItoring of trends
and determinants in CArdiovascular disease; NHLBI = National Heart, Lung, and Blood Institute; UDMI = Universal Definition of Myocardial
Infarction; WHF = World Heart Federation; WHO = World Health Organization.
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patients with increased cTn values, clinicians must distinguish whether
patients have suffered a non-ischaemic myocardial injury or one of the
Ml subtypes. If there is no evidence to support the presence of myo-
cardial ischaemia, a diagnosis of myocardial injury should be made.
This diagnosis can be changed if subsequent evaluation indicates crite-
ria for ML The current Fourth Universal Definition of Myocardial
Infarction Consensus Document reflects these considerations through
adhering to the clinical approach of the definition of M.

Clinical criteria for Ml

The clinical definition of MI denotes the presence of acute myo-
cardial injury detected by abnormal cardiac biomarkers in the set-
ting of evidence of acute myocardial ischaemia.

4 Pathological characteristics of
myocardial ischaemia and
infarction

Ml is defined pathologically as myocardial cell death due to prolonged
ischaemia. Diminished cellular glycogen, and relaxed myofibrils and
sarcolemmal disruption, are the first ultrastructural changes and are
seen as early as 10-15 min after the onset of ischaemia.'®
Mitochondrial abnormalities are observed as early as 10 min after
coronary occlusion by electron microscopy and are progressive.'” It
can take hours before myocyte necrosis can be identified by post-
mortem examination in humans; this is in contrast to animal models,
in which biochemical evidence of myocardial cell death due to apop-
tosis can be detected within 10 min of induced myocardial ischaemia
in association with myocyte death.”® Experimentally, necrosis pro-
gresses from the subendocardium to the subepicardium over several
hours. The time course may be prolonged by increased collateral
flow, reduced determinants of myocardial oxygen consumption, and
intermittent occlusion/reperfusion, which can precondition the
heart."® Timely implementation of reperfusion therapy, when appro-
priate, reduces ischaemic injury of the myocardium."”*°

5 Biomarker detection of
myocardial injury and infarction
Cardiac troponin | (cTnl) and T (cTnT) are components of the con-

tractile apparatus of myocardial cells and are expressed almost exclu-
sively in the heart”" Increases in cTnl values have not been

reported to occur following injury to non-cardiac tissues. The situa-
tion is more complex for cTnT. Biochemical data indicate that injured
skeletal muscle expresses proteins that are detected by the cTnT
assay, leading to some situations where elevations of cTnT could
emanate from skeletal muscle.> >’ Recent data suggest that the fre-
quency of such elevations in the absence of ischaemic heart disease
2829

may be higher than originally thought.”>*" cTnl and cTnT are the pre-

ferred biomarkers for the evaluation of myocardial injury,'>2"?23°
and high-sensitivity (hs)-cTn assays are recommended for routine
clinical use.?? Other biomarkers, e.g. creatine kinase MB isoform
(CK-MB), are less sensitive and less specific.3’ Myocardial injury is
defined as being present when blood levels of cTn are increased
above the 99th percentile upper reference limit (URL).">*"?%3° The
injury may be acute, as evidenced by a newly detected dynamic rising

and/or falling pattern of cTn values above the 99th percentile URL,

Criteria for myocardial injury

Detection of an elevated cTn value above the 99th percentile
URL is defined as myocardial injury. The injury is considered
acute if there is a rise and/or fall of cTn values.

or chronic, in the setting of persistently elevated cTn levels.

Although elevated cTn values reflect injury to myocardial cells,
they do not indicate the underlying pathophysiological mechanisms,
and can arise following preload-induced mechanical stretch or phys-
iological stresses in otherwise normal hearts.>** Various causes
have been suggested for the release of structural proteins from the
myocardium, including normal turnover of myocardial cells, apopto-
sis, cellular release of cTn degradation products, increased cellular
wall permeability, the formation and release of membranous blebs,
and myocyte necrosis.””>> Yet, it is not clinically possible to distin-
guish which increases of cTn levels are due to which mechanisms.>
However, regardless of the mechanism, acute myocardial injury,
when associated with a rising and/or falling pattern of cTn values with
at least one value above the 99th percentile URL and caused by myo-
cardial ischaemia, is designated as an acute MIL'>*"?23% Histological
evidence of myocardial injury with myocyte death can be detected in
clinical conditions associated with non-ischaemic mechanisms of
myocardial injury as well*”® (Figure 2).

Myocardial ischaemic or non-ischaemic conditions associated with
increased cTn values are presented in Table 1. The complexity of clin-
ical circumstances may sometimes make it difficult to discriminate
specific individual mechanism(s) of myocardial injury. In this situation,
the multifactorial contributions resulting in myocardial injury should
be described in the patient record.
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No myocardial injury?

Increased cTn =
myocardial injury®

©ESC/ACC/AHA/WHF 2018

Figure 2 Spectrum of myocardial injury, ranging from no injury to myocardial infarction. Various clinical entities may involve these myocardial cate-
gories, e.g. ventricular tachyarrhythmia, heart failure, kidney disease, hypotension/shock, hypoxaemia, and anaemia. cTn = cardiac troponin; URL =
upper reference limit. *No myocardial injury = cTn values < 99th percentile URL or not detectable. "Myocardial injury = cTn values > 99th percentile
URL. “Myocardial infarction = clinical evidence of myocardial ischaemia and a rise and/or fall of cTn values > 99th percentile URL.
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Table I Reasons for the elevation of cardiac troponin
values because of myocardial injury

Myocardial injury related to acute myocardial ischaemia

Atherosclerotic plague disruption with thrombosis.

Myocardial injury related to acute myocardial ischaemia
because of oxygen supply/demand imbalance

Reduced myocardial perfusion, e.q.
+ Coronary artery spasm, microvascular dysfunction
+ Coronary embolism
+ Coronary artery dissection
+ Sustained bradyarrhythmia
+ Hypotension or shock
+ Respiratory failure
+ Severe anaemia

Increased myocardial oxygen demand, e.g.
+ Sustained tachyarrhythmia
+ Severe hypertension with or without left ventricular
hypertrophy

Other causes of myocardial injury

Cardiac conditions, e.g.
+ Heart failure
+ Myocarditis
+ Cardiomyopathy (any type)
+ Takotsubo syndrome
+ Coronary revascularization procedure
« Cardiac procedure other than revascularization
+ Catheter ablation
+ Defibrillator shocks
« Cardiac contusion

Systemic conditions, e.q.
+ Sepsis, infectious disease
+ Chronic kidney disease
« Stroke, subarachnoid haemorrhage
+ Pulmonary embolism, pulmonary hypertension
+ Infiltrative diseases, e.g. amyloidosis, sarcoidosis
+ Chemotherapeutic agents
+ Critically ill patients
+ Strenuous exercise

©ESC/ACC/AHA/WHF 2018

For a more comprehensive listing, see?”

6 Clinical presentations of
myocardial infarction

Onset of myocardial ischaemia is the initial step in the development
of MI and results from an imbalance between oxygen supply and
demand. Myocardial ischaemia in a clinical setting can most often be
identified from the patient’s history and from the ECG. Possible
ischaemic symptoms include various combinations of chest, upper
extremity, mandibular, or epigastric discomfort during exertion or at

rest, or an ischaemic equivalent such as dyspnoea or fatigue. Often,
the discomfort is diffuse; not localized, nor positional, nor affected by
movement of the region. However, these symptoms are not specific
for myocardial ischaemia and can be observed in other conditions
such as gastrointestinal, neurological, pulmonary, or musculoskeletal
complaints. Ml may occur with atypical symptoms such as palpitations
or cardiac arrest, or even without symptoms.' Very brief episodes
of ischaemia too short to cause necrosis can also cause cTn release
and elevations. The involved myocytes can subsequently die due to
apoptosis.42

If myocardial ischaemia is present clinically or detected by ECG
changes together with myocardial injury, manifested by a rising and/
or falling pattern of cTn values, a diagnosis of acute Ml is appropriate.
If myocardial ischaemia is not present clinically, then elevated cTn lev-
els may be indicative of acute myocardial injury if the pattern of values
is rising and/or falling, or related to more chronic ongoing injury if the
pattern is unchanging."* Similar considerations are relevant when
evaluating events that are potentially related to procedures that may
cause myocardial injury and/or MI. Additional evaluations may lead to
a need for the initial diagnosis to be revised.

Patients with suspected acute coronary syndrome (ACS) that are
ruled out for Ml with normal cardiac biomarker values (< 99th per-
centile URL) may have unstable angina or an alternative diagnosis.

These patients should be evaluated and treated accordingly.'"*?

7 Clinical classification of
myocardial infarction

For the sake of immediate treatment strategies such as reperfusion
therapy, it is usual practice to designate Ml in patients with chest dis-
comfort or other ischaemic symptoms, who develop new ST-
segment elevations in two contiguous leads or new bundle branch
blocks with ischaemic repolarization patterns as an ST-elevation Ml
(STEMI) (see section 27). In contrast, patients without ST-segment
elevation at presentation are usually designated non-ST-elevation Ml
(NSTEMI). The categories of patients with STEMI, NSTEMI, or unsta-
ble angina are customarily included in the concept of ACS. In addition
to these categories, Ml may be classified into various types based on
pathological, clinical, and prognostic differences, along with different
treatment strategies.

7.1 Myocardial infarction type 1

Ml caused by atherothrombotic coronary artery disease (CAD) and
usually precipitated by atherosclerotic plaque disruption (rupture or
erosion) is designated as a type 1 M. The relative burden of athero-
sclerosis and thrombosis in the culprit lesion varies greatly, and the
dynamic thrombotic component may lead to distal coronary emboli-
zation resulting in myocyte necrosis.***> Plaque rupture may
not only be complicated by intraluminal thrombosis but also by
haemorrhage into the plaque through the disrupted surface
(Figure 3).44%
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Figure 3 Myocardial infarction type 1.

Criteria for type 1 Ml

Detection of a rise and/or fall of cTn values with at least one
value above the 99th percentile URL and with at least one of the
following:

Symptoms of acute myocardial ischaemia;

New ischaemic ECG changes;

Development of pathological Q waves;

Imaging evidence of new loss of viable myocardium or new

regional wall motion abnormality in a pattern consistent with
an ischaemic aetiology;
e |dentification of a coronary thrombus by angiography includ-

ing intracoronary imaging or by autopsy.®

cTn = cardiac troponin; ECG = electrocardiogram; URL = upper
reference limit.

?Post-mortem demonstration of an atherothrombus in the artery
supplying the infarcted myocardium, or a macroscopically large cir-
cumscribed area of necrosis with or without intramyocardial hae-
morrhage, meets the type 1 Ml criteria regardless of cTn values.

It is essential to integrate the ECG findings with the aim of classify-
ing type 1 Mlinto STEMI or NSTEMI in order to establish the appro-

priate treatment according to current Guidelines.***’

7.2 Myocardial infarction type 2
The pathophysiological mechanism leading to ischaemic myocardial
injury in the context of a mismatch between oxygen supply and

demand has been classified as type 2 MI."®"? By definition, acute athe-
rothrombotic plaque disruption is not a feature of type 2 Ml. In
patients with stable known or presumed CAD, an acute stressor
such as an acute gastrointestinal bleed with a precipitous drop in hae-
moglobin, or a sustained tachyarrhythmia with clinical manifestations
of myocardial ischaemia, may result in myocardial injury and a type 2
MI. These effects are due to insufficient blood flow to the ischaemic
myocardium to meet the increased myocardial oxygen demand of
the stressor. Ischaemic thresholds may vary substantially in individual
patients depending on the magnitude of the stressor, the presence of
non-cardiac comorbidities, and the extent of underlying CAD and
cardiac structural abnormalities.

Studies have shown variable occurrences of type 2 Ml depending
on criteria used for diagnosis. Some reports rely on specific predeter-

; . L 484
mined oxygen mismatch criteria,*®*?

whereas others apply more lib-
eral criteria. Most studies show a higher frequency of type 2 Ml in
women. The short- and long-term mortality rates for patients with
type 2 Ml are generally higher than for type 1 Ml patients in most but
not all studies due to an increased prevalence of comorbid con-
ditions.**~>” Coronary atherosclerosis is a common finding in type 2
MI patients selected for coronary angiography. In general, these
patients have a worse prognosis than those without CAD.>*~>’
Prospective evaluations of the importance of CAD with type 2 Ml
using consistent definitions and approaches are needed.

It has been shown that the frequency of ST-segment elevation in
type 2 Ml varies from 3—24%.> In some cases, coronary embolism
caused by thrombi, calcium or vegetation from the atria or ventricles,

or acute aortic dissection may result in a type 2 MI. Spontaneous
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coronary artery dissection with or without intramural haematoma is
another non-atherosclerotic condition that may occur, especially in
young women. It is defined as spontaneous dissection of the coronary
artery wall with accumulation of blood within the false lumen, which
can compress the true lumen to varying degrees (Figure 4).>°

hypertrophy. In patients who undergo timely coronary angiography,
description of a ruptured plaque with thrombus in the infarct-related
artery may be helpful in making the distinction between type 2 Ml vs.
type 1 M, but angiography is not always definitive, clinically indicated,
or required to establish the diagnosis of type 2 Ml.

All of the clinical information available should be considered in dis-

tinguishing type 1 Ml from type 2 MI. The context and mechanisms of
type 2 Ml should be considered when establishing this diagnosis
(Figure 5). The myocardial oxygen supply/demand imbalance attribut-

Criteria for type 2 Mi

Detection of a rise and/or fall of cTn values with at least one
value above the 99th percentile URL, and evidence of an imbal-
ance between myocardial oxygen supply and demand unrelated
to coronary thrombosis, requiring at least one of the following:

able to acute myocardial ischaemia may be multifactorial, related
either to: reduced myocardial perfusion due to fixed coronary athe-
rosclerosis without plaque rupture, coronary artery spasm, coronary

microvascular dysfunction (which includes endothelial dysfunction,
Symptoms of acute myocardial ischaemia;

New ischaemic ECG changes;
Development of pathological Q waves;
Imaging evidence of new loss of viable myocardium or new

smooth muscle cell dysfunction, and the dysregulation of sympathetic
innervation), coronary embolism, coronary artery dissection with or
without intramural haematoma, or other mechanisms that reduce
oxygen supply such as severe bradyarrhythmia, respiratory failure
with severe hypoxaemia, severe anaemia, and hypotension/shock; or

regional wall motion abnormality in a pattern consistent with
an ischaemic aetiology.

to increased myocardial oxygen demand due to sustained tachyar-

rhythmia or severe hypertension with or without left ventricular

Myocardial Infarction Type 2

Atherosclerosis and oxygen
supply/demand imbalance

Vasospasm or coronary
microvascular dysfunction

Non-atherosclerotic
coronary dissection

L]
%
U

Oxygen supply/demand
imbalance alone
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Figure 4 Myocardial infarction type 2.
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Figure 5 Framework for type 2 myocardial infarction considering the clinical context and pathophysiological mechanisms attributable to acute

myocardial ischaemia. The illustration above is modified from Januzzi and Sandova

It appears advisable in the acute setting to treat the underlying
ischaemic imbalance of oxygen supply and demand. This treatment
may include volume adjustment, blood pressure management, admin-
istration of blood products, heart-rate control, and respiratory sup-
por't.47’48 Depending on the clinical situation, coronary evaluations
may be indicated to assess the likelihood of CAD. If it is present, the
MI Guidelines may be applied in accordance with the ECG findings of
STEMI or NSTEML**” However, if CAD is absent, the benefits of
cardiovascular risk reduction strategies with type 2 Ml remain
uncertain.

7.3 Myocardial infarction type 2 and
myocardial injury

Type 2 Ml and myocardial injury are frequently encountered in clini-
cal practice and both are related to a poor outcome, 314495156
A conceptual model to facilitate the clinical distinction between acute
ischaemic myocardial injury with or without an acute atherothrom-
botic event (type 1 or type 2 MI) vs. conditions without acute ischae-
mic myocardial injury is displayed in Figure 6. Acute Ml requires a
rising and/or falling pattern of cTn values. Acute myocardial injury
may also manifest such a pattern but if the injury is related to struc-
tural heart disease, the cTn values may be stable and unchanging.

lS9

Type 2 Ml and non-ischaemic myocardial injury may coexist. It should
be recognized that some disease entities may be on both sides of the
diagram, e. g. acute heart failure that may occur in the context of
acute myocardial ischaemia. Nevertheless, abnormal cTn values in
the setting of acute and/or chronic heart failure are often better cate-
gorized as a myocardial injury condition. Few studies have compared
the incidence and clinical features of type 2 Ml vs. myocardial injury
without acute myocardial ischaemia.

7.4 Myocardial infarction type 3

The detection of cardiac biomarkers in the blood is fundamental for
establishing the diagnosis of ML%12 However, patients can manifest a
typical presentation of myocardial ischaemia/infarction, including pre-
sumed new ischaemic ECG changes or ventricular fibrillation, and die
before it is possible to obtain blood for cardiac biomarker determina-
tion; or the patient may succumb soon after the onset of symptoms
before an elevation of biomarker values has occurred. Such patients
are designated as having a type 3 MI, when suspicion for an acute
myocardial ischaemic event is high, even when cardiac biomarker evi-
dence of Ml is lacking.'®"? This category allows the separation of fatal
Ml events from the much larger group of sudden death episodes that
may be cardiac (non-ischaemic) or non-cardiac in origin. When a
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Figure 6 A model for interpreting myocardial injury. Ischaemic thresholds vary substantially in relation to the magnitude of the stressor and the
extent of underlying cardiac disease. Ml = myocardial infarction; URL = upper reference limit. *Stable denotes < 20% variation of troponin values in
the appropriate clinical context. ®lschaemia denotes signs and/or symptoms of clinical myocardial ischaemia.

type 3 Ml is diagnosed and a subsequent autopsy reveals recent evi-
dence of an M, with a fresh or recent thrombus in the infarct-related
artery, the type 3 Ml should be reclassified to a type 1 M. Original
investigations addressing the incidence of type 3 Ml are sparse, but a
study showed an annual incidence below 10/100000 person-years
and a frequency of 3 — 4% among all types of MI.%°

Criteria for type 3 Ml

Patients who suffer cardiac death, with symptoms suggestive of
myocardial ischaemia accompanied by presumed new ischaemic
ECG changes or ventricular fibrillation, but die before blood sam-
ples for biomarkers can be obtained, or before increases in car-
diac biomarkers can be identified, or Ml is detected by autopsy
examination.

8 Coronary procedure-related
myocardial injury

Cardiac procedural myocardial injury related to coronary revasculari-
zation procedures, whether percutaneous coronary intervention
(PCI) or coronary artery bypass grafting (CABG), may be temporally
related to the procedure itself, reflecting periprocedural issues, or
may occur later reflecting complications of a device, such as early or
late stent thrombosis or in-stent restenosis for PCl, or graft occlusion
or stenosis with CABG. Late gadolinium enhancement (LGE) cardiac
magnetic resonance (CMR) allows assessment of procedural myocar-
dial injury.t"~®* When quantifying procedural injury using LGE-CMR
before and shortly after PCI or CABG, it was found that 32% of
patients had evidence of procedural myocardial injury.63 Furthermore,
it has been shown that patients with elevation of cTnl values after PCI
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or after CABG have evidence of procedural myocardial injury on
CMR imaging.®" For that reason, increased cTn values detected fol-
lowing a coronary revascularization procedure may reflect procedural
myocardial injury. Of importance, if the baseline value before the pro-
cedure is above the 99th percentile URL, it is essential that cTn levels
are stable prior to the evaluation in order to reliably establish the pres-
ence of acute procedural myocardial injury. It is not possible to deter-
mine, when intervening in a patient with an acute Ml event resulting in
an increased cTn level, how much of any given increase is related to
the Ml and how much is due to the procedure.

Criteria for cardiac procedural myocar-
dial injury

Cardiac procedural myocardial injury is arbitrarily defined by
increases of cTn values (> 99th percentile URL) in patients with
normal baseline values (< 99th percentile URL) or a rise of cTn
values >20% of the baseline value when it is above the 99th per-
centile URL but it is stable or falling.

A large proportion of patients have abnormal values of cTn after
PCl, ranging from ~20— 40% in stable CAD to 40 — 50% in ML.** The
occurrence of procedural myocardial injury can be detected by the
measurement of cTn before the procedure and repeated 3—6 h
later. Where the second value is rising, further sampling should be
performed to document the peak cTn value. Increasing levels after
the procedure can only be attributed with certainty to procedural
myocardial injury when the pre-procedural cTn values are normal
(< 99th percentile URL), or if they are stable or falling. For patients
that present with an ACS and undergo a prompt coronary revascula-
rization procedure resulting in only a single pre-procedural baseline
value that is normal or mildly elevated, followed by subsequent post-
procedural values that continue to increase, the post-procedural
increase should be attributed to the index event. Recent data corrob-
orate the importance of elevated pre-procedure cTn values as a
prognostic marker in patients that have values that rise after the pro-
cedure.®® To diagnose procedural myocardial injury in the clinical set-
ting of only a single pre-procedural cTn value, the cardiac Tn values
would need to be stable or falling post-procedure, followed by a sub-
sequent increase that exceeds the 99th percentile URL, and if the
value has not returned to baseline, the increase should be > 20%
with an absolute value > the 99th percentile URL.

9 Myocardial infarction associated
with percutaneous coronary
intervention (type 4a myocardial
infarction)

Stand-alone post-procedural increases of cTn values are sufficient to
establish a diagnosis of procedural myocardial injury but not for the
diagnosis of type 4a MI. Type 4a Ml requires an elevation of cTn val-
ues greater than five times the 99th percentile URL in patients with

normal baseline values or, in patients with elevated pre-procedure
cTninwhom the cTn levels are stable (< 20% variation) or falling, the
post-procedure cTh must rise > 20% to an absolute value more than
five times the 99th percentile URL. In addition, there should be evi-
dence of new myocardial ischaemia, either from ECG changes, imag-
ing evidence, or from procedure-related complications associated
with reduced coronary blood flow such as coronary dissection,
occlusion of a major epicardial artery or a side branch occlusion/
thrombus, disruption of collateral flow, slow flow or no-reflow, or
distal embolization. The use of hs-cTn assays to diagnose type 4a Ml
(and type 5 Ml) is an area of active research. Many hs-cTn assays are
available, which have wide dynamic ranges. Different criteria may be
required for different assays. However, it has recently been shown
that the optimal hs-cTnT thresholds to predict cardiovascular events
at 30 days and 1 year were very close to the five-fold increase sug-
gested by the Third Universal Definition of Myocardial infarc-
tion.'*%¢” These criteria are therefore retained because of a lack of
new scientific evidence that identifies superior criteria for defining
this Ml subtype. Other criteria that meet the definition of type 4a Ml,
regardless of hs-cTn or cTn values, are the development of new
pathological Q waves or autopsy evidence of recent procedure-
related thrombus in the culprit artery.

Criteria for PCl-related Ml < 48 h
after the index procedure

(type 4a Ml)

Coronary intervention-related Ml is arbitrarily defined by an ele-
vation of cTn values more than five times the 99th percentile
URL in patients with normal baseline values. In patients with ele-
vated pre-procedure cTn in whom the cTn level are stable
(<£20% variation) or falling, the post-procedure cTn must rise by
>20%. However, the absolute post-procedural value must still be
at least five times the 99th percentile URL. In addition, one of the
following elements is required:

e New ischaemic ECG changes;

e Development of new pathological Q waves;”

e Imaging evidence of new loss of viable myocardium or new
regional wall motion abnormality in a pattern consistent with
an ischaemic aetiology;

e Angiographic findings consistent with a procedural flow-limit-
ing complication such as coronary dissection, occlusion of a
major epicardial artery or a side branch occlusion/thrombus,
disruption of collateral flow, or distal embolization.?

“Isolated development of new pathological Q waves meets the
type 4a Ml criteria if cTn values are elevated and rising but more
than five times the 99th percentile URL.

PPost-mortem demonstration of a procedure-related thrombus
in the culprit artery, or a macroscopically large circumscribed
area of necrosis with or without intra-myocardial haemorrhage
meets the type 4a Ml criteria.
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10 Stent/scaffold thrombosis
associated with percutaneous
coronary intervention (type 4b
myocardial infarction)

A subcategory of PCl-related Ml is stent/scaffold thrombosis, type 4b
MI, as documented by angiography or autopsy using the same criteria
utilized for type 1 M. It is important to indicate the time of the occur-
rence of the stent/scaffold thrombosis in relation to the timing of the
PCI procedure. The following temporal categories are suggested:
acute, 0—24 h; subacute, > 24 h to 30 days; late, > 30 days to 1 year;
and very late > 1 year after stent/scaffold implantation.®®

11 Restenosis associated with
percutaneous coronary
intervention (type 4c myocardial
infarction)

Occasionally Ml occurs and—at angiography, in-stent restenosis, or
restenosis following balloon angioplasty in the infarct territory—is
the only angiographic explanation since no other culprit lesion or
thrombus can be identified. This PCl-related Ml type is designated as
type 4c MI, defined as focal or diffuse restenosis, or a complex lesion
associated with a rise and/or fall of cTn values above the 99th percen-
tile URL applying, the same criteria utilized for type 1 ML.

12 Myocardial infarction
associated with coronary artery
bypass grafting (type 5 myocardial
infarction)

Numerous factors can lead to procedural myocardial injury during a
CABG procedure. Many of them are related to the details of the car-
diac preservation, the extent of the direct traumatic injury to the
myocardium, as well as any potential ischaemic injury. For that rea-
son, increases in cTn values should be expected after all CABG pro-
6970 which need to be taken into account when comparing
the extent of procedural myocardial injury after cardiac surgery with
that associated with less invasive approaches. Depending on whether
it is off-pump or on-pump surgery, procedural myocardial injury is
observed among 32 —44% of CABG patients when quantified by
LGE-CMR."®® The area under the curve (AUC) and routine cTn
sampling has demonstrated an excellent linear relationship with the
mass of the new injury as defined by LGE-CMR. AUC for CK-MB is
also good, although clearly inferior to cTnl®’ However, these rela-

cedures,

tionships vary depending on the nature of the procedure, the nature
of the cardioplegia, and the specific assay used to measure cTn. Very
high cTn values are most often associated with coronary artery-
related events.®"***? Thus, although cardiac biomarkers and

especially cTn appear robust for the detection of procedural myocar-
dial injury and also, in the presence of new myocardial ischaemia, for
the detection of type 5 MI, a specific cut-off value for all procedures
and all cTn assays is difficult to define. However, in order to ensure
consistency with the analogous standards of the preceding definition
of type 5 MI'?
identifies superior criteria for defining this Ml subtype, it is suggested
that a cTn value > 10 times the 99th percentile URL is applied as the
cut-off point during the first 48 h following CABG, occurring from a

and because of the lack of new scientific evidence that

normal baseline cTn value (< 99th percentile URL), for diagnosing
type 5 ML It is important that the post-procedural elevation of cTn
values is accompanied by ECG, angiographic, or imaging evidence of
new myocardial ischaemia/new loss of myocardial viability.”" The
higher cut-off of Ml after CABG than after PCI (10 times vs. 5 times
the 99th percentile URL) has been arbitrarily selected due to the
occurrence of more unavoidable myocardial injury during surgery
than during PCI.

It should be recognized that ST-segment deviation and T wave
changes are common after CABG due to epicardial injury, and are
not reliable indicators of myocardial ischaemia in this setting.
However, ST-segment elevation with reciprocal ST-segment depres-
sion or other specific ECG patterns may be a more reliable finding of
a potential ischaemic event.

Criteria for CABG-related MI < 48 h
after the index procedure (type 5 MIl)

CABG-related Ml is arbitrarily defined as elevation of cTn values
> 10 times the 99th percentile URL in patients with normal base-
line cTn values. In patients with elevated pre-procedure cTn in
whom cTn levels are stable (< 20% variation) or falling, the post-
procedure cTn must rise by > 20%. However, the absolute post-
procedural value still must be > 10 times the 99th percentile
URL. In addition, one of the following elements is required:

e Development of new pathological Q waves;”

e Angiographic documented new graft occlusion or new native
coronary artery occlusion;

e |maging evidence of new loss of viable myocardium or new
regional wall motion abnormality in a pattern consistent with
an ischaemic aetiology.

%lsolated development of new pathological Q waves meets the
type 5 Ml criteria if cTn values are elevated and rising but < 10
times the 99th percentile URL.

Marked isolated elevation of cTn values within the 48 h post-
operative period, even in the absence of ECG/angiographic or other
imaging evidence of MI, indicates prognostically significant cardiac
procedural myocardial injury.”? The presence of significant proce-
dural myocardial injury in patients with operative problems (e.g. diffi-
culty coming off bypass, technically difficult anastomoses in a heavily
calcified aorta, of perioperative evidence of myocardial ischaemia,
etc.) should prompt clinical review of the procedure and/or consider-
ation of additional diagnostic testing for possible type 5 MI.
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13 Other definitions of myocardial
infarction related to percutaneous
coronary intervention or coronary
artery bypass grafting

There is no universal consensus on the cTn or hs-cTn cut-off points
that clearly distinguish cardiac procedural myocardial injury from Ml.
The distinction is made on the basis of an injury created by a flow-
limiting complication during the procedure that results in sufficient
myocardial ischaemia to generate a procedure-related Ml. The size of
the insult will determine the magnitude of the cTn release. Various
groups have used multiples of the 99th percentile URL and set
thresholds to diagnose periprocedural Mis for clinical trials.*®”3
Unless a standard assay is used for all analyses, given the heterogene-
ity of cTn assays, this approach could lead to very different values
depending on the assay used locally. The Academic Research
Consortium-2 (ARC-2) suggests a post-procedural cTn value > 35
times the 99th percentile URL for both PCl and CABG in patients
that have a normal baseline c¢Tn value or in patients with elevated
pre-procedure cTn values in whom the cTn levels are stable or falling.
ARC-2 proposes that one ancillary criterion be required in addition
to the > 35 cTn rise to fulfill the definition of periprocedural MI. The
ancillary criteria are one or more of the following: new significant Q
waves (or equivalent), flow-limiting angiographic complications in a
major epicardial vessel or > 1.5 mm diameter branch, or a substantial
new loss of viable myocardium on echocardiography related to the
procedure.®® Furthermore, ARC-2 has defined stand-alone criteria
for significant procedural myocardial injury if the rise in cTn is > 70
times the 99th percentile URL (where the baseline is lower than the
URL, elevated and stable, or falling).®®

14 Recurrent myocardial
infarction

Incident Ml is defined as the individual’s first MI. When features of MI
occur in the first 28 days after an incident event, the second event is
not counted as a new Ml for epidemiological purposes. If characteris-
tics of Ml occur after 28 days following an incident M, it is considered
to be a recurrent ML

15 Re-infarction

The term re-infarction is used clinically for an acute Ml that occurs
within 28 days of an incident or recurrent MI" The ECG diagnosis of
suspected re-infarction following the initial MI may be confounded by
the initial evolutionary ECG changes. Re-infarction should be consid-
ered when ST-elevation > 1 mm recurs or new pathognomonic Q
waves appear in at least two contiguous leads, particularly when asso-
ciated with ischaemic symptoms. However, re-elevation of the ST-
segment can also be seen in threatened myocardial rupture or in
cases of pericarditis, and should lead to additional diagnostic
evaluation.

In patients where re-infarction is suspected from clinical signs or
symptoms following the initial Ml, an immediate measurement of cTn

is recommended. A second sample should be obtained 3—6 h later or
earlier with more sensitive cTn assays. If the cTn concentration is ele-
vated, but stable or decreasing at the time of suspected re-infarction,
the diagnosis of re-infarction requires a > 20% increase of the cTn
value in the second sample.”? If the initial cTn concentration is nor-
mal, the criteria for new acute Ml apply.'”

16 Myocardial injury and
infarction associated with cardiac
procedures other than
revascularization

Cardiac procedures such as transcatheter valve interventions may
cause myocardial injury, both by direct trauma to the myocardium
and by creating regional ischaemia secondary to coronary obstruc-
tion or embolization. Ablation of arrhythmias involves controlled
procedural myocardial injury by application of warming or cooling of
the tissue. The extent of procedural myocardial injury can be
assessed by serial cTn measurements. Increases of cTn values in this
context should be considered as a procedural myocardial injury and
not labelled as an MI unless the biomarker criteria and one of the
ancillary criteria for acute myocardial ischaemia listed for type 5 Ml

are present.”>’®

17 Myocardial injury and
infarction associated with
non-cardiac procedures

Perioperative Ml is one of the most important complications in major
non-cardiac surgery and it is associated with a poor prognosis.””’®
Most patients who have a perioperative Ml will not experience
ischaemic symptoms due to anaesthesia, sedation, or pain relieving
medications. Nevertheless, asymptomatic perioperative Ml is as
strongly associated with 30 day mortality as symptomatic MI.””’®
Knowledge about hs-cTn values at baseline can help to identify
patients having chronic cTn elevation before surgery, as well as those
at increased risk during and after the procedure.””®° Measurement of
hs-cTn in post-operative samples reveals that as many as 35% of
patients have levels above the 99th percentile URL, and 17% have an
elevation and a rising pattern of values indicative of evolving myocar-
dial injury.®" Those with a rising pattern of elevated hs-cTn values are
at particular risk; the greater the rise, the greater the risk %%

The pathophysiological mechanism of perioperative Ml is subject
to debate. It is recognized that the perioperative period is character-
ized by increased cardiac metabolic demand that may lead to Ml in
patients with otherwise stable CAD.2*® Thus, an angiographic inves-
tigation has identified demand myocardial ischaemia as the predomi-
nant aetiology of perioperative MI2*3> which together with a rise
and/or fall of cTn values indicates type 2 MI. However, other angio-
graphic studies have detected coronary plaque rupture in ~50-60%
of patients with perioperative MI,2#” which qualifies as type 1 MI. On
the other hand, perioperative myocardial injury without ancillary
ischaemic evidence indicative of Ml is a common complication after
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non-cardiac surgery that is associated with substantial short- and
long-term mortality on a level with perioperative MI.2

Post-operative cTn surveillance is recommended for high-risk indi-
viduals. In order to properly interpret the aetiology of elevated post-
operative values, a baseline pre-operative value is necessary to deter-
mine whether the increase is acute or more chronic. However, a
diagnosis of Ml still requires, in addition to an increase of cTn values,
evidence of myocardial ischaemia that may be evident from the peri-
and post-operative period, e.g. ST-segment changes on telemetry/
ECG, repeated episodes of hypoxia, hypotension, tachycardia, or
imaging evidence of MI. In the absence of evidence for acute myocar-
dial ischaemia, a diagnosis of acute myocardial injury is more appro-
priate. Ongoing research suggests the possibility that interventions
may be helpful in this clinical situation.

18 Myocardial injury or infarction
associated with heart failure

Depending on the assay used, detectable to clearly elevated cTn val-
ues being indicative of myocardial injury may be seen in patients with
heart failure (HF), both with reduced ejection fraction (EF) and with
preserved EF.8 Using hs-cTn assays, measurable hs-cTn concentra-
tions may be present in nearly all patients with HF, with a significant
percentage exceeding the 99th percentile URL, particularly in those
patients with more severe HF syndromes, such as in acutely decom-
pensated HF.2

Beyond type 1 MI, multiple mechanisms have been proposed to
explain measurable to pathologically elevated cTn concentrations in
patients with HF.%%7 For example, type 2 Ml may result from
increased transmural pressure, small-vessel coronary obstruction,
endothelial dysfunction, anaemia, or hypotension. Besides type 1 Ml
or type 2 MI, cardiomyocyte apoptosis and autophagy due to wall
stretch have been experimentally demonstrated. Direct cellular tox-
icity related to inflammation, circulating neurohormones, and infiltra-
tive processes may present with HF and abnormal cTn
measurements indicating myocardial injury. Finally, exocytosis of the
early releasable cytosolic troponin pool into the blood stream from
stressed cardiomyocytes has also been suggested as a cause of ele-
vated cTn values.®

In the context of an acutely decompensated HF presentation, cTn
should always be promptly measured and the ECG recorded, with
the goal of identifying or excluding myocardial ischaemia as the pre-
cipitant. In this setting, elevated cTn values should be interpreted
with a high level of suspicion for type 1 Ml if a significant rise and/or
fall of the marker is seen, especially if it is accompanied by chest dis-
comfort or other symptoms suggestive of myocardial ischaemia, and/
or if new ischaemic ECG changes or loss of myocardial function on
non-invasive testing are found. Shortness of breath, the cardinal
symptom of acutely decompensated HF, may be an ischaemic equiva-
lent, but in the absence of corroborating evidence for a coronary
mechanism, caution is advised in its interpretation. Coronary artery
anatomy may be known and this knowledge may be used to interpret
abnormal cTn results. However, further information—such as renal
function, myocardial perfusion studies, coronary angiography, or

CMR—is often required to better understand the cause of deviant
cTnvalues.

19 Takotsubo syndrome

Takotsubo syndrome (TTS) can mimic Ml and is found in ~1—2% of
patients presenting with suspected STEMIL’® The onset of TTS is
often triggered by intense emotional or physical stresses, such as
bereavement. Over 90% of patients are post-menopausal women.
Cardiovascular complications occur in ~50% of patients presenting
with TTS, and the inpatient mortality is similar to STEMI (4 — 5%) due
to cardiogenic shock, ventricular rupture, or malignant (':\erhythmias.c)O
TTS usually presents similar to ACS. ST-segment elevation is fre-
quent (44%), but the extent of the ST-segment elevation is usually
widespread across the lateral and precordial leads, beyond that of a
single coronary artery distribution. ST-segment depression occurs in
< 10% of patients and after 12 — 24 h, deep, symmetric T wave inver-
sion and QTc prolongation are typically observed.”"

There are usually transient elevations in cTn levels (> 95% of
cases), but the peak cTn values observed are modest, and contrast
with the large territory of ECG changes or left ventricular (LV) dys-
function. The rise and fall in cTn levels support an acute myocardial
injury, secondary to the high catecholamine surges that are known to
trigger cTn release from cardiomyocytes. Coronary vasospasm, high
myocardial strain hypercontractility, or high ventricular afterload may
also contribute to myocardial ischaemia. The diagnosis of TTS should
be suspected when the clinical manifestations and ECG abnormalities
are out of proportion to the degree of elevation of cTn values, and
when the distribution of the LV wall motion abnormalities does not
correlate with a single coronary artery distribution. However, coro-
nary angiography and ventriculography are often needed to secure
the diagnosis.

In most cases, the coronary arteries are angiographically normal,
and where CAD is present (~15% cases) it is not sufficient to explain
the observed pattern of regional wall motion abnormalities. Left ven-
triculography during catheterization and/or echocardiography may
show a variety of LV regional wall motion abnormalities including api-
cal (82% of patients), mid-ventricular (14.6%), basal (2.2%), or focal
(1.5%) akinesis or hypokinesis in a circumferential pattern involving
more than one coronary artery territory. Evidence of myocardial
oedema is often seen on CMR imaging during the acute phase but
LGE is usually absent. The recovery time for LV function varies from
hours to several weeks.”> Cardiac function may not return to normal,
with persisting abnormalities of diastolic function, myocardial reserve
during exercise, or rhythm disturbances at long-term follow-up in
10—-15% of patients. In the absence of recovery of regional wall
motion abnormalities, LGE-CMR is recommended to exclude Ml
with spontaneous recanalization.

The distinction between Ml and TTS can be challenging, particu-
larly when concurrent CAD is present (15% in the International
Takotsubo Registry).”" Two additional features that are helpful in dis-
tinguishing TTS from acute MI are QTc prolongation > 500 ms
during the acute phase and the recovery of LV function over
2—4 weeks. There are rare cases described where Ml and TTS
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coexist, e.g. Ml-induced TTS or TTS with secondary plaque rupture,
but this occurs where the acute regional wall motion abnormalities
are more extensive than the culprit coronary artery territory, and ful-
fil the pattern and definition of TTS.”*

20 Myocardial infarction with
non-obstructive coronary arteries

It is increasingly recognized that there is a group of Ml patients with
no angiographic obstructive CAD (> 50% diameter stenosis in a
major epicardial vessel), and the term myocardial infarction with non-
obstructive coronary arteries (MINOCA) has been coined for this
entity.”>?® The diagnosis of MINOCA, like the diagnosis of Ml indi-
cates that there is an ischaemic mechanism responsible for the myo-
cyte injury (i.e. non-ischaemic causes such as myocarditis have been
excluded). Furthermore, the diagnosis of MINOCA necessitates that
obstructive CAD has not been inadvertently overlooked (e.g. sponta-
neous coronary artery dissection). The prevalence of MINOCA is
estimated to be 6 — 8% among patients diagnosed with Ml and more
common in women than men, as well as in patients presenting with
NSTEMI compared with those presenting with STEMI ¢~
Atherosclerotic plaque disruption and coronary thrombosis may be
a cause of MINOCA, i.e. type 1 MI. However, coronary spasm and
spontaneous coronary dissection may be involved as well, i.e. type 2
MI, along with other possible causes. Additional coronary imaging
and functional testing methods may be useful to elucidate the mecha-
nisms of ischaemia in MINOCA.*

21 Myocardial injury and/or
infarction associated with kidney
disease

Many patients with chronic kidney disease (CKD) have elevation of
cTn values.”>'® With hs-cTn assays, the majority of patients with
end-stage renal disease will have elevation of hs-cTn values above the
99th percentile URL %197 This is particularly the case for hs-cTnT,
which is more often elevated compared with hs-cTnl.”>'%% It has
been shown using hs-cTn assays that renal dysfunction is commonly
associated with cardiovascular abnormalities.”®* "% In autopsy stud-
ies, elevation of cTn values was invariably associated with evidence of
myocardial injury.”® Recently, a minor effect on renal clearance of
cTn has been shown when levels are low, but not in response to
acute episodes of myocardial injury.'® The mechanisms include
increased ventricular pressure, small-vessel coronary obstruction,
anaemia, hypotension, and possibly direct toxic effects on the myo-
cardium associated with the uraemic state.%? Cardiomyocyte apopto-
sis and autophagy due to acute wall stretch have been demonstrated
experimentally.18 Thus, baseline elevation of cTn values is common,
and because they reflect myocardial injury, such elevation is highly
prognostic over time.”

Diagnosing Ml in patients with CKD and elevated cTn levels may
be difficult if symptoms or ECG changes indicating myocardial ischae-
mia are absent. However, studies suggest that serial changes in cTn
levels are equally effective in diagnosing Ml in patients with CKD and
in those with normal renal function.'® If the level of elevated cTn val-
ues is unchanging, and the timing of the event makes a rising and/or
falling pattern unlikely, the elevated level, even if substantial, is likely a
reflection of chronic myocardial injury. This does not imply that these
patients are free of CAD, since renal dysfunction and CAD are corre-
lated. However, if a rising and/or falling pattern is present then the
aetiology of the abnormal cTn values could be acute volume over-
load, congestive HF, or ML. If a rising and falling pattern is seen, and it
is accompanied by ischaemic symptoms, new ischaemic ECG
changes, or loss of viable myocardium on imaging, a diagnosis of acute
Ml is likely. There are no data to suggest that different criteria for the
cTn decision levels are needed for these patients. At times, additional
imaging studies may be necessary to determine the appropriate diag-
nosis. It should be noted that if CKD patients present late after the
onset of chest pain, it may be difficult to observe a rise and/or fall of
cTn values in the short-term, particularly when the baseline value is
elevated. Such a situation should not obviate the diagnosis of Ml
when the clinical evidence is strong.

22 Myocardial injury and/or
infarction in critically ill patients

Elevations of cTn values are common in patients in the intensive care
unit and are associated with adverse prognosis regardless of the
underlying disease state.'””"'% Some elevation of cTn values may
reflect type 2 Ml due to underlying CAD and increased myocardial
oxygen demand,'® whereas in other patients, type 1 Ml may occur
because of plaque disruption leading to thrombosis in a coronary
artery. However, other patients may have elevated cTn values and
marked decreases in EF due to sepsis caused by endotoxin, with
myocardial function recovering completely with normal EF once the
sepsis is treated. It is frequently challenging for the clinician caring for
a critically ill patient with a severe single organ or multiorgan patho-
logical condition to decide on a plan of action when the patient has
elevated cTn values. If and when the patient recovers from the critical
illness, clinical judgement should be employed to decide whether,
and to what extent, further evaluation for CAD or structural heart

disease is indicated."°

23 Biochemical approach for
diagnosing myocardial injury and
infarction

cTnl and cTnT are the preferred biomarkers recommended to
both rule in and rule out myocardial injury, and thus to define Ml and
each specific subtype of MI."*?2233" Detection of a rise and/or fall of
cTn values is essential, and a key early component along with other
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Figure 7 |llustration of early cardiac troponin kinetics in patients after acute myocardial injury including acute myocardial infarction. The timing of
biomarker release into the circulation is dependent on blood flow and how soon after the onset of symptoms samples are obtained. Thus, the ability
to consider small changes as diagnostic can be problematic. In addition, many comorbidities increase cTn values and, in particular, hs-cTn values, so
that elevations can be present at baseline even in those with myocardial infarction who present early after the onset of symptoms. Changes in cTn

values or deltas can be used to define acute compared with chronic events, and the ability to detect these is indicated in the figure. Increased cTn val-
ues can often be detected for days after an acute event. cTn = cardiac troponin; URL = upper reference limit.

elements of the clinical evaluation to establish the diagnosis of acute
MI. Criteria for determining a pathological rise between two serial
cTn values are assay-dependent and continue to evolve. An idealized
view of troponin kinetics in patients with acute Ml is shown in
Figure 7.

[t should be appreciated that because biomarker release is sub-
stantially dependent on blood flow,"""""? there is significant variabil-
ity in the time to peak value (velocity), the time when a normal value
may become greater than the 99th percentile URL, or when a chang-
ing pattern of values can be observed. The ability to define a changing
pattern will also depend on timing. For example, around peak values,
it may be difficult to observe a changing pattern of values. Similarly,
the downslope of the time—concentration curve is much slower than
the upslope. These issues need to be taken into account when defin-
ing whether or not a changing pattern is present. In addition, it is
important to make sure that a given change is greater than can be
anticipated by variability alone. This is defined for conventional cTn
assays as a change greater than or equal to three times the standard

deviation around the measurement of the individual assay at relevant
values."*** For hs-cTn assays, biological variation also needs to be
considered. In most studies, conjoint analytical and biological varia-
tion is in the range of 50 — 60%.

For that reason, this percentage has been suggested for use when
initial baseline values are < the 99th percentile URL>**™"""3
However, for individuals with an initial value greater than the 99th
percentile URL, a lesser degree of change during serial measurements
is necessary to achieve improved clinical sensitivity (as compared
with individuals with initial values < the 99th percentile URL). Thus,
an expert consensus group has recommended serial changes > 20%
be used in this situation.”” Absolute changes are assay dependent but
appear superior to relative per cent changes with hs-cTn assays,' "™
and in some studies this is especially the case when the initial value is
increased.”” The use of a fixed absolute value change criteria trans-
lates into a smaller percentage or relative change as absolute values
rise, and therefore provides greater sensitivity. The use of a changing
pattern is important in allowing clinicians to differentiate an acute
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from a chronic cTn increase above the 99th percentile URL.'™""

Using criteria less than conjoint analytical and biological variation will
reduce the clinical specificity of hs-cTn assays.'"*"'® An imprecision
of < 10% coefficient of variation (CV) at the 99th percentile URL is
also mandatory for hs-cTn assays.>’ The use of non-hs-cTn assays
that do not have imprecision (< 10% CV at the 99th percentile URL)
makes the determination of a significant serial change more difficult
but does not cause false positive results. Assays with CVs between
10—20% are acceptable for clinical use. However, assays with CVs >
20% at the 99th percentile URL should not be used.""”

If a cTn assay is not available, the best alternative is CK-MB meas-
ured by a mass assay. As with cTn, an increased CK-MB value is
defined as a measurement above the 99th percentile URL, which is
designated as the decision level for the diagnosis of MI. Sex-specific

CK-MB values should be employed.""®

24 Analytical issues of cardiac
troponins

The analytical sensitivity [limit of detection (LoD)] of cTnl and cTnT
assays varies 10-fold.>"""? Because assays are not standardized, values
from one assay cannot be directly compared with those from
another assay. Furthermore, values may be different between assay
generations'?® and changes can even occur when the same assay
reagents are measured on different instruments.”>' Thus, clinicians
must learn about their local assay and should look for reliable infor-
mation, e.g. available on the International Federation of Clinical
Chemistry and Laboratory Medicine (IFCC) website (http://www.
ifcc.org/executive-board-and-council/eb-task-forces/task-force-on-cli
nical-applications-of-cardiac-bio-markers-tf-cb/), when they have
questions concerning analytical issues. The current guidelines accom-
modate all assays, whether hs-cTn, contemporary (conventional)
cTn, or point of care (POC) cTn. While hs-cTn assays are able to
measure relatively low values and document small increases above
the 99th percentile URL, many contemporary and POC cTn assays
may not detect small increasing values within the reference interval
or slightly above the 99th percentile URL, leading to substantial differ-
ences in the frequency of events based solely on the cTn assay used.
These differences are amplified when multiples of the 99th percentile
URL are used. At present, IFCC guidelines support the concept that
hs-cTn assays are differentiated from contemporary or POC cTn
assays by their ability to measure cTn values above the assay’s LoD in
> 50% of healthy individuals.>"""®""?"?2 This provides a rough esti-
mate of assay sensitivity. It is recommended that values for cTn assays
be reported as whole numbers in nanograms per litre to avoid inter-
pretation problems associated with multiple zeros and decimal points
that can often result in confusion.’ Clinicians should avoid mixing
the units from contemporary assays with those from hs-cTn assays.
Al assays, including cTn assays, have some analytical problems result-
ing in false positive and false negative results, but these are uncom-
mon (< 0.5%).** These problems are less common with hs-cTn
assays.”?

Conjoint biological and analytical variation of hs-cTn assays is in
the range of 50-60%."* When values are elevated, analytical varia-
tion is less and a value of 20% can be used to determine that values
are stable in the proper clinical context. For example, changes may

be difficult to observe over short periods of time in those who
present early after the onset of symptoms of acute MI, those who
present late and are on the downslope of the time-concentration
curve, and those who have values near peak where they may be tran-

sitioning from a rising to a falling pa’ctern.1 13,123

25 The 99th percentile upper
reference limit

The 99th percentile URL is designated as the decision level for the
presence of myocardial injury and must be determined for each spe-
cific assay with quality control materials used at the URL to validate
appropriate assay imprecision. The cTn assay 99th percentile URL
values used in clinical practice and research can be found both in
manufacturers’ package inserts, in peer-reviewed publications, and
on the IFCC website.""®"%° Clinicians should be aware that for all
cTn assays, including hs-cTn assays, there is still no expert opinion or
consensus about specific criteria for how the 99th percentile URL
should be defined.** We endorse IFCC guidelines on the technical
issues related to hs-cTn assays, including how studies should be con-
figured to determine 99th percentile URLs."* The guidelines include
the clinical or surrogate biomarker screening that may be needed to
better define the 99th percentile URL and the statistical methods
that can be applied, but do not include a requirement for cardiac
imaging.120 Screening of apparently healthy subjects with imaging has
been shown to lower the observed 99th percentile URL value, but is
not a practical standard for the in vitro diagnostic industry to
use."?*1% Thus, there is the possibility of false negative values using
the manufacturer’s reported 99th percentile URL values. hs-cTn
assays demonstrate shifts to higher values for the 99th percentile
URL in association with comorbidities and age over > 60
years.1°1’125’127 However, at present, age-dependent cut-off points
are not recommended for clinical use. Clinicians should rely instead
on changing values during serial measurements of cTn for the diagno-
sis of acute myocardial injury, including M. Significantly lower values
are observed among women compared with men, and therefore sex-
specific 99th percentile URLs are recommended for hs-cTn
assays.“’”s’120 For some hs-cTn assays, sex-specific cut-off values
have been reported to improve diagnostic and prognostic informa-
tion in patients with possible acute MI.'2812% However, there is con-
troversy as to whether this approach provides valuable additional

information for all hs-cTn assays.'*°

26 Operationalizing criteria for
myocardial injury and infarction

Blood samples for the measurement of cTn should be drawn on first
assessment (designated as O h) and repeated 3 —6 h later, or earlier
with hs-cTn assays. The sampling interval will impact the clinical cut-
off at baseline and what is determined to be a pathological rise and/or
fall of the biomarker. Sampling beyond 6 h may be required if further
ischaemic episodes occur, or in high-risk patients. To establish the
diagnosis of an acute M, a rise and/or fall in cTn values with at least
one value above the 99th percentile URL is required, coupled with a
high clinical and/or ECG likelihood of myocardial ischaemia. hs-cTn
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assays shorten the time to diagnosis in many patients to within 3 h of
onset of symptoms, but there are still some patients who may rule in
late (at 6 h)."*" Furthermore, some patients with acute myocardial
injury presenting late after the onset of acute Ml (> 12—-18 h) and
who are on the downslope of the time-concentration curve may
require longer periods of time for a changing pattern to be
detected.”" In addition, it should be noted that with the implementa-
tion of cTn and hs-cTn assays, the frequency of unstable angina will
decrease and the diagnosis of NSTEMI will increase.”**"** The magni-
tude of these changes using hs-cTn assays have been reported in the
range of 18 —30%."** Assuming proper timing of symptoms, acute
ischaemia should result in a change in hs-cTn; however, there may be
patients in whom it is difficult to ascertain the timing of symptom
onset. Thus, despite typical chest discomfort, these patients may have
hs-cTn values that are not elevated. Other patients with symptoms
suggestive of unstable angina may have increased hs-cTn values as a
result of structural heart disease with or without acute myocardial
ischaemia. This latter group may be particularly difficult to distinguish
from patients presenting with late NSTEMI with a slow decline in tro-
ponin values that can be observed in late presenters.’®' Finally, some
patients may manifest a changing pattern of troponin values with a
magnitude that does not exceed the delta suggested for diagnosis or
who fail to manifest a value greater than the 99th percentile URL.
This is a group of patients that deserves close scrutiny because they
may be at high risk. The triage of these patients can only be accom-
plished based on clinical evaluation.

Strategies employing either very low levels of hs-cTn on presenta-
tion or the lack of any change and persistently normal hs-cTn values
over a 1—2 h period after presentation have been advocated to
exclude acute myocardial injury, and Ml as well. A single sample rule
out strategy using a very low value (in many cases the LoD of the
assay) has high sensitivity for myocardial injury and therefore high
negative predictive value to exclude MI."*> This strategy should not
be used in those who present early, i.e. < 2 h after the onset of chest
discomfort. Some studies indicate that the single sample approach
provides optimal sensitivity and negative predictive accuracy in
patients otherwise at low risk and those with a normal ECG."**~"3#
However, one concern about very short rule out periods is that the
precision of the assays may not permit small differences to be distin-
guished."~"*2 These criteria have not, and should not, be applied to
patients with hs-cTn elevations.

The clinical specificity and positive predictive value of such 1-2 h
sampling approaches for ruling in Ml are limited by the substantial
proportion of individuals who meet the proposed biomarker criteria
with diagnoses other than M| 136141 Thus, the use of a rapid rule in/
out Ml protocol does not absolve the clinician from considering
other causes of acute myocardial injury."* In addition, considering a
broader population of patients—inclusive of those who present
atypically, those with end-stage renal disease, and the critically il—
the cut-off points to be used will likely need to be altered.”* Such
patients have been excluded from the majority of emergency depart-
ment evaluation studies.'%13¢142

The demonstration of a rising and/or falling pattern is needed to
distinguish acute injury from chronic conditions associated with
structural heart disease that can have chronic increases of cTn values.

99,143,144 145

For example, patients with renal failure or LV hypertrophy

can have significant chronic increases in cTn values. These increases

can be marked but do not change acutely during serial sampling.
However, a falling pattern may take longer to be observed in patients
with a high pre-test risk of Ml who present late after symptom
onset."* These patients who have cTn values on the downslope of
the time—concentration curve have a slow decline in values (Figure 7).
Thus, detecting a changing pattern over short periods of time may be
difficult.”"” Depending on the extent of myocardial injury, cTn values
may remain above the 99th percentile URL for a longer period of
time.?>>> An increased cTh value above the 99th percentile URL,
with or without a dynamic change of values, or in the absence of clini-
cal evidence of ischaemia, should prompt a search for other diagno-
ses associated with myocardial injury, as shown in Table 1.

27 Electrocardiographic detection
of myocardial infarction

The ECG is an integral part of the diagnostic workup of patients with
suspected Ml, and should be acquired and interpreted promptly (i.e.
target within 10 min) after first medical contact.*”"*” Pre-hospital
ECGs reduce the time to diagnosis and treatment, and can facilitate
the triage of STEMI patients to hospitals with PCl capability if within
the recommended time interval (120 min from STEMI diagnosis).**"®
Acute myocardial ischaemia is often associated with dynamic changes
in ECG waveform and serial ECG acquisition can provide critical infor-
mation, particularly if the ECG at initial presentation is non-diagnostic.
Recording several standard ECGs with fixed electrode positions at
15—30 min intervals for the initial 1—2 h, or the use of continuous
computer-assisted 12-lead ECG recording (if available) to detect
dynamic ECG changes, is reasonable for patients with persistent or
recurrent symptoms or an initial non-diagnostic ECG."** Serial or con-
tinuous ECG recordings may be helpful in determining reperfusion or
reocclusion status. Reperfusion is usually associated with a large and
prompt reduction in ST-segment elevation.

More profound ST-segment shifts or T wave inversions involving
multiple leads/territories are associated with a greater degree of
myocardial ischaemia, and a worse prognosis. For example, ST-
segment depression > 1 mm in six leads, which may be associated
with ST-segment elevation in leads aVR or lead V; and haemody-
namic compromise, is suggestive evidence of multivessel disease or
left main disease. Pathologic Q waves increase the prognostic risk.
Other ECG signs associated with acute myocardial ischaemia include
cardiac arrhythmias, intraventricular bundle branch blocks, atrioven-
tricular conduction delays, and loss of precordial R wave amplitude, a
less specific finding. The ECG by itself is often insufficient to diagnose
acute myocardial ischaemia or infarction, since ST deviation may be
observed in other conditions, such as acute pericarditis, LV hypertro-
phy (LVH), left bundle branch block (LBBB), Brugada syndrome, TTS,
and early repolarization patterns.’*® A prior ECG is often helpful in
distinguishing a new from a chronic finding, but should not delay the
decision for treatment.

Prolonged new convex ST-segment elevation, particularly when
associated with reciprocal ST-segment depression, usually reflects
acute coronary occlusion and results in myocardial injury with
necrosis. Reciprocal changes can help to differentiate STEMI from
pericarditis or early repolarization changes. As in cardiomyopathy, Q
waves may also occur due to myocardial fibrosis in the absence of
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CAD. Some of the earlier manifestations of myocardial ischaemia are
typical T wave and ST-segment changes. Increased hyperacute T
wave amplitude, with prominent symmetrical T waves in at least two
contiguous leads, is an early sign that may precede the elevation of
the ST-segment. In general, the development of new Q waves indi-
cates myocardial necrosis, which starts minutes/hours after the myo-
cardial insult. Transient Q waves may be observed during an episode
of acute ischaemia or (rarely) during acute Ml with successful reper-
fusion. Table 2 lists ST-segment—T wave (ST-T) criteria suggestive of
acute myocardial ischaemia that may or may not lead to M. The
J-point (junction between QRS termination and ST-segment onset) is
used to determine the magnitude of the ST-segment shift with the
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Figure 8 Electrocardiogram example of ST-segment elevation.
The initial onset of the Q wave shown by arrow 1 serves as the
reference point and arrow 2 shows the onset of the ST-segment or
J-point. The difference between the two identifies the magnitude of
displacement. Measurements of both arrows should be made from
the top of the electrocardiogram line tracing.

Table 2 Electrocardiographic manifestations sugges-
tive of acute myocardial ischaemia (in the absence of
left ventricular hypertrophy and bundle branch block)

ST-elevation

New ST-elevation at the J-point in two contiguous leads with
the cut-point: >1mm in all leads other than leads V>-Vs where
the following cut-points apply: > 2mm in men > 40 years;
>2.5mm in men < 40 years, or >1.5 mm in women regardless
of age.?

ST-depression and T wave changes

©ESC/ACC/AHA/WHF 2018

New horizontal or downsloping ST-depression> 0.5 mm
in two contiguous leads and/or T inversion > 1 mm in two
contiguous leads with prominent R wave or R/S ratio > 1.

*When the magnitudes of J-point elevation in leads V2 and V3 are registered
from a prior electrocardiogram, new J-point elevation > 1 mm (as compared
with the earlier electrocardiogram) should be considered an ischaemic response.
For bundle branch block, see section below.

onset of the QRS serving as the reference point. In patients with a
stable baseline, the TP segment (isoelectric interval) is a more accu-
rate method to assess the magnitude of ST-segment shift, and in dis-
tinguishing pericarditis (PTa depression) from acute myocardial
ischaemia. Tachycardia and baseline shift are common in the acute
setting and can make this determination difficult. Therefore, QRS
onset is recommended as the reference point for J-point determina-
tion (Figure 8).

New, or presumed new, J-point elevation > 1 mm (1 mm = 0.1
mV) is required in all leads other than V, and V; as an ischaemic
response. In healthy men under age 40, J-point elevation can be as
much as 2.5 mm in leads V; or V3, but it decreases with increasing
age. Sex differences require different cut-off points for women, since
J-point elevation in healthy women in leads V; and V3 is less than in
men.” The criteria in Table 2 require that the ST shift be present in
two or more contiguous leads. For example, > 2 mm of ST-elevation
in lead V, and > 1 mm in lead V4 would meet the criteria of two
abnormal contiguous leads in a man >40 years old. However, > 1
mm and < 2 mm of ST-elevation, seen only in leads V,—V3 in men (or
< 1.5 mm in women), may represent a normal finding.

It should be noted that lesser degrees of ST displacement or T
wave inversion than those described in Table 2 can also represent an
acute myocardial ischaemic response. In patients with known or high
likelihood of CAD, the clinical presentation is critical to enhance the
specificity of these findings.

Absence of ST-elevation in the precordial leads, tall, prominent,
symmetrical T waves in the precordial leads, upsloping ST-segment
depression > 1 mm at the J-point in the precordial leads, and in most
cases ST-segment elevation (> 1 mm) in lead aVR or the symmetrical,
often deep (> 2 mm), T wave inversions in the anterior precordial
leads are associated with significant left anterior descending artery
(LAD) occlusion.”'"*? ST-elevation in lead aVR > 1 mm may
accompany anterior or inferior STEMI, and is associated with
increased 30 day mortality in patients with acute M1."** Pulmonary
embolism, intracranial processes, electrolyte abnormalities, hypo-
thermia, or perimyocarditis may also result in ST-T abnormalities and
should be considered in the differential diagnosis.

The ECG diagnosis of atrial infarction should be suspected in the
context of ventricular infarction (particularly when the right ventricle
is involved) if small, transient elevations and reciprocal depressions of
the PR (PTa) segment are noted associated with changes in configura-
tion of the P wave.

28 Application of supplemental
electrocardiogram leads

Supplemental leads, as well as serial ECG recordings, should be
deployed with a very low threshold in patients who present with
ischaemic chest pain and a non-diagnostic initial ECG.">>"*® ECG evi-
dence of myocardial ischaemia in the distribution of a left circumflex
artery is often overlooked. Isolated ST-segment depression > 0.5
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mm in leads V1—V3 may indicate left circumflex occlusion and can
best be captured using posterior leads at the fifth intercostal space
(V7 at the left posterior axillary line, Vg at the left mid-scapular line,
and Vs at the left paraspinal border). Recording of these leads is
strongly recommended in patients with high clinical suspicion of
acute circumflex occlusion (e.g. initial ECG non-diagnostic or ST-
segment depression in leads V4_V3)."*® A cut-off point of 0.5 mm ST-
elevation is recommended in leads V;—Vs; specificity is increased at a
cut-off point > 1 mm ST-elevation and this cut-off point should be
used in men < 40 years old. ST-segment depression in leads V1—V3
may be suggestive of inferobasal myocardial ischaemia (previously
termed posterior infarction), especially when the terminal T wave is
positive (ST-elevation equivalent); however, this is non-specific.

In patients with inferior and suspected right ventricular infarction,
leads aVR or V; may exhibit ST-segment elevation > 1 mm. The early
recording of right precordial leads V3R and V4R should be performed,
since ST-elevation > 0.5 mm (> 1 mm in men < 30 years old) pro-
vides supportive criteria for the diagnosis.">” Changes in right precor-
dial leads may be transient, and an absence of ECG changes in leads
V3R and V4R does not exclude right ventricular infarction. Myocardial
imaging can be helpful in this clinical setting.

29 Electrocardiographic detection
of myocardial injury

Itis not possible to initially distinguish ECG manifestations of acute or
chronic myocardial injury from acute myocardial ischaemia. Rapidly
developing dynamic ECG changes that temporally match the clinical
presentation may be helpful in diagnosing a symptomatic patient with
elevated cTn values as having acute myocardial ischaemia resulting in
MI. However, ECG abnormalities are also common in patients who

have myocardial injury, e.g. myocarditis or TTS,'*#1€°

30 Prior or silent/unrecognized
myocardial infarction

Q wave criteria associated with M| and an increased relative risk of
death are illustrated in Table 3, and are contained in Q wave coding
algorithms such as the Minnesota Code and the WHO MONItoring
of trends and determinants in CArdiovascular disease (MONICA)
code 11161162

The specificity of the ECG diagnosis for Ml is greatest when Q
waves occur in several leads or lead groupings, or are > 0.04 s. When
the Q waves are associated with ST deviations or T wave changes in
the same leads, the likelihood of Ml is increased; for example, minor
Q waves > 0.02 s and < 0.03 s that are > 1 mm deep are suggestive
of prior Ml if accompanied by inverted T waves in the same lead
group. Non-invasive imaging techniques also provide important sup-
portive evidence of prior M. In the absence of non-ischaemic causes,
regional myocardial thinning, scar or reduced wall motion shown by
echocardiography, myocardial perfusion scintigraphy (MPS) with sin-
gle photon emission computed tomography (SPECT) or positron
emission tomography (PET), or magnetic resonance imaging provide
strong evidence for prior Ml, particularly when ECG criteria are
equivocal.

Table 3 Electrocardiographic changes associated with
prior myocardial infarction (in the absence of left ven-
tricular hypertrophy and left bundle branch block)

Any Q wave in leads V>-V3> 0.02 s or QS complex in leads
Vz‘V}.

Q wave > 0.03 sand>1 mm deep or QS complex in leads |,
I, aVL, aVF or V4-Ve in any two leads of a contiguous lead
grouping (I, avL; Vi-Ve; I, 11, aVF).?

R wave > 0.04 s in Vi-Vz and R/S > 1 with a concordant
positive T wave in absence of conduction defect.
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“The same criteria are used for supplemental leads V;—Vs. s = seconds.

Asymptomatic patients who develop new Q wave criteria for Ml
detected during routine ECG follow-up, or reveal evidence of Ml by
cardiac imaging that cannot be directly attributed to an interim coro-
nary revascularization procedure or an ACS admission, should be
termed ‘silent or unrecognized MI'. In studies where serial ECG analy-
sis was applied, silent or unrecognized Q wave MI accounted for
9-37% of all non-fatal Ml events and was associated with a signifi-
cantly increased mortality risk."**"®* Improper lead placement, QRS
abnormalities, or technical errors (e.g. lead reversal) may result in the
appearance of new Q waves or QS complexes, as compared with a
prior tracing. Thus, the diagnosis of a new silent Q wave Ml should be
confirmed by a repeat ECG recording with correct lead placement,
focused questioning about potential interim ischaemic symptoms, or
by an imaging study. Imaging techniques are useful if there is abnormal
myocardial motion, thickening, or thinning in the region of interest,
but the absence of these does not exclude MI."®®

Criteria for prior or silent/unrecognized
MI

Any one of the following criteria meets the diagnosis for prior or
silent/unrecognized MI:

e Pathological Q waves as described in Table 3, with or without
symptoms, in the absence of non-ischaemic causes;

e Imaging evidence of loss of viable myocardium in a pattern
consistent with ischaemic aetiology;

e Pathological findings of a prior Ml.

31 Conditions that confound the
electrocardiographic diagnosis of
myocardial infarction

A QS complex in lead V4 is normal. A Q wave < 0.03 s and < 0.25 of

the R wave amplitude in lead Il is normal if the frontal QRS axis is
between -30° and 0°. A Q wave may also be normal in aVL if the
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frontal QRS axis is between 60-90°. Septal Q waves are small, non-
pathological Q waves < 0.03 s and < 0.25 of the R-wave amplitude in
leads |, aVL, aVF, and V4—V¢. Pre-excitation, cardiomyopathy, TTS,
cardiac amyloidosis, LBBB, left anterior hemiblock, LVH, right ventric-
ular hypertrophy, myocarditis, acute cor pulmonale, or hyperkalae-
mia may be associated with Q waves or QS complexes in the
absence of MI. Clinicians should be aware of confounders to the
ECG diagnosis of myocardial ischaemia, since ST-T wave abnormal-
ities are commonly observed with different pathological cardiac con-
ditions, such as pre-excitation, pericarditis, and cardiomyopathy.

32 Conduction disturbances and
pacemakers

The diagnosis of Ml is more difficult in the presence of conduction
disturbances, related in part to ST-T wave changes caused by the
conduction disturbance and the fact that the conduction disturbance
itself may be heart-rate dependent.'®*'®” Comparison to a pre-
admission ECG may be helpful in determining if the conduction
defect or ST-T wave changes are new, as long as it does not delay
time to treatment. Ischaemic symptoms, and presumed new LBBB or
right bundle branch block (RBBB) that is not rate-related, are associ-
ated with an adverse prognosis. In patients with LBBB, ST-segment
elevation > 1 mm concordant with the QRS complex in any lead may
be an indicator of acute myocardial ischaemia. Similar findings can be
useful in detecting ECG evidence for acute myocardial ischaemia in
patients with right ventricular paced rhythms.'®” Recording an ECG
trace with the pacemaker temporarily switched off may also be useful
in patients who are not pacemaker dependent, but careful interpreta-
tion of repolarization is needed due to the possible presence of
stimulation-induced changes (electrical memory). The ECG diagnosis
of acute myocardial ischaemia in patients with biventricular pacing is
more difficult. In patients with RBBB, new or presumed new ST-
segment elevation > 1 mm, or ST-segment or T wave abnormalities
(excluding leads V4—Vy4) (Table 2), may indicate acute myocardial
ischaemia. New, or presumed new, RBBB without associated ST-
segment or T wave changes is associated with thrombolysis in myo-
cardial infarction (TIMI) 0-2 flow in as many as 66% of patients (com-

pared with > 90% in those with ST-segment or T wave changes).*®

33 Atrial fibrillation

In patients with atrial fibrillation and rapid ventricular rate or paroxys-
mal supraventricular tachycardia, ST-segment depression or T wave
inversion may occur in the absence of CAD."**'”° The causes are
not completely understood. Cardiac memory, an electrical remodel-
ling phenomenon characterized by marked diffuse T wave inversions
following periods of abnormal ventricular activation, which may also
be caused by transient rate-related conduction disturbances or pac-
ing, may explain these findings. In some patients, the tachycardia may
result in an insufficient increase in coronary flow to match myocardial
oxygen demand, resulting in cellular hypoxia and abnormal repolari-
zation." "2 For these reasons, a patient with new-onset atrial fibril-
lation, elevated baseline c¢Tn concentration, and new ST-segment

depression should not automatically be classified as type 2 Ml without
additional information. In this clinical setting, signs of overt ischaemic
symptoms, the timing of symptoms relative to atrial fibrillation onset,
a changing pattern of cTn, and imaging and/or angiographic findings
may be helpful in establishing the diagnosis. However, in the absence
of evidence for myocardial ischaemia, the aetiology of the elevated
cTn values should be attributed to myocardial injury.

34 Imaging techniques

Non-invasive imaging plays many roles in patients with known or sus-
pected M, but this section concerns only its role in the diagnosis and
characterization of myocardial injury and MI. The underlying rationale
is that regional myocardial hypoperfusion and ischaemia lead to a cas-
cade of events including myocardial dysfunction, cell death, and heal-
ing by fibrosis. Important imaging parameters are therefore
myocardial perfusion, myocyte viability, myocardial thickness, thick-
ening and motion, and the effects of myocyte loss on the kinetics of
paramagnetic or radio-opaque contrast agents indicating myocardial
fibrosis or scar.

Commonly used imaging techniques in acute and prior Ml are
echocardiography, MPS using SPECT or PET, CMR, and possibly
computed tomography (CT)."”> There is considerable overlap in
their capabilities and each of the techniques can assess myocardial
viability, perfusion, and function to a greater or lesser extent. Only
the radionuclide techniques provide a direct assessment of myocyte
viability because of the inherent properties of the tracers used.
Other techniques provide indirect assessments of myocardial viabil-
ity, such as the contractile response to dobutamine by echocardiog-
raphy, or increased extracellular space secondary to myocyte loss by
CMRor CT.

34.1 Echocardiography

The strength of echocardiography is the combined assessment of car-
diac structure and function, in particular myocardial thickness, thick-
ening/thinning, and motion. Regional wall motion abnormalities
induced by ischaemia can be detected by echocardiography almost
immediately after onset when > 20% transmural myocardial thick-
ness is affected."”*"7¢ These abnormalities, when new and without
alternative aetiology, support the diagnosis of MI when cTn values
show a rising and/or falling pattern. Echocardiography also allows
detection of non-coronary cardiac pathologies known to cause chest
pain, e.g. acute pericarditis, severe aortic stenosis, and hypertrophic
cardiomyopathy among others. The technique is useful in diagnosing
mechanical complications in patients with M| and haemodynamic
compromise (shock), or other potentially fatal entities such as acute
aortic dissection or massive pulmonary embolism where the clinical
presentation might be similar to that seen with acute MI.

Intravenous echocardiographic contrast agents can improve visual-
ization of the endocardial border, and can be used to assess myocar-
dial perfusion and microvascular obstruction. Tissue Doppler and
strain imaging permit the quantification of global and regional func-
tion."”"”8 Intravascular echocardiographic contrast agents that are
targeted at specific molecular processes have been developed, but

these techniques have not yet been applied in the setting of MI."”?
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34.2 Radionuclide imaging

Several radionuclide tracers allow viable myocytes to be imaged
directly, including the SPECT tracers 20'T) chloride, "™ Tc sestamibi,
and tetrofosmin, and the PET tracers "F 2-fluorodeoxyglucose and
82Rb."”3 A strength of the radionuclide techniques is that they are the
only commonly available methods for assessing viability directly,
although the relatively low resolution of the images limits them for
detecting the smallest areas of MI. Phantom studies suggest that myo-
cyte loss as little as 4% of the myocardium can be detected, corre-
sponding to 5—10 g of muscle."® ECG-gated imaging provides a
reliable assessment of myocardial motion, thickening, and global func-
tion. Evolving radionuclide techniques relevant to the assessment of
Ml include imaging of sympathetic innervation using '*I-labelled

meta-iodobenzylguanidine,'®’ imaging of matrix metalloproteinase

182,183

activation in ventricular remodelling, and the assessment of

myocardial metabolism.'®*

34.3 Cardiac magnetic resonance
imaging

The high tissue contrast and resolution of CMR provides an accurate
assessment of myocardial structure and function. Although less com-
monly used in the acute setting, it has similar capabilities to echocar-
diography in suspected MI. Paramagnetic contrast agents can be used
to assess myocardial perfusion and the increase in extracellular space
that is associated with the fibrosis of prior MI (detected by LGE-
CMR). These techniques have been used in the setting of acute
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Figure 9 Post-contrast cardiac magnetic resonance images. The gadolinium-based contrasts wash out slowly from myocardium with increased
extracellular space such as fibrosis, thus enhancing areas of scarring (white arrows). The different patterns of scarring are divided into ischaemic and
non-ischaemic. Typically, an ischaemic scar/fibrosis (upper panel) extends from the subendocardium to the epicardium (subendocardial, non-trans-
mural scar vs. transmural scar). Conversely, a non-ischaemic fibrosis/scar can be encountered at the epicardium, in the mid-wall, or at the insertion

points of the right ventricle (lower panel).
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MI'818 and localized delay in contrast enhancement is able to

detect even small areas of subendocardial M, thought to be as little
as 1g."® CMR also has the ability to identify the presence and extent
of myocardial oedema/inflammation, allowing the distinction of acute
vs. chronic myocardial injury. The patterns of LGE when reflecting
ischaemic and non-ischaemic myocardial injury are shown in Figure 9.

The gadolinium-based contrasts wash out slowly from myocar-
dium with increased extracellular space such as fibrosis, thus enhanc-
ing areas of scarring (white arrows). The different patterns of scarring
are divided into ischaemic and non-ischaemic. Typically, an ischaemic
scar/fibrosis (upper panel) extends from the subendocardium to the
epicardium (subendocardial, non-transmural scar vs. transmural
scar). Conversely, a non-ischaemic fibrosis/scar can be encountered
at the epicardium, in the mid-wall, or at the insertion points of the
right ventricle (lower panel).

34.4 Computed tomographic coronary
angiography

Infarcted myocardium is initially visible as a focal area of decreased LV
myocardial enhancement, but later
enhancement as with LGE-CMR."®® This finding is clinically relevant

imaging shows hyper-
because contrast-enhanced CT may be performed for suspected pul-
monary embolism and aortic dissection, conditions with clinical fea-
tures that overlap with those of acute MI, but the technique is not
used routinely. Similarly, CT assessment of myocardial perfusion is
technically feasible but not widely applied."®® CT coronary angiogra-
phy (CTCA) may be used to diagnose CAD in patients with an ACS
in the emergency department or chest pain unit, particularly in low-
to intermediate-risk patients with normal cTn at presentation.'®*~"%3
The only randomized trial in these patients that included both hs-cTn
and CTCA found that imaging did not reduce the length of stay in
hospital, but it did decrease subsequent outpatient testing and
costs."® A diagnosis of Ml cannot be established based on a CTCA

scan alone.

35 Applying imaging in acute
myocardial infarction

Imaging techniques can be useful in the diagnosis of acute Ml because
of the ability to detect wall motion abnormalities or loss of viable
myocardium in the presence of elevated cardiac biomarker values.
Demonstration of new loss of myocardial viability in the absence of
non-ischaemic causes supports the diagnosis of MI. Normal function
practically excludes significant MI, but a small MI cannot be ruled
out."* Thus, imaging techniques are useful for early triage and dis-
charge of patients with suspected MI. However, if biomarkers have
been measured at appropriate times and are normal, this excludes
acute Ml and takes precedence over the imaging criteria.

Abnormal regional myocardial motion and thickening may be
caused by acute M, or by one or more of several other conditions
including prior infarction, acute ischaemia, stunning, or hibernation.
Non-ischaemic conditions such as cardiomyopathy, and inflammatory
or infiltrative diseases, can also lead to regional loss of viable myocar-
dium or functional abnormality. Therefore, the positive predictive
value of imaging for acute Ml is not high unless these conditions can

be excluded, and unless a new abnormality is detected or can be pre-
sumed to have arisen in the setting of other features of acute MI.

In the setting of acute MI, CMR can also be used to assess the pres-
ence and extent of myocardium at risk (myocardial oedema), myo-
cardial  salvage, microvascular obstruction, intramyocardial
haemorrhage, and infarct size, all markers of myocardial injury that
have prognostic value.'™ In patients with possible acute Ml but unob-
structed coronary arteries, CMR can help to diagnose alternative
conditions such as myocarditis, TTS, embolic infarction, or Ml with

o189
spontaneous recanalization.

36 Applying imaging in late
presentation of myocardial
infarction

In the case of late presentation after suspected MI, the presence of a
regional abnormality of myocardial motion, thickening, thinning, or
scar in the absence of a non-ischaemic cause provides supportive evi-
dence of past MI. The resolution and specificity of CMR for the detec-
tion of myocardial scarring has made this a valuable technique. In
particular, the ability to distinguish between subendocardial and
other patterns of scars helps to differentiate between ischaemic heart
disease and other myocardial pathologies. Imaging techniques are
also useful for risk stratification after a definitive diagnosis of MI.

37 Regulatory perspective on
myocardial infarction in clinical
trials

In drug and device development programmes, Ml may be an entry cri-
terion or be used as an efficacy endpoint, commonly as a component
of the primary endpoint, as well as a safety endpoint of interest in
drug development programmes.'”>'% A universal definition of Ml is
of great benefit for clinical studies, since it will allow a standardized
approach for meaningful interpretation and comparison across differ-
ent trials, or the pooling of results for the detection of safety signals.
For the harmonization of the Ml definition it is important to standard-
ize the reporting of Ml events by clinical events committees. This
would allow a more optimal comparison of Ml rates among drug and
device trials.

One cannot presume that values from one cTn assay are equiva-
lent to those of another. These differences are amplified when multi-
ples of the values are used. This could affect results, especially in trials
that compare strategies such as PCl and CABG. The use of one single
assay and/or a central core laboratory within a trial could help to
decrease this variability, and might be particularly relevant in decreas-
ing variability in trials of a drug or intervention in which cTn concen-
tration is a principal safety endpoint. However, the uniform use of a
single assay is generally not feasible in trials with follow-up post-dis-
charge, since recurrent ischaemic events may occur in different hos-
pitals using different cTn assays. In clinical trials, a standardized
approach to establish the 99th percentile URL for a particular assay
should be established. One approach in large multicentre trials is to
use the manufacturer’'s recommended 99th percentile URL for a
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particular assay to reduce site-to-site variability in the selection of the
Ml decision cut-off point.

Multiples for hs-cTn vs. conventional cTn could have markedly dif-
ferent prognostic implications. The assay types should be reported
when possible. Multiples of the 99th percentile URL should be indi-
cated and reported, both for those with cardiac procedural myocar-
dial injury and those diagnosed with types 4a and 5 MI. Cumulative
frequency distribution of peak cTn measurements for MI endpoint
assessments by treatment group should also be provided. This will
facilitate the comparison of trials and meta-analyses.

38 Silent/unrecognized
myocardial infarction in
epidemiological studies and
quality programmes

ECG monitoring for unrecognized or silent Q wave Ml is usually
acquired annually in epidemiological studies and clinical trials that
assess cardiovascular endpoints. These events are associated with
adverse outcomes.'”” There is no firm consensus on how frequently
to monitor for ECG evidence of silent Q wave Ml or whether surveil-
lance for silent Ml events should be routinely implemented. Serial
monitoring of patients who have had a symptomatic Q wave Ml event
revealed Q wave regression in a substantial number of patients.'”®
An annual ECG is reasonable in clinical trials to monitor for silent Q
wave Ml events if the study population is expected to have an accel-
erated rate of atherosclerotic events. The review should consider
the baseline tracing, interim event ECG tracings, and protocol-
mandated annual tracings, along with the review of imaging studies if
available.

39 Individual and public
implications of the myocardial
infarction definition

Revision of the definition of Ml has a number of implications for indi-
viduals, health professionals, and society at large. A tentative or final
diagnosis is the basis for advice about further diagnostic testing, life-
style changes, treatment, and prognosis for the patient. The aggregate
of patients with a particular diagnosis is the basis for healthcare plan-
ning, and policy and resource allocation.

One of the goals of good clinical practice is to reach a definitive
and specific diagnosis, which is supported by current scientific knowl-
edge. The approach to the definition of myocardial injury and Ml out-
lined in this document meets this goal. In general, the conceptual
meaning of the term myocardial infarction has not changed, although
new sensitive methods have been developed to diagnose this entity.
Thus, the diagnosis of an acute Ml is a clinical diagnosis based on
patient symptoms, ECG changes, and highly sensitive biochemical
markers, as well as information gleaned from various imaging
techniques.

It should be appreciated that the universal definition of Ml may be
associated with consequences for patients and their families with

respect to psychological status, life and health insurance, and profes-
sional career, as well as driving and pilot licences. The diagnosis is also
associated with societal implications with regards to diagnosis-related
coding, hospital reimbursement, public health statistics, sick leave,
and disability attestation. In order to meet these challenges, physi-
cians must be adequately informed of the diagnostic criteria. Hence,
educational materials will need to be created and treatment guide-
lines must be appropriately adapted.

40 Global perspectives of the
definition of myocardial infarction

Cardiovascular disease is a global health problem and prevalence is
increasing in the developing world. Understanding the burden and
effects of CAD in populations is of critical importance. Changing clini-
cal definitions, criteria, and biomarkers add challenges to our under-
standing and ability to improve the health of the public. For clinicians,
the definition of Ml has important and immediate therapeutic implica-
tions. For epidemiologists, the data are often retrospective, so consis-
tent case definitions are critical for comparisons and trend analysis.
The standards described in this report are suitable for epidemiology
studies and for international classification of diseases.'”’ However, to
analyse trends over time, it is important to have consistent definitions
and to quantify adjustments when biomarkers or other diagnostic
methods change,”® considering that the advent of cTn has dramati-

cally increased the number of

11,201

diagnosable Mls  for
epidemiologists.

In countries with limited economic resources, cardiac biomarkers
and imaging techniques may not be available except in a few centres,
and even the option of ECG recordings may be lacking. The WHO
recommends the use of the ESC/ACC/AHA/MVHF Universal
Definition of Ml in countries without resource constraints, but rec-
ommends more flexible standards in resource-constrained locations.
Thus, when the only information available is the clinical history and
ECG, and when data on cardiac biomarkers are not available or
incomplete, the diagnosis of Ml can be confirmed by the development

of pathological Q waves.""

41 Using the Universal Definition
of Myocardial Infarction in the
healthcare system

Arriving at a diagnosis of Ml using the criteria set forth in this docu-
ment requires the integration of clinical findings, patterns on the
ECG, laboratory data, observations from imaging procedures, and on
occasion pathological findings, all viewed in the context of the time
horizon over which the suspected event unfolds. Contemporary
healthcare systems are increasingly using electronic medical records
where medical information is entered, curated, and available for
retrieval at a later date. This evolution offers the advantages of a
modern electronic database that is useful for a variety of purposes,
including scientific discovery and quality improvement in clinical care,
but carries with it the challenges of sifting through variable locations
and formats where key data elements for confirming a diagnosis of Mi
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are located. Also, use of the electronic medical record as an epide-
miological and research tool of the future is likely to require efforts
to verify the accuracy of an acute Ml diagnosis, rather than accepting
the coded diagnoses used for administrative and billing purposes.
Such an effort to create a computable phenotype of Ml (further cate-
gorized as types 1—5 M) will require input from informaticians and
experts in implementation science to translate the recommendations
from this Universal Definition of M| into the routine practice of
healthcare delivery and documentation.

Given the evolution of biomarker assays used to support the diag-
nosis of Ml, it is important that a consistent approach be used in the
construction of the computable phenotype of Ml so as to reliably
make comparisons across institutions and track epidemiological
trends. Ideally, the information provided should include the assay
used to make the diagnosis of Ml, the 99th percentile of the URL, and
the full sequence of values obtained to discern a rise and fall in bio-

19
marker levels.

42 Appendix

Approved by the ESC Committee for Practice Guidelines
(CPG) on behalf of the ESC Board 2016—2018.

ESC National Cardiac Societies actively involved in the review
process of the Fourth Universal Definition of Myocardial
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