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Abstract

Troponin has been the cornerstone of the definition of Ml since its introduction to clinical practice. High-sensitivity troponin has allowed clinicians
to detect degrees of myocardial damage at orders of magnitude smaller than previously and is challenging the definitions of MI, with implications
for patient management and prognosis. Detection and diagnosis are no doubt enhanced by the greater sensitivity afforded by these markers, but
perhaps at the expense of specificity and clarity. This review focuses on the definitions, pathophysiology, prognosis, prevention and management
of type 2 MI and myocardial injury. The five types of Ml were first defined in 2007 and were recently updated in 2018 in the fourth universal
definition of MI. The authors explore how this pathophysiological classification is used in clinical practice, and discuss some of the unanswered

questions in this era of availability of high-sensitivity troponin.

Keywords
Type 2 MI, myocardial injury, high-sensitivity troponin

the submitted work. All other authors have no conflicts of interest to declare.

Disclosure: HDW has received grants and personal fees from Eli Lilly, Omthera Pharmaceuticals, Eisai, DalCor Pharma UK, CSL Behring, American Regent, Aanofi-Aventis
Australia and Esperion Therapeutics; personal fees from Genentech and AstraZeneca; and grants, personal fees and non-financial support from Sanofi-Aventis, outside of

Received: 18 August 2021 Accepted: 21 October 2021 Citation: European Cardiology Review 2022;17:03. DOI: https://doi.org/10.15420/ecr.2021.42
Correspondence: Rifly Rafiudeen, Northern Hospital Epping, 185 Cooper St, Epping, VIC 3076, Australia. E: rifly.rafiudeen2@nh.org.au

purposes, provided the original work is cited correctly.

Open Access: This work is open access under the CC-BY-NC 4.0 License which allows users to copy, redistribute and make derivative works for non-commercial

In 1812, John Warren published a description of chest symptoms that he
called angina pectoris, without knowledge of the underlying pathogenesis,
although, at the time, coronary ‘ossifications’” were being noted during
anatomical dissections.' In the late 19th century, physiologists noticed that
occlusion of the coronary artery of a dog resulted in ‘quivering’ of the
ventricles and was rapidly fatal.® Around this time it was suggested that
coronary thrombosis was the cause of MI.* In the early 20th century, ECGs
showing ST segment change were being used to help diagnose M1 By
the mid-20th century, the introduction of coronary angiography allowed
the natural history of coronary artery disease (CAD) and acute coronary
occlusions to be observed.

Aspartate transaminase was the first cardiac biomarker to be used in clinical
practice in the 1950s, and was one of three criteria, along with ECG changes
and symptoms, in the 1959 WHO definition of M1.® In the late 1970s, the wave
front phenomenon of myocardial necrosis over several hours after coronary
artery occlusion was observed in dogs, and around the same time the
pathophysiologic mechanism of plaque rupture/erosion triggering
thrombotic occlusion was being developed. Since the recognition of the
pathophysiological mechanism and the development of targeted
reperfusion therapies, mortality in acute ST-elevation MI (STEMI) has
reduced from 18% (control group of the GISSI-1trial in 1986) to 4% in 2006.%

In 1979 the WHO added creatinine kinase (CK) as a recommended
biomarker for diagnosing MI, followed by the specific CK myocardial
band (CK-MB) isoenzyme, which is much more prevalent in cardiac than

in skeletal muscle. The development of immunoassays in the 1980s
enabled measurement of CK-MB mass, which allowed earlier detection
of myocardial damage, although specificity remained an issue. Attention
turned to the contractile apparatus of cardiomyocytes, and after
disappointing results with myosin light chains, cardiac troponin (cTn)
was first discovered in 1965 by Ebashi and Kodama.® Katus et al.
demonstrated its specificity for myocardial cell damage in comparison
with CK-MB in 1991.°

In a similar pattern to the current situation with high-sensitivity troponin
(hsTn) assays, large numbers of studies in the 1990s showed that
significant numbers of patients classified as having ‘unstable angina’ by
WHO criteria actually had elevated cTn.® The changed definition of Ml to
include cTn as the preferred biomarker in 2000 was met with concern
initially regarding the increase in the positive rate. However, this was
replaced with widespread acceptance as biochemical parameters to
reduce assay variability were introduced, leading to endorsement of cTn
as the biomarker of choice in the first universal definition of MI (UDMI) in
2007 The UDMI also introduced the concept of type 2 MI, and the fourth
UDMI in 2018 further developed the concept of myocardial injury, with the
recognition that myocardial damage as indicated by the new hsTn assays
could frequently occur without ischaemia.

Type 2 Mi
MI by definition refers to necrosis of cardiomyocytes due to ischaemia.*
Type 2 MI refers to those cases in which this is due to an imbalance
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Figure 1: Classification of Ml and Myocardial Injury
as per the Fourth Universal Definition of Ml
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Ischaemia refers to clinical evidence of underlying myocardial ischaemia, specifically symptoms,
such as chest pain, ECG changes, such as ST segment deviation, or imaging evidence of new loss
of viable myocardium or new regional wall motion abnormality. CABG = coronary artery bypass
grafting; PCl = percutaneous coronary intervention.

between supply and demand, in contrast to that due to an acute
atherothrombotic event." Being ultimately a pathophysiological distinction,
this continues to create difficulty in the definition of different types of Ml
in clinical practice, given the resulting heterogeneity in the literature.
Systemic conditions such as sepsis can also be associated with more type
1 Mls (acute plaque events) than type 2 Mls, and this has important

prognostic and treatment implications 2-2*

Type 2 Ml occurs more frequently than type 1 M1 Type 2 Ml is common
in hospitalised patients, on average accounting for 10-20% of MIs.? Its
causes are myriad and range from acute cardiac conditions such as a
tachyarrhythmia to non-cardiac conditions, such as anaemia. Complex
molecular and cellular signalling pathways are triggered once the
cardiomyocyte is exposed to ischaemia, and results in cell death mainly
via apoptosis and necrosis. These processes ultimately result in the
presence of troponin in plasma, the cornerstone of the UDMI.

Current Definitions

Troponin was incorporated into the first definition of Ml by the European
Society of Cardiology (ESC) and American College of Cardiology (ACC) in
2000. A rise and/or fall in troponin is required for the clinical diagnosis of
all types of MI, along with any one of the following features of clinical
ischaemia: symptoms (no duration defined in fourth UDMI), ECG changes,
or imaging evidence of new loss of viable myocardium or new regional
wall motion abnormality.?’” For the first time in 2007 subtypes were
introduced, including type 2 MI.

In the most recent fourth UDMI, the concept of ‘myocardial injury’ is
further developed as separate from type 2 Ml in that there is an absence
of evidence of clinical myocardial ischaemia despite an elevation of
troponin.282° |f there is an appropriate rise and/or fall in troponin, the
myocardial injury is considered acute (Figure 1); and chronic if the levels
are stable (<20% change). In type 2 M, as in all types of MI, there must

additionally be evidence of clinical ischaemia. Troponin elevations alone,
regardless of other clinical features, are prognostic of both cardiac and
non-cardiac outcomes.*®® The presence and magnitude of clinical
ischaemia is affected by many factors such as the severity and nature of
the concurrent illness, comorbidities, and the degree of underlying CAD.

One of the most common differences in the literature with regards to the
definition of type 2 Ml is clinical evidence of ischaemia and whether
sepsis is present (sepsis is excluded in the UDMI as a cause of type 2 MI).
Due to heterogeneity, it is difficult to quantify the incidence of type 2 Ml as
a proportion of all MIs.?%32-% For example, one study using the UDMI
and focusing on only coronary care unit/intensive care unit patients
reported a 7% incidence, while another study in emergency department
patients presenting with elevated troponin reported a 35% incidence. 2%
A large study involving almost 5,700 hospitalised patients showed that
62% had an abnormal hsTn, and there was dynamic change in 24%.
However, only 6.1% had a final diagnosis of type 1 MI, suggesting that up
t0 17.9% may have had a type 2 Ml or acute myocardial injury.®

More recently, the term MI with non-obstructive coronary arteries
(MINOCA) has been used in the literature, including in an ESC position
paper, referring to lesions with <50% stenosis.®*¥*-* A US consensus
statement has considered having an additional functional assessment
that is, fractional flow reserve (FFR) >0.80 as a criterion. Crucially, this
diagnosis can only be made after confirmation of the diagnosis of Ml and
the performance of coronary angiography. It is an exclusion diagnosis,
encompassing many conditions and including both type 1 and 2 MI.
Myocardial injury, myocarditis and takotsubo syndrome do not come
under the terminology because they are not MI.

Large Ml registries show an incidence of MINOCA of 6-13%. Type 1and
type 2 Mls are separate but overlap with MINOCA, in that both can occur
within and outside the MINOCA definition. In a recent review, type 2 Ml
comprised 10.5% of MINOCA.® The unique feature of this term is that
knowledge of the coronary anatomy is required, and therefore it usually
captures a cohortthat has been referred for invasive coronary angiography
and who are generally healthier than those not referred for angiography.
The COVID-19 pandemic has seen an increase in the number of MI
presentations, including STEMI, with up to 40% with normal coronary
arteries.* Further intravascular ultrasound (IVUS) and optical coherence
tomography (OCT) imaging studies are required to define the
pathophysiology.

Aetiology of Type 2 Ml and Myocardial Injury

There are a myriad of cardiac and non-cardiac conditions that can upset
the balance between oxygen supply and demand in the myocardium and
cause a type 2 MI.* Table lists these, along with the causes of myocardial
injury, which by definition are non-ischaemic. There are a few common
denominators of type 2 Ml that can be a result of many of the listed clinical
conditions: tachycardia, hypotension, and hypoxia. We postulate that
these may be part of the final molecular mechanism by which type 2 Mis
occur.

MI after non-cardiac surgery is a unique clinical scenario in which many
potential mechanisms may contribute to both type 1 and type 2 MiIs.
Bleeding, hypotension, hypoxia, hypothermia, tachycardia, micro-
embolism in the coronary circulation, catecholamine surges, and diastolic
dysfunction due to preload alterations causing subendocardial ischaemia,
may all contribute to the occurrence of type 2 Ml perioperatively. 2344
These may or may not occur in the setting of pre-existing CAD of varying
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Table 1: Cardiac and Non-cardiac Causes of Type 2 Ml and Myocardial Injury

Type 2 MI (with Clinical Ischaemia)

Myocardial injury (without Clinical Ischaemia)

e Arrhythmia .

e Acute heart failure
e Coronary spasm
¢ Endothelial dysfunction

Hypotension e Chronic heart failure ¢ Renal impairment

Tachycardia e Severe valvular disease
Hypoxia e Myocarditis
Anaemia e Takotsubo syndrome

Exercise
Acute neurological disease
Critical illness

e Coronary thromboembolism .

e Coronary dissection .
¢ Non-cardiac surgery
¢ Hypovolaemia

Hypertension
Pulmonary embolism

e Cardiac contusion
e Cardiac infiltration

This represents the most common way the conditions may present; however, this is not exclusive. Both cardiac and non-cardiac causes of type 2 Ml can potentially present without clinical ischaemia,

and thus as myocardial injury.

severity, the presence of which usually portends a worse outcome.”
Although both type 1and type 2 Ml are possible on a pathophysiological
level, it is thought that the majority are type 2.

Heart failure is another interesting entity that may be associated with
different mechanisms of troponin release.”® A non-dynamic pattern in a
stable patient may be related to chronic myocardial injury that is non-
ischaemic, whereas an acute rise may be due to type 1or type 2 MI. Type
2 MI'in heart failure may be mediated by small vessel CAD, increased
transmural pressure with increase in left ventricular end-diastolic
pressure, endothelial dysfunction, or subendocardial ischaemia.®

Pathological Mechanisms

Myocardial necrosis in type 2 Ml occurs from either increased myocardial
oxygen demand or decreased supply, or both. Supply is determined by
the oxygen-carrying capacity of blood and coronary blood flow, while
demand is largely determined by systolic wall tension, contractility, and
heart rate (Figure 2). The presence of CAD may play a role, altering the
threshold for myocardial ischaemia in any given patient. It has become
clearin recent times that plaque growth to the moderate—severe range is
the result of one or more subclinical rupture events with efficient lysis and
healing, such that patients with type 2 Ml and significant stable CAD may
actually have had silent plaque rupture events in the past.* Individual
differences in the ability to maintain coronary perfusion under stressful
conditions such as critical illness also plays a role.

At the cellular level, it is probable that cardiomyocytes respond similarly
to supply—demand ischaemia (i.e. type 2 MI) as in acute coronary
thrombosis (i.e. type 1 MI), with membrane permeability changes, release
of cytosolic vacuoles, and release of proteolytic degradation products
contributing to cell death. The volume of involved cardiomyocytes is
localised in type 1 Ml to the territory supplied distal to the plaque event,
whereas in type 2 Ml we hypothesise that it may be a more global
ischaemic phenomenon, with some regional myocardial dysfunction
depending, among other things, on the severity and distribution of
coexistent CAD. This has important implications for treatment strategies.

Appropriately, in type 1 Ml the focus has been on the acute plaque event
in the epicardial vessel, with successful therapies now in use such as
percutaneous  coronary intervention  (PCl),  thrombolysis  and
anticoagulation. Therapeutic interventions for type 2 Ml need to focus on
the underlying aetiology, for example anaemia, hypoxaemia and
arrhythmia. In type 2 MI, absolute biomarker peaks are usually lower than
in type 1 MIL¥% There are probably several variables at play, but the
degree of ischaemia is likely to be lower when compared with the

Figure 2: Determinants of Oxygen Supply—
Demand Mismatch Leading to Type 2 MI
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absolute ischaemia that occurs with complete thrombotic occlusion of an
epicardial coronary artery. Relief of a total coronary artery occlusion either
spontaneously or following PCl or thrombolytic therapy with troponin
washout may result in higher peak troponin levels than in patients with
type 2 ML.

In myocardial injury that is by definition non-ischaemic, troponin elevation
may be mediated by direct toxicity from circulating cytokines,
catecholamines, or vasopressors. These factors may also play a part in
the aetiology of type 2 MI.* Tachycardia is one of the “final common
mechanisms’, and it has been hypothesised that increased heart rate
may cause troponin release due to increased wall tension and stretch,
from a direct mechanical stimulation of stretch-responsive integrins.®®'
This mechanism probably also plays a role in the troponin elevations
seen in patients with severe hypertension and valvular disease. Direct
involvement of the inflammatory process in the myocardium, such as in
myocarditis, is another mechanism separate from ischaemia that leads to
myocardial injury.

Takotsubo syndrome is interesting to consider in relation to type 2 MI:
patients can present with all features of an MI, with ischaemic symptoms,
ECG changes, rise and/or fall in troponin, and regional wall motion
abnormalities on imaging (importantly not isolated to a single vascular
territory). There is no acute coronary or plaque event, hence these are not
classified as type 1 Mls. The full pathophysiological mechanism is yet to be
understood; however, there is an abundance of evidence that sympathetic
stimulation is key, and that acute microvascular dysfunction as a result
plays a central role.”? Given a distinct pathophysiological mechanism
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related to catecholamine excess and the lack of need for a triggering
medical illness, such as in type 2 Ml (e.g. anaemia, tachyarrhythmia), we
consider takotsubo syndrome to be a separate entity to type 2 M. The left
ventricular dysfunction can persist for months; however, it usually resolves
due to activation of myocardial cellular survival pathways in the face of
the catecholamine surge.

Cardiomyocyte death occurs via two major processes, apoptosis and
necrosis (Figure 3).% Traditionally, apoptosis was thought to be controlled
and regulated, whereas necrosis was almost accidental due to physical or
chemical stimuli.***® However, the discovery of molecules that inhibit
receptor-interacting protein kinases (RIP1, RIP3) demonstrated that
necrosis, particularly in response to ischaemia, was signal regulated
(termed ‘necroptosis’). In myocardial ischaemia, although apoptosis plays
a role very early, necrosis is the dominant influence, and the release of
cellular contents promotes inflammation and further cell death.

The complex molecular signalling that occurs following an ischaemic
insult provides a rich source of potential therapeutic targets that may be
applicable to all types of Ml and myocardial injury. A few small molecules
have been developed that have shown inhibition of necrosis in non-
human controlled environments. Nec-1 molecules inhibit RIP1 and
markedly reduce infarct size.*%-%® Necrosulfonamide inhibits mixed-
lineage kinase domain-like protein (MLKL), thus preventing the deleterious
membrane effects leading to cell death 5+

Following MI, there is a massive accumulation of neutrophils and
monocytes (enhanced by extravasation of platelets and endothelial cell
leakage), and a subsequent increase in fibroblasts.”** The extracellular
matrix (ECM) of the myocardium plays an important role in the response to
ischaemia. Local fibroblasts can induce further inflammation through
interleukin-1, and matrikines released from the ECM initiate pro-
inflammatory actions.>***° The intense inflammatory response in the first
few days is followed by fibrotic healing that is largely completed by
7-14 days.” It may be that the role and type of inflammation in type 2 M
differs from type 1 MI, with higher cytokine, leukocyte and C-reactive
protein levels being reported.® Whether this represents any fundamental
difference in molecular pathophysiologic pathways between type 1 and
type 2 MI, or simply reflects the systemic illness setting in which type 2 Ml
often occurs, is not known.

Troponin and Myocardial Damage

Troponin is found in all forms of striated muscle, and cTn has unique
regions of amino acid sequences. This means that antibodies can be
made against specific epitopes, and ultimately assays for myocardial
specific troponins can be made. The cTn complex consists of three high-
molecular-weight protein subunits (cTnl, cTnT and cTnC), with cTnl and cTnT
the most commonly used in assays.®

Most cTn assays are non-competitive enzyme-linked immunosorbent
assays (ELISAs), using the high specificity and affinity of antibodies. After
the onset of ischaemia, cardiomyocyte death can occur within 15 minutes,
while histological evidence appears at 46 hours.> The cTn is released
from myocardium as early as 30 minutes following ischaemia. In MI, cTn
peaks at the 24-hour mark, then reduces over the next 5-10 days. cTnT
appears primarily as a mixture of free forms and a T:I:C complex, and cTnl
appears primarily as the binary I:C complex. The first troponin assays
were introduced to clinical practice in 1995, but they took 10-12 hours to
become positive after an event due to the relatively high absolute
minimum concentration of troponin that was able to be detected (i.e. they

lacked sensitivity).*®" Standard troponin assays have improved with time
but the new high-sensitivity assays are able to detect troponin at a 10-fold
lower concentration, allowing for earlier results. Some assays are able to
detect troponin within 90 minutes of an index cardiac event (Figure 4).%2

cInT has a biphasic release profile. Release is initially from the cytosolic
pool (approx. 10%) and is usually free-form, whereas the subsequent peak
and sustained elevation is from the structural pool via degradation (by
calpain 1, caspase or matrix metalloproteinase-2) of the contractile
apparatus, and is mostly the complexed forms of troponin (Figure 5).2

Apart from apoptosis and necrosis, some other mechanisms by which
troponin can be released from cardiomyocytes include normal cell
turnover, release of protein degradation products, increased cell
membrane permeability and membranous ‘blebs’® It is controversial
whether troponin may be released without irreversible cell death,
however, these mechanisms provide potential avenues for this.# The
idea of cytosolic versus structural troponin has been used to distinguish
between reversible and irreversible forms of myocardial damage.
Normalisation of troponin within 24 hours suggests a lack of ongoing
cardiomyocyte structural degradation given that the half-life of troponin is
2-4 hours, with perhaps only cytosolic troponin having been released,
and thus may represent a more reversible type of myocardial damage.”
However, some studies showing that the structural troponin pool is not as
resistant to degradation and release as previously thought, and may be
released early, have challenged this view.*®*

It is likely that the pool (cytosolic or structural) of troponin released,
whether cell death has occurred or not, and whether the injury is
reversible or irreversible, all vary depending on the particular
circumstance. Acute hypertension resulting in a mild troponin rise that
resolves within 24 hours may not represent cell death, and may be
reversible, whereas persistent troponin elevation beyond 24 hours in an
anaemic, hypotensive patient (i.e. a potential type 2 MI) probably
represents cell death, albeit perhaps in a magnitude too small to be
detected by imaging or other techniques (which require 1 g of confluent
necrotic myocardium).®®

Clinical Presentation and Diagnosis

Type 2 Ml is generally straightforward to diagnose when there is evidence
of clinical ischaemia and a clear triggering factor. Type 2 Ml patients may be
asymptomatic, might have minimal, if any, ECG changes, and will have
troponin levels that are not as high as in type 1 MI.3234656-69 ST ejevation is
more common in type 1 MI but can occur in type 2 Ml in 5% of patients.*-"?
One of the main questions at the bedside is whether it could be a type 1 MI.
A small proportion of patients thought to have type 2 Ml turn out to have
type 1 MI detected by the presence of plaque rupture and thrombus on
angiography.””® However, the sensitivity of detection of thrombus is
low.””® The treatment implications are significant, given that there are well-
established therapeutic pathways for type 1 MI that have been shown to
improve outcomes, including mortality. Importantly, type 2 MI carries with it
a worse prognosis than type 1 MI, with a greater proportion of non-cardiac
causes contributing to longer term morbidity and mortality,28:2037397179-83

It is likely that the literature investigating type 2 MI has involved a
significant proportion of patients who do not meet strict UDMI criteria,
given that patients often do not have typically ischaemic symptoms, ECG
changes or new imaging evidence. The most important differentiator is
the presence/absence of factors that may disturb the oxygen supply—
demand balance. In the absence of any of these factors, type 2 Ml cannot
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Figure 3: Cardiomyocyte Molecular Signalling Pathways Triggered by Ischaemia
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A: Cardiomyocyte apoptosis. Cellular apoptosis, like necrosis, occurs predominantly via the mitochondrial pathway mediated by ROS and internal organelle-associated calcium, and, to a lesser extent, via the
death receptor pathway. In the mitochondrial apoptotic pathway, ROS and intracellular calcium trigger MPTP opening, allowing increased mitochondrial permeability. Through mediators, this activates
mitochondrial membrane proteins Bax and Bcl-2, which then initiate an efflux of the two primary instigators of cell damage in apoptosis: cytochrome C and AIF.® AIF causes fragmentation of DNA, while
cytochrome C activates Apaf-1and forms the apoptosome, which then activates multiple caspases downstream. Proteolytic caspases degrade kinases, cytoskeletal proteins, and transcriptional regulators
resulting in cell destruction. Degradation activates CAD and PARP, which both feed back to further degrade DNA along with AIF. In death-receptor-mediated apoptosis, locally secreted external proteins bind
with death receptors, such as TNF-R, which leads to interactions with the proteins FADD and TRADD. This triggers a cascade involving procaspases 3, 7, and 8, ultimately converging on protein degradation
with the mitochondrial pathway. Compared with necrosis, apoptosis is much more tightly requlated and involves more DNA fragmentation and cell shrinkage without significant surface cell membrane
leakiness."™ B: Cardiomyocyte necrosis. Necrosis also occurs via death receptor- and mitochondria-mediated pathways. In death receptor-mediated necrosis, TNF-a and local IFNs act at surface receptors
(e.g. TNF-R) to initiate necrosome regulatory machine formation, made up of receptor-interacting protein kinases RIP1 and RIP3.5 The necrosome complex activates RIP3 itself, leading to downstream
effectors of cell death. These effectors include MLKL phosphorylation, which disturbs membrane permeability; toxic ROS production by PYGL, GLUL, and GLUDT; DRP1, which cleaves mitochondria; and
opening of MPTP, which leads to mitochondria-mediated necrosis via ionic disturbances and depleted ATP>* MPTP can be induced by ionised calcium released through MLKL disruption above, or by ROS
produced by the necrosome complex or through apoptotic pathways. During ischaemia, MPTP opening is the major cause of cell death in the first few minutes, and contributes up to 50% of infarct size.”*
There is considerable communication between the death receptor and mitochondrial necrotic pathways, and indeed between necrotic and apoptotic pathways. Common mediators are often part of positive
feedback mechanisms that can quickly result in large-scale cellular death. AlF = apoptosis-inducing factor; CAD = caspase activated deoxyribonuclease; DR 3/4/5 = death receptor 3/4/5; DRP1 = dynamin-
related protein 1; FADD = Fas-associated protein with death domain; GLUDT = glutamate dehydrogenase 1; GLUL = glutamate-ammonia ligase; IFN = interferon; MLKL = mixed-lineage kinase domain-like
protein; MPTP = mitochondrial permeability transition pore; PARP = poly adenosine diphosphate-ribose polymerase; PGAMS = mitochondrial protein phosphatase; ROS = reactive oxygen species;

TNF = tumour necrosis factor; TNF-R = tumour necrosis factor receptor; TRADD = tumour necrosis factor receptor type 1associated death domain protein.
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Figure 4: Limits of Detection of Past and Current Troponin | Assays
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§ " C@g&% obstructive plaque is seen or if FFR is decreased.”® There have been

no published series using intracoronary imaging, such as OCT or IVUS,
specifically in the type 2 MI population to define whether plaque rupture
and thrombus are present.

3. Release of degradation

1HEC complex products

cTn = cardiac troponin; cTnl = cardiac troponin I; cInT = cardiac troponin T, MMP-2 = matrix Prog nosis
metalloproteinase-2. Generally, prognosis after type 2 Ml is worse than after type 1 MI, probably

reflecting a more comorbid population overall with current critical
be diagnosed. The incidence of coexistent CAD is variable, depending on  illness 26:28:3334394179-819192 Ratrospective  studies demonstrate  1-year
the population studied.”*#-¥" The incidence of significant obstructive — mortality rates of approximately 25% for patients with type 2 MI, compared
CAD in type 2 Ml ranges from 40% to 78%.7>7>#58 Qlder populations with  with 8-12% for those with type 1 MI.2%"7285% |y one study with a 5-year
greater cardiovascular risk factors tend to have a higher prevalence of  follow up, type 2 MI mortality (62.5%) was twice as likely to be due to non-
CAD, as well as of type 2 M|.% cardiovascular causes than to cardiovascular causes.* Although the
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excess mortality may be due to non-cardiovascular causes, type 2 Ml may
predict subsequent cardiovascular outcomes including death to the same
degree that type 1 Ml predicts outcomes 33

Arecent large study by Raphael et al. further suggests that arrhythmia and
post-surgical status as triggering factors for type 2 MI carry a more
favourable long-term prognosis than hypoxia, hypotension or anaemia.”
Troponin levels, including hsTn, have been shown to correlate with poor
outcomes in patients with type 2 MI.***"Higher troponin elevations tend to
correlate with vascular death, while lower elevations correlate with non-
vascular death %

In a recent retrospective review of a total of 475 patients who had an MI/
myocardial injury during admission to a tertiary centre, those not meeting
the UDMI of type 2 MI, but who met the myocardial injury definition,
comprised 46% of the cohort and had similar in-hospital morbidity and
mortality to those with type 2 MI.*? There was no difference in the types of
provoking conditions that caused myocardial injury compared with type 2
MI, while those patients who met UDMI criteria tended to have more
cardiovascular risk factors or known CAD.* This highlights that the UDMI
is a pathophysiological categorisation and therefore, in the clinical
context, those patients with myocardial injury and without clinical
ischaemia may have an equally serious condition with equally poor
prognosis.

Treatment

Despite its prevalence and poor prognosis there have been no randomised
trials of treatment for type 2 MI, in contrast to type 1 MI, for which improved
management, particularly in shortening the door-to-therapy time and in the
development of anti-thrombotic therapy, has resulted in better
outcomes.”*-% Randomised trials are ongoing, testing B-blockers and
angiotensin-converting  enzyme inhibitors  (ACEls;  MINOCA-BAT,
NCT03686696). Patients with type 2 MI have high cardiovascular risk, and
in one study were found to be twice as likely to be readmitted at 1year with
type 1 MI than those with myocardial injury. 2797

The initial management should be to reverse the triggering factors, such
as arrhythmia or anaemia. The well-established evidence base for anti-
platelets and anticoagulants in type 1 Ml has not been shown to be of
benefit in type 2 MI, and may cause harm, particularly bleeding, in an
elderly cohort. Many patients having a type 2 Ml may be on cardiovascular
medications, such as B-blockers, anti-hypertensives and statins. Not
surprisingly, given the lack of evidence for the type 1Ml treatments in type
2 MI, studies demonstrate at most a 50% prescription rate for antiplatelet
therapy, statins, B-blockers and ACEls or angiotensin Il receptor blockers
on discharge for type 2 Ml patients 2334

Given that by definition a clinical diagnosis of type 2 MI means that the
clinician believes there has not been an acute atherothrombotic event,
we hypothesise that dual antiplatelets and anticoagulants are not likely to
be beneficial. If there is evidence of coexistent CAD, these patients would
be categorised in the recent ESC lipid guidelines as being at very high
risk, and as requiring statins to reduce LDL cholesterol to <1.4 mmol/I.*

The proprotein convertase subtilisin/kexin type 9 inhibitor has been
shown to reduce type 2 MI after acute coronary syndrome.” Specific
therapies targeting the cardiomyocyte signalling mechanisms following
ischaemia have thus far proved elusive in humans. Nonetheless,
conceptually itis likely that any specific treatments for type 2 Ml will come
from the cellular response to ischaemia, given that it is the final common

pathway that leads to injury, whatever the initial trigger may be.

One factor that is common to the many triggers for type 2 Mlis tachycardia,
which, as well as potentially triggering myocardial stretch mechanisms,
creates an oxygen supply—demand mismatch by increasing myocardial
work (demand) and reducing diastolic time and thus coronary perfusion
(supply). In the POISE trial, which used metoprolol as a preventative
therapy for perioperative Ml in non-cardiac surgery, there was a benefit to
B-blockade in preventing MI (HR 0.73; 95% CI [0.60-0.89]; p=0.0017), as
defined by the universal definition at the time, which preceded hsTn and
the introduction of myocardial injury®® Unfortunately, this was offset by
hypotension and ischaemic strokes (which was thought at least in part to
be related to hypotension predisposing to cerebral hypoperfusion). It may
also be the case that given that most morbidity and mortality following
type 2 Mlis from non-cardiovascular causes, prevention of a troponin rise,
and thus myocardial damage, might not greatly alter overall prognosis.

The role of invasive coronary angiography with or without PCI, as well as
CT coronary angiography, is not well-defined in the type 2 Ml population.
Furthermore, IVUS and OCT have been little used. Referral for angiography
is low in this cohort, which often consists of elderly patients who might
have renal dysfunction, cognitive impairment, bleeding and/or anaemia.
Delayed functional testing is often used, although there are no long-term
outcome studies to help guide selection of the optimal strategy. Trials are
currently ongoing to investigate whether routine invasive coronary
angiography in type 2 Ml and myocardial injury improves prognosis
(ANZCTR; ACTRN12618000378224). Ultimately, in any individual case, the
clinician must draw on all the information at hand to decide whether the
finding of CAD would change management.

Impact of High-sensitivity Troponin

Given that hsTn is approximately 10-fold more sensitive than previous
standard assays, minute release of troponin will be detected more
frequently. Use of hsTn is expected to result in an increase in the diagnosis
of type 2 MI, with even small elevations being recognised.?®**” Although
a ‘rise and/or fall’ is required in the UDMI, no specific numbers are
currently incorporated (the generally accepted delta is in the 20-50%
range or an absolute change of 5 mmol/l). Thus it is likely that in clinical
practice, type 2 Ml will be diagnosed with greater frequency and unstable
angina will be less frequent.*?

Myocardial injury is also likely to be diagnosed more frequently, with
detection of more instances of non-ischaemic myocardial damage. In our
opinion, it is foreseeable that myocardial injury may become a more
common diagnosis than type 2 or type 1 Ml in hospitalised patients'®
Patients with a non-coronary but otherwise cardiac cause of presentation
to the emergency department (e.g. arrhythmia or myocarditis) may have
higher hsTn levels than those with non-cardiac aetiologies, such as

anaemia or hypoxia.®

HsTn might allow greater precision with risk stratification in certain clinical
settings of type 2 MI, such as tachyarrhythmia. One study found that
patients with tachyarrhythmia who had a positive hsTn (accounting for
47% of all tachyarrhythmia patients) had a significantly higher mortality
than those with a negative hsTn, with rates similar to that of non-ST-
elevation Ml patients.®

Conclusion
Type 2 Ml is common in hospital populations and accounts for at least
25% of all M. Increased detection of both type 2 Ml and myocardial injury
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with hsTn means that these entities will be frequently encountered by all
clinicians. This is not surprising given the many clinical conditions that can
disturb the supply—demand balance of oxygen to the myocardium and the
many causes of myocardial injury. Patients with type 2 Ml may be
asymptomatic. This, combined with a lack of specific treatments for type
2 MI, can create some uncertainty for clinicians at the bedside. Most
importantly, type 2 MI patients have a worse prognosis than type 1 Ml
patients.

Perhaps the most needed next step in the diagnosis of type 2 Mlis a more
specific clinical definition to streamline future investigation.®#* In
current clinical practice there are four main scenarios that are separated
partly by their pathophysiology, but mainly by their investigative and
management strategies: first, type 1 Ml with an acute atherothrombotic
event with plaque rupture and thrombus formation, for which PCl or
thrombolytic therapy, dual antiplatelets, and anticoagulants are
appropriate; second, type 2 Ml with some degree of underlying CAD for
which statin with or without aspirin may be appropriate, as well as
B-blockers and ACEls if the left ventricular ejection fraction is decreased,
along with risk factor modification; third, type 2 Ml due to supply—demand
mismatch with minor coronary artery stenosis (i.e. MINOCA); and fourth,
troponin elevation due to non-ischaemic mechanisms (e.g. myocardial

injury).

Areas that need ongoing research so that they may be incorporated into
a clinical universal definition are impact of hsTn assays; quantification of
troponin levels and patterns; and specification of triggering factors for
type 2 Ml without being too exclusive (for example, the degree of anaemia,

hypoxemia, hypertension, hypotension, tachypnoea, bradycardia etc.).*?®
Clearly this will be very challenging in the individual patient and
confounded by multiple comorbidities. When there is a grey area,
strategies to exclude plaque disruption and acute coronary thrombosis
clinically with a certain degree of confidence would be very helpful. It
must be remembered that all MIs involve thrombus in the coronary
arteries post-mortem (Viramani, personal communication, 2021), and
detection of plaque rupture is the critical feature.

Given the poor prognosis with type 2 MI, another main area of future
investigation should be treatment and prevention. Tachycardia is a
common final trigger in type 2 MI, and targeted heart rate reductions
need to be evaluated, perhaps alongside such things as oxygen therapy
and blood transfusions. The role of angiography and PCl needs to be
further defined, and randomised trials are underway. The research effort
afforded to type 1 Ml over the last decade should be afforded to type 2 MI,
with emphasis on medical therapies (such as those acting on ischaemic
cellular signalling that have shown promise in non-human models) to
achieve a reduction in morbidity and mortality. Long-term outcome
reports of type 2 MI patients stratified by specific treatment strategy are
needed. As well as treatment, the aim is to be able to identify patients at
risk of type 2 Ml and institute preventative strategies early.

In the current era of hsTn, further research and streamlined clinical
guidelines are needed to provide greater awareness and confidence for
clinicians in the prevention, diagnosis, risk stratification and management
of type 2 MI, and with regard to the significant implications it has for future
clinical outcomes.

1. Nabel EG, Braunwald E. A tale of coronary artery disease 14. Clayton TC, Thompson M, Meade TW. Recent respiratory 24. Dalager-Pedersen M, Sogaard M, Schonheyder HC, et al.
and myocardial infarction. N Engl J Med 2012;366:54-63. infection and risk of cardiovascular disease: case—control Risk for myocardial infarction and stroke after community-
https://doi.org/10.1056/NEJMra1112570; PMID: 22216842. study through a general practice database. Eur Heart J acquired bacteremia: a 20-year population-based cohort

2. McWilliam JA. Cardiac failure and sudden death. Br Med J 2008;29:96-103. https://doi.org/10.1093/eurheartj/ehm516; study. Circulation 2014;129:1387-96. https://doi.org/10.1161/
1889;1:6--8. https://doi.org/10.1136/bmj.1.1462.6; PMID: 18063596. CIRCULATIONAHA113.006699; PMID: 24523433.

PMID: 20752540. 15. Warren-Gash C, Geretti AM, Hamilton G, et al. Influenza-like ~ 25. Javed U, Aftab W, Ambrose JA, et al. Frequency of elevated

3. Porter WT. On the results of ligation of the coronary arteries. illness in acute myocardial infarction patients during the troponin | and diagnosis of acute myocardial infarction. Am J
J Physiol 1893;15:121-248. https://doi.org/10.1113/ winter wave of the influenza A HIN1 pandemic in London: a Cardiol 2009;104:9-13. https://doi.org/10.1016/;.
jphysiol1893.sp000466; PMID: 16992088. case—control study. BMJ Open 2013;3:e002604. https://doi. amjcard.2009.03.003; PMID: 19576313.

4. McCarthy CP, Januzzi JL Jr, Gaggin HK. Type 2 myocardial 0rg/10.1136/bmjopen-2013-002604; PMID: 23645915. 26. Collinson P, Lindahl B. Type 2 myocardial infarction: the
infarction: an evolving entity. Circ J 2018;82:309-15. https://  16. Kwong JC, Schwartz KL, Campitelli MA, et al. Acute chimaera of cardiology? Heart 2015;101:1697-1703. https://
doi.org/10.1253/circj.CJ-17-1399; PMID: 29332909. myocardial infarction after laboratory-confirmed influenza doi.org/10.1136/heartjnl-2014-307122; PMID: 26220812.

5. Aldous SJ. Cardiac biomarkers in acute myocardial infection. N Engl J Med 2018;378:345-53. https://doi. 27. Sandoval Y, Jaffe AS. Type 2 myocardial infarction: JACC
infarction. Int J Cardiol 2013;164:282-94. https:/doi. 0rg/10.1056/NEJM0a1702090; PMID: 29365305. review topic of the week. J Am Coll Cardiol 2019;73:1846-60.
0rg/10.1016/j.ijcard.2012.01.081; PMID: 22341694. 17. Musher DM, Alexandraki |, Graviss EA, et al. Bacteremic and https://doi.org/10.1016/j.jacc.2019.02.018; PMID: 30975302.

6. Van de Werf F. The history of coronary reperfusion. Eur Heart nonbacteremic pneumococcal pneumonia. A prospective 28. Chapman AR, Adamson PD, Mills NL. Assessment and
J2014;35:2510-5. https://doi.org/10.1093/eurheartj/ehu268; study. Medicine 2000;79:210-21. https://doi. classification of patients with myocardial injury and
PMID: 25024409. 0rg/10.1097/00005792-200007000-00002; PMID: 10941350. infarction in clinical practice. Heart 2017;103:10-18. https:/

7. Gruppo ltaliano per lo Studio della Streptochinasi nell’'Infarto  18. Musher DM, Rueda AM, Kaka AS, Mapara SM. The doi.org/10.1136/heartjnl-2016-309530; PMID: 27806987.
Miocardico (GISSI). Effectiveness of intravenous thrombolytic association between pneumococcal pneumonia and acute 29. Thygesen K, Alpert JS, Jaffe AS, et al. Fourth universal
treatment in acute myocardial infarction. Lancet 1986;1:397— cardiac events. Clin Infect Dis 2007;45:158—65. https://doi. definition of myocardial infarction (2018). Circulation
402. PMID: 2868337. 0rg/10.1086/518849; PMID: 17578773. 2018;138:618-51. https://doi.org/10.1161/

8. Park KC, Gaze DC, Collinson PO, Marber MS. Cardiac 19. Corrales-Medina VF, Serpa J, Rueda AM, et al. Acute CIR.0000000000000617; PMID: 30571511
troponins: from myocardial infarction to chronic disease. bacterial pneumonia is associated with the occurrence of 30. Hjort M, Lindahl B, Baron T, et al. Prognosis in relation to
Cardiovasc Res 2017;113:1708-18. https://doi.org/10.1093/cvr/ acute coronary syndromes. Medicine 2009;88:154-9. https:// high-sensitivity cardiac troponin T levels in patients with
cvx183; PMID: 29016754, doi.org/10.1097/MD.0b013e3181a692f0; PMID: 19440118. myocardial infarction and non-obstructive coronary arteries.

9. Agewall S, Giannitsis E, Jernberg T, Katus H. Troponin 20. Corrales-Medina VF, Musher DM, Wells GA, et al. Cardiac Am Heart J 2018;200:60—6. https:/doi.org/10.1016/j.
elevation in coronary vs. non-coronary disease. Eur Heart J complications in patients with community-acquired ahj.2018.03.005; PMID: 29898850.
2011;32:404-11. https://doi.org/10.1093/eurheartj/ehq456; pneumonia: incidence, timing, risk factors, and association 31. Tan JWC, Lam CSP, Kasim SS, et al. Asia-Pacific consensus
PMID: 21169615. with short-term mortality. Circulation 2012;125:773-81. https:// statement on the optimal use of high-sensitivity troponin

10. Thygesen K, Alpert JS, White HD, et al. Universal definition doi.org/10.1161/CIRCULATIONAHA111.040766; assays in acute coronary syndromes diagnosis: focus on
of myocardial infarction. Circulation 2007;116:2634-53. PMID: 22219349. hs-Tnl. Heart Asia 2017;9:81-7. https://doi.org/10.1136/
https://doi.org/10.1161/CIRCULATIONAHA 107187397, 21. Violi F, Cangemi R, Falcone M, et al. Cardiovascular heartasia-2016-010818; PMID: 28466882.

PMID: 17951284. complications and short-term mortality risk in community- 32. Smilowitz NR, Weiss MC, Mauricio R, et al. Provoking

1. Thygesen K, Alpert JS, Jaffe AS, et al. Third universal acquired pneumonia. Clin Infect Dis 2017;64:1486-93. https:// conditions, management and outcomes of type 2
definition of myocardial infarction. J Am Coll Cardiol doi.org/10.1093/cid/cix164; PMID: 28205683. myocardial infarction and myocardial necrosis. Int J Cardiol
2012;60:1581-98. https://doi.org/10.1016/j.jacc.2012.08.001; 22. Ramirez J, Aliberti S, Mirsaeidi M, et al. Acute myocardial 2016;218:196—201. https://doi.org/10.1016/;.

PMID: 22958960. infarction in hospitalized patients with community-acquired ijcard.2016.05.045; PMID: 27236114.

12. Musher DM, Abers MS, Corrales-Medina VF. Acute infection pneumonia. Clin Infect Dis 2008;47:182—7. https://doi. 33. Smilowitz NR, Naoulou B, Sedlis SP. Diagnosis and
and myocardial infarction. N Engl J Med 2019;380:171-6. 0rg/10.1086/589246; PMID: 18533841. management of type Il myocardial infarction: increased
https://doi.org/10.1056/NEJMra1808137; PMID: 30625066. 23. Corrales-Medina VF, Alvarez KN, Weissfeld LA, et al. demand for a limited supply of evidence. Curr Atheroscler Rep

13. Smeeth L, Thomas SL, Hall AJ, et al. Risk of myocardial Association between hospitalization for pneumonia and 2015;17:478. https://doi.org/10.1007/511883-014-0478-1;
infarction and stroke after acute infection or vaccination. subsequent risk of cardiovascular disease. JAMA PMID: 25620276.

N Engl J Med 2004;351:2611-8. https://doi.org/10.1056/ 2015;313:264-74. https://doi.org/10.1001/jama.2014.18229; 34. Sandoval Y, Smith SW, Thordsen SE, Apple FS. Supply/

NEJMoa041747; PMID: 15602021.

PMID: 25602997.

EUROPEAN CARDIOLOGY REVIEW
www.ECRjournal.com

demand type 2 myocardial infarction: should we be paying


https://doi.org/10.1056/NEJMra1112570
https://doi.org/10.1136/bmj.1.1462.6
https://doi.org/10.1113/jphysiol.1893.sp000466
https://doi.org/10.1113/jphysiol.1893.sp000466
https://doi.org/10.1253/circj.CJ-17-1399
https://doi.org/10.1253/circj.CJ-17-1399
https://doi.org/10.1016/j.ijcard.2012.01.081
https://doi.org/10.1016/j.ijcard.2012.01.081
https://doi.org/10.1093/eurheartj/ehu268
https://doi.org/10.1093/cvr/cvx183
https://doi.org/10.1093/cvr/cvx183
https://doi.org/10.1093/eurheartj/ehq456
https://doi.org/10.1161/CIRCULATIONAHA.107.187397
https://doi.org/10.1016/j.jacc.2012.08.001
https://doi.org/10.1056/NEJMra1808137
https://doi.org/10.1056/NEJMoa041747
https://doi.org/10.1056/NEJMoa041747
https://doi.org/10.1093/eurheartj/ehm516
https://doi.org/10.1136/bmjopen-2013-002604
https://doi.org/10.1136/bmjopen-2013-002604
https://doi.org/10.1056/NEJMoa1702090
https://doi.org/10.1056/NEJMoa1702090
https://doi.org/10.1097/00005792-200007000-00002
https://doi.org/10.1097/00005792-200007000-00002
https://doi.org/10.1086/518849
https://doi.org/10.1086/518849
https://doi.org/10.1097/MD.0b013e3181a692f0
https://doi.org/10.1097/MD.0b013e3181a692f0
https://doi.org/10.1161/CIRCULATIONAHA.111.040766
https://doi.org/10.1161/CIRCULATIONAHA.111.040766
https://doi.org/10.1093/cid/cix164
https://doi.org/10.1093/cid/cix164
https://doi.org/10.1086/589246
https://doi.org/10.1086/589246
https://doi.org/10.1001/jama.2014.18229
https://doi.org/10.1161/CIRCULATIONAHA.113.006699
https://doi.org/10.1161/CIRCULATIONAHA.113.006699
https://doi.org/10.1016/j.amjcard.2009.03.003
https://doi.org/10.1016/j.amjcard.2009.03.003
https://doi.org/10.1136/heartjnl-2014-307122
https://doi.org/10.1136/heartjnl-2014-307122
https://doi.org/10.1016/j.jacc.2019.02.018
https://doi.org/10.1136/heartjnl-2016-309530
https://doi.org/10.1136/heartjnl-2016-309530
https://doi.org/10.1161/CIR.0000000000000617
https://doi.org/10.1161/CIR.0000000000000617
https://doi.org/10.1016/j.ahj.2018.03.005
https://doi.org/10.1016/j.ahj.2018.03.005
https://doi.org/10.1136/heartasia-2016-010818
https://doi.org/10.1136/heartasia-2016-010818
https://doi.org/10.1016/j.ijcard.2016.05.045
https://doi.org/10.1016/j.ijcard.2016.05.045
https://doi.org/10.1007/s11883-014-0478-1

Type 2 Ml in the Era of High-sensitivity Troponin

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45,

46.

47.

48.

49.

50.

51.

52.

53.

more attention? J Am Coll Cardiol 2014;63:2079-87. https:/
doi.org/10.1016/}.jacc.2014.02.541; PMID: 24632278.

Alpert JS, Thygesen KA, White HD, Jaffe AS. Diagnostic and
therapeutic implications of type 2 myocardial infarction:
review and commentary. Am J Med 2014;127:105-8. https:/
doi.org/10.1016/j.amjmed.2013.09.031; PMID: 24462011.
Sandoval Y, Jaffe AS. Refining the diagnosis of type 2
myocardial infarction. JAMA Cardiol 2017;2:106-7. https://doi.
0rg/10.1007/jamacardio.2016.3717; PMID: 27760241.
Neumann JT, Sorensen NA, Rubsamen N, et al.
Discrimination of patients with type 2 myocardial infarction.
Eur Heart J 2017;38:3514-20. https://doi.org/10.1093/
eurheartj/ehx457; PMID: 29020401.

Mariathas M, Olechowski B, Mahmoudi M, Curzen N. High
sensitivity troponins in contemporary cardiology practice:
are we turning a corner? Expert Rev Cardiovasc Ther
2018;16:49-57. https://doi.org/10.1080/14779072.2018.141906
3; PMID: 29260921.

Agewall S, Beltrame JF, Reynolds HR, et al. ESC working
group position paper on myocardial infarction with non-
obstructive coronary arteries. Fur Heart J 2017;38:143-53.
https://doi.org/10.1093/eurheartj/ehw149; PMID: 28158518.
Tamis-Holland JE, Jneid H, Reynolds HR, et al.
Contemporary diagnosis and management of patients with
myocardial infarction in the absence of obstructive coronary
artery disease: a scientific statement from the American
Heart Association. Circulation 2019;139:891-908. https:/doi.
0rg/10.1161/CIR.0000000000000670; PMID: 30913893.
Lindahl B, Baron T, Erlinge D, et al. Medical therapy for
secondary prevention and long-term outcome in patients
with myocardial infarction with nonobstructive coronary
artery disease. Circulation 2017;135:1481-9. https://doi.
0rg/10.1161/CIRCULATIONAHA116.026336; PMID: 28179398.
Pasupathy S, Tavella R, Beltrame JF. Myocardial infarction
with nonobstructive coronary arteries (MINOCA): the past,
present, and future management. Circulation 2017;135:1490—
93. https://doi.org/10.1161/CIRCULATIONAHA117.027666;
PMID: 28416521.

Pais JL, Izquierdo Coronel B, Galan Gil D, et al. Psycho-
emotional disorders as incoming risk factors for myocardial
infarction with non-obstructive coronary arteries. Cardiol J
2018;25:24-31. https://doi.org/10.5603/CJ.a2017.0139;
PMID: 29240964.

Stefanini GG, Montorfano M, Trabattoni D, et al. ST-elevation
myocardial infarction in patients with COVID-19: clinical and
angiographic outcomes. Circulation 2020;141:2113-16. https:/
doi.org/10.1161/CIRCULATIONAHA120.047525;

PMID: 32352306.

Wang G, Zhao N, Zhong S, Li J. A systematic review on the
triggers and clinical features of type 2 myocardial infarction.
Clin Cardiol 2019;42;1019-27. https://doi.org/10.1002/
¢lc.23230; PMID: 31295367.

Alcock RF, Kouzios D, Naoum C, et al. Perioperative
myocardial necrosis in patients at high cardiovascular risk
undergoing elective non-cardiac surgery. Heart
2012;98:792-8. https://doi.org/10.1136/heartjnl-2011-301577,
PMID: 22543837.

Toda H, Nakamura K, Nakagawa K, et al. Diastolic
dysfunction is a risk of perioperative myocardial injury
assessed by high-sensitivity cardiac troponin T in elderly
patients undergoing non-cardiac surgery. Circ J
2018;82:775-82. https://doi.org/10.1253/circj.CJ-17-0747;
PMID: 29151453.

Parissis JT, Papadakis J, Kadoglou NP, et al. Prognostic
value of high sensitivity troponin T in patients with acutely
decompensated heart failure and non-detectable
conventional troponin T levels. Int J Cardiol 2013;168:3609—
12. https://doi.org/10.1016/j.ijcard.2013.05.056;

PMID: 23711451.

Vergallo R, Crea F. Atherosclerotic plaque healing. N £ngl J
Med 2020;383:846-57. https://doi.org/10.1056/
NEJMra2000317; PMID: 32846063.

Saaby L, Poulsen TS, Hosbond S, et al. Classification of
myocardial infarction: frequency and features of type 2
myocardial infarction. Am J Med 2013;126:789-97. https://doi.
0rg/10.1016/j.amjmed.2013.02.029; PMID: 23856021.

Wu AHB. Release of cardiac troponin from healthy and
damaged myocardium. Front Lab Med 2017;1:144-50. https:/
doi.org/10.1016/}.fim.2017.09.003.

Ghadri JR, Wittstein IS, Prasad A, et al. International expert
consensus document on takotsubo syndrome (part I):
clinical characteristics, diagnostic criteria, and
pathophysiology. Eur Heart J 2018;39:2032—46. https://doi.
0rg/10.1093/eurheartj/ehy076; PMID: 29850871.

Schirone L, Forte M, Palmerio S, et al. A review of the
molecular mechanisms underlying the development and
progression of cardiac remodeling. Oxid Med Cell Longev
2017;2017:3920195. https://doi.org/10.1155/2017/3920195;
PMID: 28751931.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

.

72.

73.

74.

Xu T, Ding W, Tarig MA, et al. Molecular mechanism and
therapy application of necrosis during myocardial injury.

J Cell Mol Med 2018;22:2547-57. https://doi.org/10.111/
jemm.13575; PMID: 29493109.

Reed GW, Rossi JE, Cannon CP. Acute myocardial infarction.
Lancet 2017;389:197-210. https://doi.org/10.1016/S0140-
6736(16)30677-8; PMID: 27502078.

Degterev A, Hitomi J, Germscheid M, et al. Identification of
RIP1 kinase as a specific cellular target of necrostatins. Nat
Chem Biol 2008;4:313-21. https://doi.org/10.1038/
nchembio.83; PMID: 18408713.

Oerlemans MI, Liu J, Arslan F, et al. Inhibition of RIP1-
dependent necrosis prevents adverse cardiac remodeling
after myocardial ischemia-reperfusion in vivo. Basic Res
Cardiol 2012;107:270. https://doi.org/10.1007/s00395-012-
0270-8; PMID: 22553001.

Lim SY, Davidson SM, Mocanu MM, et al. The
cardioprotective effect of necrostatin requires the
cyclophilin-D component of the mitochondrial permeability
transition pore. Cardiovasc Drugs Ther 2007;21:467-9. https://
doi.org/10.1007/510557-007-6067-6; PMID: 17965927.

Du X. Post-infarct cardiac injury, protection and repair: roles
of non-cardiomyocyte multicellular and acellular
components. Sci China Life Sci 2018;61:266-76. https://doi.
0rg/10.1007/s11427-017-9223-x; PMID: 29388041.
Frangogiannis NG. The extracellular matrix in myocardial
injury, repair, and remodeling. J Clin Invest 2017;127:1600-12.
https://doi.org/10.1172/JCI87491; PMID: 28459429.

Hamm CW, Ravkilde J, Gerhardt W, et al. The prognostic
value of serum troponin T in unstable angina. N Engl J Med
1992;327:146-50. https://doi.org/10.1056/
NEJM199207163270302; PMID: 1290492.

Chacko S, Haseeb S, Glover BM, et al. The role of
biomarkers in the diagnosis and risk stratification of acute
coronary syndrome. Future Sci OA 2018;4:FS0251. https://doi.
0rg/10.4155/fs0a-2017-0036; PMID: 29255623.

White HD. Pathobiology of troponin elevations: do
elevations occur with myocardial ischemia as well as
necrosis? J Am Coll Cardiol 2011,57:2406-8. https://doi.
0rg/10.1016/j.jacc.2011.01.029; PMID: 21658560.

Starnberg K, Jeppsson A, Lindahl B, Hammarsten O.
Revision of the troponin T release mechanism from
damaged human myocardium. Clin Chem 2014;60:1098-104.
https://doi.org/10.1373/clinchem.2013.217943;

PMID: 24842954.

Schoenhagen P, White HD. Magnetic resonance imaging
and troponin elevation following percutaneous coronary
intervention: new insights into myocyte necrosis and scar
formation. JACC Cardiovasc Interv 2010;3:959-62. https:/doi.
0rg/10.1016/}.jcin.2010.06.011; PMID: 20850096.

Szymanski FM, Karpinski G, Platek AE, et al. Clinical
characteristics, aetiology and occurrence of type 2 acute
myocardial infarction. Kardiol Pol 2014;72:339—44. https:/doi.
0rg/10.5603/KP.a2013.0284; PMID: 24142753.

Devereaux PJ, Biccard BM, Sigamani A, et al. Association of
postoperative high-sensitivity troponin levels with
myocardial injury and 30-day mortality among patients
undergoing noncardiac surgery. JAMA 2017;317:1642-51.
https://doi.org/10.1001/jama.2017.4360; PMID: 28444280.
Mauermann E, Puelacher C, Lurati Buse G. Myocardial injury
after noncardiac surgery: an underappreciated problem and
current challenges. Curr Opin Anaesthesiol 2016;29:403-12.
https://doi.org/10.1097/AC0.0000000000000336;

PMID: 27008065.

Puelacher C, Lurati Buse G, Seeberger D, et al.
Perioperative myocardial injury after noncardiac surgery:
incidence, mortality, and characterization. Circulation
2018;137:1221-32. https://doi.org/10.1161/
CIRCULATIONAHAM7.030114; PMID: 29203498.

Vargas KG, Haller PM, Jager B, et al. Variations on
classification of main types of myocardial infarction: a
systematic review and outcome meta-analysis. Clin Res
Cardiol 2019;108:749—-62. https://doi.org/10.1007/s00392-
018-1403-3; PMID: 30535801.

Paiva L, Providencia R, Barra S, et al. Universal definition of
myocardial infarction: clinical insights. Cardiology
2015;131:13-21. https://doi.org/10.1159/000371739;

PMID: 25831989.

Baron JM, Lewandrowski EL, Januzzi JL, et al. Measurement
of high-sensitivity troponin T in noncardiac medical intensive
care unit patients. Correlation to mortality and length of
stay. Am J Clin Pathol 2014;141:488-93. https://doi.
0rg/10.1309/ajcplvqay35xtfvn; PMID: 24619748.

Landes U, Bental T, Orvin K, et al. Type 2 myocardial
infarction: a descriptive analysis and comparison with type 1
myocardial infarction. J Cardiol 2016;67:51-6. https://doi.
0rg/10.1016/.jjcc.2015.04.001; PMID: 25956551.

Hanson |, Kahn J, Dixon S, Goldstein J. Angiographic and
clinical characteristics of type 1 versus type 2 perioperative

EUROPEAN CARDIOLOGY REVIEW
www.ECRjournal.com

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

myocardial infarction. Catheter Cardiovasc Interv
2013;82:622-8. https://doi.org/10.1002/ccd.24626;

PMID: 22926992.

Gualandro DM, Campos CA, Calderaro D, et al. Coronary
plaque rupture in patients with myocardial infarction after
noncardiac surgery: frequent and dangerous. Atherosclerosis
2012;222:191-5. https://doi.org/10.1016/).
atherosclerosis.2012.02.021; PMID: 22410124.

Duvall WL, Sealove B, Pungoti C, et al. Angiographic
investigation of the pathophysiology of perioperative
myocardial infarction. Catheter Cardiovasc Interv
2012;80:768-76. https://doi.org/10.1002/ccd.23446;

PMID: 22419582.

Amraotkar AR, Ghafghazi S, Trainor PJ, et al. Presence of
multiple coronary angiographic characteristics for the
diagnosis of acute coronary thrombus. Cardiol J 2017;24:25—
34. https://doi.org/10.5603/CJ.a2017.0004; PMID: 28150291.
Levin DC, Fallon JT. Significance of the angiographic
morphology of localized coronary stenoses: histopathologic
correlations. Circulation 1982;66:316—20. https://doi.
0rg/10.1161/01.CIR.66.2.316; PMID: 7094243.

Shah AS, McAllister DA, Mills R, et al. Sensitive troponin
assay and the classification of myocardial infarction. Am J
Med 2015;128:493-501. https://doi.org/10.1016/).
amjmed.2014.10.056; PMID: 25436428.

Mariathas M, Gemmell C, Olechowski B, et al. High
sensitivity troponin in the management of tachyarrhythmias.
Cardiovasc Revasc Med 2018;19:487-92. https://doi.
0rg/10.1016/j.carrev.2017.11.011; PMID: 29352700.

Biere L, Niro M, Pouliquen H, et al. Risk of ventricular
arrhythmia in patients with myocardial infarction and non-
obstructive coronary arteries and normal ejection fraction.
World J Cardiol 2017;9:268-76. https://doi.org/10.4330/wjc.
v9.i3.268; PMID: 28400924.

Pasupathy S, Tavella R, Beltrame JF. The what, when, who,
why, how and where of myocardial infarction with non-
obstructive coronary arteries (MINOCA). Circ J 2016;80:11-16.
https://doi.org/10.1253/circj.CJ-15-1096; PMID: 26597354
Daniel M, Agewall S, Caidahl K, et al. Effect of myocardial
infarction with nonobstructive coronary arteries on physical
capacity and quality-of-life. Am J Cardiol 2017;120:341-6.
https://doi.org/10.1016/j.amjcard.2017.05.007;

PMID: 28610801.

Gaggin HK, Liu Y, Lyass A, et al. Incident type 2 myocardial
infarction in a cohort of patients undergoing coronary or
peripheral arterial angiography. Circulation 2017;135:116-27.
https://doi.org/10.1161/CIRCULATIONAHA116.023052;

PMID: 27881568.

Saaby L, Poulsen TS, Diederichsen AC, et al. Mortality rate
in type 2 myocardial infarction: observations from an
unselected hospital cohort. Am J Med 2014;127:295-302.
https://doi.org/10.1016/j.amjmed.2013.12.020;

PMID: 24457000.

Lambrecht S, Sarkisian L, Saaby L, et al. Different causes of
death in patients with myocardial infarction type 1, type 2,
and myocardial injury. Am J Med 2018;131:548-54. https://
doi.org/10.1016/j.amjmed.2017.11.043; PMID: 29274756.
Chapman AR, Shah ASV, Lee KK, et al. Long-term outcomes
in patients with type 2 myocardial infarction and myocardial
injury. Circulation 2018;137:1236-45. https://doi.org/10.1161/
CIRCULATIONAHA7.031806; PMID: 29150426.

Ammann P, Fehr T, Minder El, et al. Elevation of troponin | in
sepsis and septic shock. Intensive Care Med 2001;27:965-9.
https://doi.org/10.1007/s001340100920; PMID: 11497154
Parashar A, Agarwal S, Krishnaswamy A, et al. Percutaneous
intervention for myocardial infarction after noncardiac
surgery: patient characteristics and outcomes. J Am Coll
Cardiol 2016;68:329-38. https://doi.org/10.1016/.
jacc.2016.03.602; PMID: 27443427.

Berger PB, Bellot V, Bell MR, et al. An immediate invasive
strategy for the treatment of acute myocardial infarction
early after noncardiac surgery. Am J Cardiol 2001;87:1100-2.
https://doi.org/10.1016/S0002-9149(01)01469-2;

PMID: 11348610.

Raphael CE, Roger VL, Sandoval Y, et al. Incidence, trends,
and outcomes of type 2 myocardial infarction in a
community cohort. Circulation 2020;141:454-63. https://doi.
0rg/10.1161/CIRCULATIONAHA119.043100; PMID: 31902228.
Thygesen K, Jaffe AS. The gloomy long-term prognosis of
patients with type 2 myocardial infarction or myocardial
injury. J Am Coll Cardiol 2020;75:1014-6. https://doi.
0rg/10.1016/j.jacc.2020.01.004; PMID: 32138960.

Stein GY, Alon D, Korenfeld R, Fuchs S. Clinical implications
of high-sensitivity cardiac troponin measurements in
hospitalized medical patients. PLoS One 2015;10:e0117162.
https://doi.org/10.1371/journal.pone.0117162;

PMID: 25636061.

McNamara RL, Wang Y, Herrin J, et al. Effect of door-to-
balloon time on mortality in patients with ST-segment


https://doi.org/10.1016/j.jacc.2014.02.541
https://doi.org/10.1016/j.jacc.2014.02.541
https://doi.org/10.1016/j.amjmed.2013.09.031
https://doi.org/10.1016/j.amjmed.2013.09.031
https://doi.org/10.1001/jamacardio.2016.3717
https://doi.org/10.1001/jamacardio.2016.3717
https://doi.org/10.1093/eurheartj/ehx457
https://doi.org/10.1093/eurheartj/ehx457
https://doi.org/10.1080/14779072.2018.1419063
https://doi.org/10.1080/14779072.2018.1419063
https://doi.org/10.1093/eurheartj/ehw149
https://doi.org/10.1161/CIR.0000000000000670
https://doi.org/10.1161/CIR.0000000000000670
https://doi.org/10.1161/CIRCULATIONAHA.116.026336
https://doi.org/10.1161/CIRCULATIONAHA.116.026336
https://doi.org/10.1161/CIRCULATIONAHA.117.027666
https://doi.org/10.5603/CJ.a2017.0139
https://doi.org/10.1161/CIRCULATIONAHA.120.047525
https://doi.org/10.1161/CIRCULATIONAHA.120.047525
https://doi.org/10.1002/clc.23230
https://doi.org/10.1002/clc.23230
https://doi.org/10.1136/heartjnl-2011-301577
https://doi.org/10.1253/circj.CJ-17-0747
https://doi.org/10.1016/j.ijcard.2013.05.056
https://doi.org/10.1056/NEJMra2000317
https://doi.org/10.1056/NEJMra2000317
https://doi.org/10.1016/j.amjmed.2013.02.029
https://doi.org/10.1016/j.amjmed.2013.02.029
https://doi.org/10.1016/j.flm.2017.09.003
https://doi.org/10.1016/j.flm.2017.09.003
https://doi.org/10.1093/eurheartj/ehy076
https://doi.org/10.1093/eurheartj/ehy076
https://doi.org/10.1155/2017/3920195
https://doi.org/10.1111/jcmm.13575
https://doi.org/10.1111/jcmm.13575
https://doi.org/10.1016/S0140-6736(16)30677-8
https://doi.org/10.1016/S0140-6736(16)30677-8
https://doi.org/10.1038/nchembio.83
https://doi.org/10.1038/nchembio.83
https://doi.org/10.1007/s00395-012-0270-8
https://doi.org/10.1007/s00395-012-0270-8
https://doi.org/10.1007/s10557-007-6067-6
https://doi.org/10.1007/s10557-007-6067-6
https://doi.org/10.1007/s11427-017-9223-x
https://doi.org/10.1007/s11427-017-9223-x
https://doi.org/10.1172/JCI87491
https://doi.org/10.1056/NEJM199207163270302
https://doi.org/10.1056/NEJM199207163270302
https://doi.org/10.4155/fsoa-2017-0036
https://doi.org/10.4155/fsoa-2017-0036
https://doi.org/10.1016/j.jacc.2011.01.029
https://doi.org/10.1016/j.jacc.2011.01.029
https://doi.org/10.1373/clinchem.2013.217943
https://doi.org/10.1016/j.jcin.2010.06.011
https://doi.org/10.1016/j.jcin.2010.06.011
https://doi.org/10.5603/KP.a2013.0284
https://doi.org/10.5603/KP.a2013.0284
https://doi.org/10.1001/jama.2017.4360
https://doi.org/10.1097/ACO.0000000000000336
https://doi.org/10.1161/CIRCULATIONAHA.117.030114
https://doi.org/10.1161/CIRCULATIONAHA.117.030114
https://doi.org/10.1007/s00392-018-1403-3
https://doi.org/10.1007/s00392-018-1403-3
https://doi.org/10.1159/000371739
https://doi.org/10.1309/AJCPLVQQY35XTFVN
https://doi.org/10.1309/AJCPLVQQY35XTFVN
https://doi.org/10.1016/j.jjcc.2015.04.001
https://doi.org/10.1016/j.jjcc.2015.04.001
https://doi.org/10.1002/ccd.24626
https://doi.org/10.1016/j.atherosclerosis.2012.02.021
https://doi.org/10.1016/j.atherosclerosis.2012.02.021
https://doi.org/10.1002/ccd.23446
https://doi.org/10.5603/CJ.a2017.0004
https://doi.org/10.1161/01.CIR.66.2.316
https://doi.org/10.1161/01.CIR.66.2.316
https://doi.org/10.1016/j.amjmed.2014.10.056
https://doi.org/10.1016/j.amjmed.2014.10.056
https://doi.org/10.1016/j.carrev.2017.11.011
https://doi.org/10.1016/j.carrev.2017.11.011
https://doi.org/10.4330/wjc.v9.i3.268
https://doi.org/10.4330/wjc.v9.i3.268
https://doi.org/10.1253/circj.CJ-15-1096
https://doi.org/10.1016/j.amjcard.2017.05.001
https://doi.org/10.1161/CIRCULATIONAHA.116.023052
https://doi.org/10.1016/j.amjmed.2013.12.020
https://doi.org/10.1016/j.amjmed.2017.11.043
https://doi.org/10.1016/j.amjmed.2017.11.043
https://doi.org/10.1161/CIRCULATIONAHA.117.031806
https://doi.org/10.1161/CIRCULATIONAHA.117.031806
https://doi.org/10.1007/s001340100920
https://doi.org/10.1016/j.jacc.2016.03.602
https://doi.org/10.1016/j.jacc.2016.03.602
https://doi.org/10.1016/S0002-9149(01)01469-2
https://doi.org/10.1161/CIRCULATIONAHA.119.043100
https://doi.org/10.1161/CIRCULATIONAHA.119.043100
https://doi.org/10.1016/j.jacc.2020.01.004
https://doi.org/10.1016/j.jacc.2020.01.004
https://doi.org/10.1371/journal.pone.0117162

Type 2 Ml in the Era of High-sensitivity Troponin

95.

96.

97.

98.

elevation myocardial infarction. J Am Coll Cardliol
2006;47:2180—6. https://doi.org/10.1016/j.jacc.2005.12.072;
PMID: 16750682.

Cannon CP, Gibson CM, Lambrew CT, et al. Relationship of
symptom-onset-to-balloon time and door-to-balloon time
with mortality in patients undergoing angioplasty for acute
myocardial infarction. JAMA 2000;283:2941-7. https://doi.
0rg/10.100/jama.283.22.2941; PMID: 10865271.

Brodie BR, Hansen C, Stuckey TD, et al. Door-to-balloon
time with primary percutaneous coronary intervention for
acute myocardial infarction impacts late cardiac mortality in
high-risk patients and patients presenting early after the
onset of symptoms. J Am Coll Cardiol 2006;47:289-95.
https://doi.org/10.1016/j.jacc.2005.08.065; PMID: 16412849.
Korley FK. The wait for high-sensitivity troponin is over:
proceed cautiously. JAMA Cardiol 2018;3:112—3. https://doi.
0rg/10.1001/jamacardio.2017.4626; PMID: 29238815.

Mach F, Baigent C, Catapano AL, et al. 2019 ESC/EAS
guidelines for the management of dyslipidaemias: lipid

modification to reduce cardiovascular risk. Eur Heart J
2020;41:1M-88. https://doi.org/10.1093/eurheartj/ehz455;
PMID: 31504418.

99. White HD, Steg PG, Szarek M, et al. Effects of alirocumab on
types of myocardial infarction: insights from the ODYSSEY
OUTCOMES trial. Eur Heart J 2019;40:2801-9. https://doi.
0rg/10.1093/eurheartj/ehz299; PMID: 31121022.

100. Devereaux PJ, Yang H, Yusuf S, et al. Effects of extended-

release metoprolol succinate in patients undergoing non-

cardiac surgery (POISE trial): a randomised controlled trial.

Lancet 2008;371:1839—47. https://doi.org/10.1016/S0140-

6736(08)60601-7; PMID: 18479744.

Lambrakis K, French JK, Scott IA, et al. The appropriateness

of coronary investigation in myocardial injury and type 2

myocardial infarction (ACT-2): a randomized trial design. Am

Heart J 2019;208:11-20. https://doi.org/10.1016/;.

ahj.2018.09.016; PMID: 30522086.

102. Sabatine MS, Morrow DA, de Lemos JA, et al. Multimarker
approach to risk stratification in non-ST elevation acute

101.

EUROPEAN CARDIOLOGY REVIEW
www.ECRjournal.com

coronary syndromes: simultaneous assessment of troponin
I, C-reactive protein, and B-type natriuretic peptide.
Circulation 2002;105:1760-3. https://doi.org/10.1161/01.
CIR.0000015464.18023.0A; PMID: 11956114.

103. White HD. Adding insult to injury: are there treatments for
myocardial injury and type 2 myocardial infarction? J Am
Heart Assoc 2021;10:e019796. https://doi.org/10.1161/
JAHA120.019796; PMID: 33372537.

104. Nowak R, Mueller C, Giannitsis E, et al. High sensitivity
cardiac troponin T in patients not having an acute coronary
syndrome: results from the TRAPID-AMI study. Biomarkers
2017;22:709-14. https://doi.org/10.1080/135475
0X.20171334154; PMID: 28532247.

105. Lopez-Neblina F, Toledo AH, Toledo-Pereyra LH. Molecular
biology of apoptosis in ischemia and reperfusion. J Invest
Surg 2005;18:335-50. https://doi.org/10.1080/
08941930500328862; PMID: 16319055.


https://doi.org/10.1016/j.jacc.2005.12.072
https://doi.org/10.1001/jama.283.22.2941
https://doi.org/10.1001/jama.283.22.2941
https://doi.org/10.1016/j.jacc.2005.08.065
https://doi.org/10.1001/jamacardio.2017.4626
https://doi.org/10.1001/jamacardio.2017.4626
https://doi.org/10.1093/eurheartj/ehz455
https://doi.org/10.1093/eurheartj/ehz299
https://doi.org/10.1093/eurheartj/ehz299
https://doi.org/10.1016/S0140-6736(08)60601-7
https://doi.org/10.1016/S0140-6736(08)60601-7
https://doi.org/10.1016/j.ahj.2018.09.016
https://doi.org/10.1016/j.ahj.2018.09.016
https://doi.org/10.1161/01.CIR.0000015464.18023.0A
https://doi.org/10.1161/01.CIR.0000015464.18023.0A
https://doi.org/10.1161/JAHA.120.019796
https://doi.org/10.1161/JAHA.120.019796
https://doi.org/10.1080/1354750X.2017.1334154
https://doi.org/10.1080/1354750X.2017.1334154
https://doi.org/10.1080/08941930500328862
https://doi.org/10.1080/08941930500328862

