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Abstract
Cardiovascular diseases are major causes of morbidity and death worldwide, and most cardiac deaths are related to isch-
emic injury of the myocardium (myocardial infarction). As underlined in the current clinical definition and classification 
of myocardial infarctions, not all myocardial injuries are due to ischemia: irreversible injury, ending in necrosis, can be 
induced also by various other factors, such as infections, immune disorders, physical and chemical agents, and trauma. 
This is supported by clinical studies showing that elevated serum levels of cardiac troponins, as a measure of myocardial 
damage, are also a common finding in the non-ischemic types of myocardial injury. Forensic pathologists confronted with 
autopsy findings suggestive of myocardial injury should therefore realize that both ischemic and non-ischemic forms of 
myocardial death can be observed, and not only in natural but also non-natural deaths (intoxications, asphyxia, traumatic 
and iatrogenic deaths, and others). Distinguishing these different types of injuries and underlying diseases or circumstances 
of death is critical, not only to determine the cause and mechanism of death, but also to help investigate often challeng-
ing medico-legal scenarios. This article reviews the broad spectrum of ischemic and non-ischemic myocardial injuries in 
natural and violent deaths. From this perspective we propose a diagnostic approach to myocardial injuries in a forensic 
pathology context.

Key points
- Cell injury is a well-known term in pathology but can be confusing for forensic pathologists since it alludes to both 
natural and non-natural circumstances of cell death.
- Not all myocardial injuries are ischemic. A discrimination should made between ischemic injury (infarction) and non-
ischemic injuries (for example myocarditis).
- Myocardial infarction type 2 and several forms of non-ischemic myocardial injuries can be the consequence of natural 
but also violent causes of death.
- Ancillary techniques (postmortem imaging, immunohistochemistry (IHC), NBT stain and postmortem chemistry) allow 
to detect myocardial injuries, but they cannot discriminate between ischemic and nonischemic causes of cell death. IHC 
can be a useful tool to delineate even very small foci of myocardial injuries in the heart.

Keywords Myocardial infarction · Myocardial injuries · Autopsy · Forensic autopsy · Myocarditis · Cocaine · 
Catecholamines · Toxicology · Reperfusion injury · Violent death · Natural death

Received: 21 January 2025 / Accepted: 18 March 2025
© The Author(s) 2025

Ischemic and non-ischemic myocardial injuries at autopsy- an 
overview for forensic pathologists

Katarzyna Michaud1  · Cristina Basso2  · Hans H. de Boer3  · Tony Fracasso1,4  · Monica de Gaspari2  · 
Carla Giordano5  · Xiaofei Li6 · Joaquin Lucena7  · Pilar Molina8,9 · Sarah Parsons3  · Mary N. Sheppard10  ·  
Allard C. van der Wal6  · On behalf of the Association for European Cardiovascular Pathology

1 3

http://orcid.org/0000-0003-2681-2544
https://orcid.org/0000-0002-0195-9753
https://orcid.org/0000-0001-8590-0945
https://orcid.org/0000-0002-5455-2084
https://orcid.org/0000-0001-9528-4883
https://orcid.org/0000-0002-3716-4303
https://orcid.org/0000-0002-6271-2113
https://orcid.org/0000-0002-1238-1360
https://orcid.org/0000-0003-2724-3881
http://orcid.org/0000-0001-5590-3758
http://crossmark.crossref.org/dialog/?doi=10.1007/s00414-025-03479-1&domain=pdf&date_stamp=2025-4-2


International Journal of Legal Medicine

CKD  Chronic kidney disease
CPK  Creatin phosphokinase
CPR  Cardio-pulmonary resuscitation
ESC  European Society of Cardiology
IHC  Immunohistochemistry
LDH  Lactate dehydrogenase
MI  Myocardial infarction
MVO  Microvascular occlusions
NBT  Nitroblue tetrazolium stain
NETs  Neutrophilic extracellular traps
PMN  Polymorphonuclear leukocytes
PCI  Percutaneous coronary interventions
PMCT  Postmortem computed tomography
PMCTA  Postmortem computed tomography 

angiography
PMMR  Postmortem magnetic resonance
PMMRA  Postmortem magnetic resonance angiography
RAAS  Renin-angiotensin-aldosterone system
ROS  Reactive oxygen species
SCD  Sudden cardiac death
SCVP  Society for Cardiovascular Pathology
TAVI  Transcatheter aortic valve implantation
T1MI  Type 1 myocardial infarction
T2MI  Type 2 myocardial infarction
T3MI  Type 3 myocardial infarction
T4MI  Type 4 myocardial infarction
T5MI  Type 5 myocardial infarction
TTS  Takotsubo syndrome
WHF  World Heart Federation
VF  Ventricular fibrillation
VWF  Von Willebrand Factor

Introduction

The examination of the heart is a crucial part of both 
clinical and forensic autopsy. Myocardial injury is 
a common finding at autopsy, given the wide variety 
of diseases and pathophysiological processes that can 
affect the myocardium, together with the relative high 
susceptibility of cardiomyocytes to irreversible cell 
damage. Interpretation of myocardial injury at autopsy 
can be challenging. Cardiac pathologies such as throm-
bosis superimposed on coronary atherosclerosis, estab-
lished myocardial infarction, fulminant myocarditis, 
complex congenital heart disease or a well-defined pri-
mary cardiomyopathy may readily explain the cause of 
death. However, other findings may be less clear, such 
as subtle forms of cardiomyopathy where the heart can 
be macroscopically normal, in cases of insignificant 
coronary atheroma or when the causes of myocardial 
damage are extracardiac.

The most common cause of cardiomyocyte injury is isch-
emia [1]. In such cases, critical flow reduction in a coronary 
artery leads to ischemic myocardial injury in the perfusion 
territory of the artery, and, if persistent, progresses to myo-
cardial infarction. However, besides ischemia, myocardium 
can also be damaged by various other types of injuries 
such as infections, immune mediated diseases, genetically 
determined cardiomyocyte damage, physical and chemi-
cal agents, and trauma. Forensic pathologists frequently 
encounter clinical information and/or autopsy findings 
indicative of myocardial injury. Discriminating between the 
various ischemic and non-ischemic causes is of vital impor-
tance for determining cause and mechanism of death, but 
also aids in investigating often-challenging medico-legal 
scenarios. Such scenarios include, motor vehicle incidents 
potentially caused by sudden cardiac arrest, homicide cases 
that also have severe underlying cardiac disease, post-sur-
gical deaths, and myocardial injury in the setting of cardio-
pulmonary resuscitation (CPR) and others. Various violent 
insults, especially when there is a long agonal period, can be 
a cause of myocardial injury through the excessive catechol-
amines release. If these injuries are confused with ischemia/
infarction, death may be mistakenly assumed to be a natural 
process. This article reviews the pathophysiology and post-
mortem diagnosis of myocardial injuries that are most rel-
evant to routine general and forensic autopsy practice.

Myocardial injury: definitions and cellular pathways

It should be noted that myocardial injury involves not only 
the cardiomyocytes but also the interstitium and intramyo-
cardial vessels. Damage to these different components may 
underly also distinct types of pathology. Myocyte injury, 
which is associated with many acquired myocardial pathol-
ogies, occurs when external stresses to cardiomyocytes 
exceeds their adaptive capacities [2]. Such injury can result 
from hypoxia/ anoxia, drugs, trauma, radiation, immuno-
logical effects, and infectious diseases.

Myocardial injury can be to some level reversible but 
if the stress is severe and/or persistent, injured cells pass 
a nebulous “point of no return”, it progresses to irrevers-
ible cell damage and cell death. Sublethal injuries can 
manifest as reversible states ofmyocardial injury but can 
on the longer term also evolve to death/disappearance of 
cells. Myocyte injury is characterized by intracellular accu-
mulation of fluid and lysis of myofibrils, but the cells still 
retain their nuclei. This descriptive histological pattern is 
often referred to as “myocytolysis” and has been reported 
in various pathological conditions which include, myocar-
dial ischemia, intoxications, myocarditis, storage disease 
and others. There are several pathways of cell injury that 
may lead to irreversible injury of myocytes and cell death. 
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These pathways can be unregulated like oncosis and necro-
sis or regulated and programmed like apoptosis, necroptosis 
and pyroptosis. Oncosis is a process of cell injury with cell 
swelling and karyolysis and is a precursor of unregulated 
cell death leading to necrosis. Apoptosis is a form of regu-
lated or programmed cell death with cell shrinkage, pykno-
sis and karyorrhexis. Necroptosis shows hybrid features of 
apoptosis and oncosis. Pyroptosis occurs in cells infected by 
microorganisms. In case of ischemic injury, which underlies 
myocardial infarctions, initial oncosis followed by necrop-
tosis and finally necrosis represents the dominant pathway 
of cardiomyocyte injury and death, whereas apoptosis has 
only a secondary role involving mostly non myocytic com-
ponents such as interstitial cells and microvasculature. In 
myocardial infarctions its contribution to the final loss of 
myocardium is considered much less compared to necrosis 
[3].

Necrosis is mediated by a failure of the cell’s energy 
metabolism and with disruption of cell membrane and can 
be considered a degenerative process that occurs after cell 
death. Its characterized histologically by increased eosino-
philia, cytoplasmic homogenization and nuclear pykno-
sis (chromatin condensing), followed by disappearance of 
the nucleus in one to two days. Morphologic appearance 
of necrosis can be classified histologically as coagulative, 
liquefactive, gangrenous, caseous, fat or fibrinoid [2]. Irre-
versible ischemic damage is the hallmark of myocardial 
infarction, and results in ischemic necrosis, which is histo-
logically characterized by a coagulative type of necrosis of 
cardiomyocytes (opaque eosinophilic cytoplasm and disap-
pearance of nuclei).

Contraction band necrosis (CBN) of cardiomyocytes 
is another form of acute myocardial injury, which arises 
approximatively 10 min after onset of acute injury and is 
characterized by the formation of thick eosinophilic bands 
in the cytoplasm of cardiomyocytes due to clustering of 
hypercontracted contractile proteins. These histological 
features relate to a high permeability of damaged myocytes 
leading to massive influx of Ca2 + ions followed by irrevers-
ible hypercontraction. CBN may be a feature of coronary 
reperfusion after the onset of ischemic injury but can also 
occur in situations of nonischemic myocardial injury. Both 
as a result of a complication of a natural disease, but also 
due to accidental or violent causes. They are discussed in 
more detail in the following chapters. In the ancient litera-
ture, irreversible contraction is described as “tetanic death” 
(cardiomyocytes are stuck in irreversible contraction) [4].

Autophagy is another cellular process which involves 
the segregation of damaged organelles, aged proteins, and 
other intracellular contents into ‘autophagic vacuoles’, fol-
lowed by further clearance in order to maintain intracellular 
homeostasis. Autophagy can increase the severity of injury, 

as occurs in circumstances where inflammatory responses 
are strongly triggered (such as ischemia followed by reper-
fusion) [5]. However, in other scenarios such as in chronic 
forms of ischemia (hibernation, see later) it may contribute 
to myocyte survival [3, 6].

The modes of cell death as mentioned above, which are 
obviously of interest from a pathophysiological point of 
view, are difficult or even impossible to identify in histo-
logical sections at autopsy, and often require advanced labo-
ratory techniques for investigation. From a practical point of 
view, only necrosis, myocytolysis (see below) and CBN can 
usually be easily recognized histologically in the autopsied 
heart.

Various forms of acute myocardial injuries are illustrated 
in Fig. 1.

Chronic and healed myocardial injuries

Colliquative myocytolysis (which should be distinguished 
from the forms of acute myocytolysis as described above) 
occurs in prolonged situations of non-lethal myocyte injury, 
which causes chronic depletion of energy in the cell, result-
ing in a decrease of cellular functions including impaired 
proteins synthesis. Histologically, colliquative myocytoly-
sis shows a large cytoplasmic vacuole surrounded by a thin 
eosinophilic rim due to the reduction of cytoplasmic myo-
fibers. It can be observed in severely dilated hearts of any 
type (ischemic and non-ischemic). In case of chronic isch-
emic injury, it can be noticed at the periphery of myocardial 
infarcts, and in the subendocardial and perivascular regions. 
Also, the so-called “hibernating” areas of myocardium, a 
form of sublethal injured dysfunctional myocardium due to 
longstanding hypoxic/ischemic injury, reveals prominent 
colliquative myocytolysis, and can easily be recognized [7–
12]. In the literature, “colliquative myocytolysis” is often 
described as simply “myocytolysis” which may lead to con-
fusion, and should therefore be strictly reserved for injured 
myocytes with large cytoplasmic vacuoles [7].

In response to injury, the presence of necrosis evokes an 
inflammatory response, injured myocytes are engulfed by 
granulocytes (PMN), and/or lymphocytes and macrophages 
(depending on the type of inciting agents), followed by 
stages of repair, initially a fibrocellular granulating tissue 
reaction and finally ending up in fibrosis (scar tissue). Scars 
stabilize the vulnerable injured lesion. There is no (signifi-
cant) regeneration at the sites of loss of viable myocardium, 
which is compensated by hypertrophy of the adjacent vital 
ventricular myocardium (compensatory hypertrophy). How-
ever, significant loss of myocardium (such as in myocardial 
infarctions) will lead to congestive heart failure and arrhyth-
mias, up to cardiogenic shock. Early stages of myocardial 
injuries may induce electrical instability in the heart leading 
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due to coronary atherothrombosis, elevations up to three 
times the upper reference limit are less specific and may 
be associated with other ischemic processes, or even non-
ischemic conditions (“non-ischemic injuries”) (Tables 1 and 
2). Moreover, ischemic and non-ischemic pathways of myo-
cardial injury can co-exist, further complicating diagnosis.

Myocardial injury due to ischemia

Pathology

Acute ischemic injury is usually caused by critical coro-
nary flow insufficiency. The high oxygen demands of 
cardiomyocytes will lead to almost immediate functional 
impairment. “Very early” (reversible) ischemic changes 
are characterized by mitochondrial swelling and sarcolem-
mal disruptions in cardiomyocytes and can be observed 
only at ultrastructural examination with transmission elec-
tron microscopy. The period of reversible injury lasts for 
approximately 15 min and if ischemic insult persists, it is 

to ventricular arrhythmias up to ventricular fibrillation 
(VT), as has been described in detail for ischemic injuries / 
myocardial infarctions. But also postinfarction fibrotic scars 
containing interspersed strands of viable of cardiomyocytes 
may serve as a site for the generation re-entry arrhythmias 
which eventually can end up in ventricular fibrillation (VF) 
[13, 14]. These sequential steps of healing may occur in the 
setting of ischemic and non-ischemic injuries.

Chronic and healed myocardial injuries are illustrated in 
Fig. 2.

Causes of myocardial injuries

Myocardial injury encompasses any form of myocardial 
damage or destruction. In clinical practice, the use of high-
sensitivity troponin (Hs Tn) assays has revealed that irre-
versible forms of myocardial injury leading to necrosis are 
common finding in a wide range of clinical presentations. 
While substantially elevated Hs Tn levels have a high pre-
dictive value (over 90%) for acute myocardial infarctions 

Fig. 1 Histology of various types of acute myocardial injury. A) Over-
view of the border-zone of a myocardial infarction one week after 
onset of ischemic injury. Insert shows detail of coagulative necro-
sis, H&E stain, bar = 100 μm, bar in the box 30 μm. B) Microscopic 
infarctions one day after onset of ischemic injury showing clusters and 

isolated necrotic cells, immune-stained with anti-fibrinogen antibody 
(brown), bar = 30 μm. C) Acute myocytolysis in viral myocarditis, 
showing cardiomyocyte damage by mononuclear inflammatory cells, 
H&E stain, bar = 30 μm. D) Contraction band necrosis of myocytes, 
H&E stain, bar = 10 μm
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Fig. 2 Histology of chronic myocardial injury: colliquative myocytol-
ysis, all are H&E stains. A) Subendocardial chronic injury in case of 
ischemic heart failure (left ventricle). bar = 100 μm. B) Hypertrophic 
cardiomyopathy (HCM): myocytolysis coupled with myocyte disarray, 
bar = 200 μm. C) Arrhythmogenic cardiomyopathy (ACM): myocy-
tolysis in association with fibro-fatty replacement of myocardium, bar 

= 30 μm. D) Dilated cardiomyopathy (DCM): myocytolysis with large 
perinuclear haloes, bar = 30 μm. E) Chronic ischemic heart disease: 
subendocardial dense scar with interspersed vacuolated myocytes, bar 
= 50 μm. F) Amyloidosis: interstitial deposition of eosinophilic, amor-
phous and homogeneous material and chronic myocyte injury with 
cytoplasmic attenuation/atrophy and vacuolization, bar = 30 μm
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followed by irreversible damage within 20–60 min. Mor-
phologically, the earliest histological signs of irreversible 
relaxation (“atonic death”) are characterized by regional 
thinning of the wall with a wavy pattern of cardiomyo-
cyte bundles, hypereosinophilia and interstitial oedema. 
However, these changes may have poor reliability in his-
tological evaluations and depend on autopsy interval and 
resuscitation and thus may be subject to over-interpretation 

Table 1 Ischemic injuries in cases of natural and non-natural manner 
of death (MOD)
MOD Causes of death Comments
Natural Coronary 

atherothrombosis
• Erosion or rupture of coro-
nary atherosclerotic plaque 
leading to superimposed 
thrombus formation with 
partial (mural) or total occlu-
sion of the vascular lumen 
(MI type 1)

Fixed coronary 
atherosclerotic 
plaques (> 75% 
stenosis)

• Significant coronary plaque 
stenosis (without thrombus) 
in combination with LV dila-
tation and/ or non-coronary 
causes of oxygen demand-
supply imbalance (MI type 2)

Other cardiac 
causes of oxygen 
demand-supply

• Non-atherosclerotic 
coronary artery diseases 
(spasm/small vessel diseases 
/ dysfunction, vasculitis, dis-
section, embolism, congeni-
tal anomalies, fibromuscular 
dysplasia) (MI type 2)
• Non-coronary cardiac 
causes of oxygen demand-
supply imbalance (sustained 
tachyarrhythmias, brady-
arrhythmias, LV hypertrophy 
and/or dilatation), severe 
hypertension (MI type 2)

Extra-cardiac oxy-
gen demand- sup-
ply disbalance

• Severe anemia, respiratory 
failure, physical exertion 
especially in combination 
with fixed coronary athero-
sclerotic plaques (MI type 2)

Non-natural Extra-cardiac 
oxygen demand- 
supply disbalance 
(MI type 2)

• Hypovolemic shock (exter-
nal/internal hemorrhage)
• Oxygen demand-supply 
imbalance after non-cardiac 
surgery
• Hemodynamic stress/hypo-
perfusion in cases with pro-
longed coma (long agony), 
in the setting of asphyxia, 
carbon monoxide poisoning, 
drugs intoxications etc.

Cocaine 
intoxication

• Coronary spasm, athero-
sclerosis, thrombosis, etc. 
(MI type 1 or/and MI type 2)

Coronary pro-
cedural events 
related pathology

• PCI and CABG related 
ischemia including stent or 
graft thrombosis (MI type 
4 and 5), coronary dissec-
tion, embolism, reperfusion 
injuries etc.

Cardiac allograft 
failure

• Chronic allograft vascu-
lopathy (epicardial and small 
vessels disease) (MI type 1 
or/and MI type 2)

Table 2 Non-ischemic myocardial injuries in cases of natural and non-
natural manner of death (MOD)
MOD Causes Comments
Natural Infections

Immune disorders
• Myocarditis (viral, 
bacterial, fungi)

Structural heart 
disease (including 
cardiomyopathies)

• Chronic forms of 
injury: adrenergic, 
RAAS, cytokine / 
inflammation and 
mechanical stresses

Chronic kidney disease • Toxic uremic effects 
and hemodynamic stress

Takotsubo syn-
drome, neurocar-
diogenic injury, 
pheochromocytoma

• Catecholamine induced 
myocardial injuries

Sepsis • Massive release of 
cytokine, catecholamine 
induced injuries, etc.

Non-natural Therapeutic (as cancer 
therapy) and illicit 
drugs (as cocaine), 
vaccination

• Toxic myocardial 
injuries/ myocarditis/ 
cardiomyopathies
• Hypersensitivity myo-
cardial injuries
• Catecholamine induced 
myocardial injuries

Radiation • Various mechanisms of 
myocardial cell death

Blunt trauma to the 
heart

• Cardiac contusion or 
rupture

Traumatic brain 
injuries

• Catecholamine induced 
myocardial injuries

CPR with short sur-
vival on intensive care

• Traumatic and reperfu-
sion injuries

Extremal physical 
and emotional stress 
including a third 
person involvement or 
external event

• Catecholamine induced 
myocardial injuries

Cardiac surgery, 
TAVI and ablation 
procedures, stent 
implantation

• Ischemic, non-isch-
emic and reperfusion 
myocardial injuries

Cardiac allograft 
failure

• Immune injury to car-
diomyocytes (myocar-
ditis) and microvessels: 
cellular and humoral 
rejection
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Myocardial ischemia and reperfusion

Coronary intervention related injuries. Restoration of the 
blood flow after a coronary occlusion, “coronary reperfu-
sion”, may result in histopathological changes at autopsy 
that are morphologically clearly distinct from ischemic 
injury alone, and therefore designated as “reperfusion 
injury”. Late attempts to open the occluded artery, when 
large parts of the myocardium at risk are already signifi-
cantly damaged, can lead to reperfusion injury, an exacer-
bation of cardiomyocytes injury (beyond ischemia alone) 
and microvascular dysfunction mainly due to the increasing 
production of reactive oxygen species (ROS) and inflam-
mation. The pathological hall marks of reperfusion injury 
are: (1) widespread CBN (2) microvascular damage with 
extravasations of erythrocytes up to large hemorrhages, 
(3) microvascular occlusions (MVO) due to sludging and 
thrombosis of the vascular lumina. (4) abundant infiltration 
of PMN with widespread formation of neutrophilic extra-
cellular traps (NETs). Together these phenomena may even-
tually result in a significant expansion of the infarcted area. 
At autopsy such reperfusion injuries may present grossly as 
large area of hemorrhage in the infarcted area (“red infarc-
tions”), no reflow phenomena due to widespread micro-
vascular dysfunction or obstruction, and even transmural 
or septal ruptures leading to cardiac tamponade (Fig. 3). In 
addition to these pathomorphological findings, it should be 
noted that occurrence of reperfusion immediately creates 
a situation of electrical instability in the reperfused area. 
Resulting arrhythmias are usually relatively benign (prema-
ture beats, accelerated idioventricular rhythms) but in some 
cases may also evolve to VF and therefore considered as a 
possible cause of sudden death immediately after reperfu-
sion [17, 18].

Myocardial injury due to non-ischemic causes

Many cardiac and systemic conditions can induce myocar-
dial injuries and should be considered in the differential 
diagnosis of MI. They can be cardiac or extra-cardiac, and 
natural or non-natural (see Table 2) and such causes often 
co-exist and interact with a predisposition for cardiac isch-
emia. For example, during the early onset of COVID19 pan-
demic the presence of multiple types of myocardial injury, 
in the same patient, could be noticed at autopsy, which 
included interstitial myocardial macrophage infiltrations, 
lymphocytic myocarditis in a small fraction, and also other 
forms of myocardial injury such as right ventricular strain 
injury and thrombotic complications [19]. Relevant specific 
causes of myocardial injury are discussed in more detail 
below and myocardial and extra-cardiac examples are illus-
trated in Figs. 4 and 5.

[15]. The time of onset of myocardial infarction depends 
on situations such as severity of coronary occlusion (total 
or partially), presence of collaterals in the myocardial area 
at risk (protective), or eventually preconditioning (resis-
tance/protection to ischemia due to previous ischemic 
episodes). Leakage of intracellular proteins at the time of 
cell membrane disruptions provides a means of detecting 
tissue-specific necrosis using blood or serum samples with 
raised troponins, and other cardiomyocyte proteins (LDH, 
CPK etc.) in the serum of patients with acute coronary syn-
dromes (and other types of injury).

Clinical backgrounds

A clinical diagnosis of myocardial infarction is based on the 
presence of elevated cardiac troponin levels, in combination 
with prolonged chest pain, ECG recordings or regional wall 
motion abnormalities on imaging/severe narrowing and/or 
angiographic detection of a coronary thrombus. The most 
recent, 4th universal definition of myocardial infarction, 
as formulated and described in detail by four international 
cardiac societies (ESC, AHA, WHF and ACC) [1] distin-
guishes 5 types of myocardial infarction.

Of particular clinical and pathological interest, is the 
distinction between the types 1 and 2 infarctions. Type 1 
MI (T1MI) refers to MI that result from acute coronary 
artery atherothrombosis, be it mural or totally occlusive. 
These are encountered in circa 80% of patients with acute 
coronary syndromes (ACS). Type 2 MI is not due to acute 
coronary plaque disruption and thrombosis but relate to 
other causes that may cause or at least contribute to oxy-
gen supply-demand imbalance leading to myocardial 
injury (see Table 1). The various underlying causes include 
cardiac and extra-cardiac diseases or processes. Reported 
frequencies of type 2 MI vary from 10 to 30% of all MI 
patients.

Type 3 represents a group of patients who witness a sud-
den arrhythmic following a short period of clinical ischemic 
symptoms, but without evidence of injury (no elevation of 
cardiac troponins). However, in a proportion of these vic-
tims atherothrombotic occlusion can be found at autopsy, 
stressing the importance of carefully slicing the coronary 
arteries [16].

Type 4 and 5 are myocardial infarctions that occur in a 
setting of percutaneous coronary interventions (PCI, includ-
ing stent implantation) or coronary artery bypass graft 
(CABG) surgery. Both procedures can be associated with 
fatal complications and therefore are relevant for autopsy 
practice. Complications include but are not limited to acute 
or late stent thrombosis, coronary artery ruptures or dissec-
tion, embolization by guidewire coating material etc., which 
could have medicolegal consequences [15].
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fulminant myocarditis). There is still ongoing debate on 
how to diagnose myocarditis correctly and effectively at 
autopsy [23, 24]. Etiological backgrounds of myocardi-
tis allow a subclassification of viral, immune, toxic and 
hypersensitivity forms of myocarditis, which may display 
distinct concomitant patterns of inflammatory cell infiltra-
tion (neutrophilic, lymphocytic, granulomatous, or with 
high admixture of eosinophils). In all these cases, signs 
of myocyte injury (in this setting often termed “ myocy-
tolysis”) are noted, which in a recent survey was defined 
histologically as “vacuolization, fragmentation or disinte-
gration of myocytes (groups or single cells) in the presence 
of inflammatory cells” [21]. These histological changes 
of myocardial injury can be diagnosed in H&E sections, 
but the application of immunohistochemical (IHC) stains 
specific for necrotic cells (as studied in experimental and 
human myocardial infarctions) can be helpful to confirm 
the diagnosis of any type of myocarditis [25].

Myocarditis

Myocarditis is broadly defined as an inflammatory dis-
ease of the heart. Inflammatory infiltration is a relatively 
common finding in forensic autopsies but not all inflam-
mation should be considered as myocarditis. In the major 
textbooks of pathology “inflammation” is broadly defined 
as a “cell or tissue response to cell or injury” [20]. This 
implies that histologically, (irreversible) damage of the 
myocardium is a prerequisite for diagnosing myocardi-
tis at autopsy. In autopsy studies focused on sudden car-
diac death (SCD) incidences of myocarditis range from 
0.3 to even 14.8% of cases [21]. Among patients with 
advanced cancers who were treated with immune check-
point inhibitors, the incidence of myocarditis was reported 
as 1.14% [22]. Variations are related to patient populations 
involved (old versus young), and/or the extent of inflam-
matory disease in myocardium (minimal or borderline to 

Fig. 3 Ischemia & Reperfusion injury. (A) Macroscopy of fresh 
myocardial slice: circumferential subendocardial haemorrhage (‘red 
infarction’) in sudden cardiac death after prolonged resuscitative 
manoeuvres, H&E stain. (B) Microscopy: contraction band necrosis, 

polymorphous granulocytes infiltration, extravasation of erythrocytes, 
H&E stain, bar = 30 μm. (C) Microvascular destruction and leakage, 
anti-vWF immuno-stain, bar = 30 μm. (D) For comparison: microvas-
culature of normal myocardium, anti-vWF immuno-stain, bar = 30 μm
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Hypersensitivity myocarditis is considered a consequence 
of a delayed allergic reaction to the offending drug and 
therefore is not dose related. It is associated with numerous 
medications, including psychiatric medication (clozapine, 
lithium, tricyclic antidepressants), antibiotics (ampicil-
lin, azithromycin, cephalosporins ciprofloxacin, isoniazid, 
penicillin, sulphonamides, tetracyclines), antiphlogistics 
(mesalamine, phenylbutazone) and others (dalimumab, 
colchicine, thiazide diuretics, methyldopa, dobutamine, 
lidocaine, metoprolol, phenytoin) [27, 28]. The histology 
of hypersensitivity myocarditis is characterised by focal 
or diffuse distribution pattern of inflammatory cells, where 
eosinophils predominate and with the same stage of devel-
opment of myocardial lesions in all fields. Vasculitis can be 
noted in some cases.

Cocaine has a multitude of pathophysiological path-
ways through which it affects the cardiovascular system. 
The main acute effects of cocaine are due to sympathetic 
activation resulting in increased availability of stimula-
tory neurotransmitters and prothrombotic effects [29–
31]. The sympathomimetic response includes increased 
myocardial oxygen demand (increased heart rate, 
increased contractility, and increased blood pressure). 
Oxygen supply is however limited by cocaine-induced 

Therapeutic and illicit drugs

Many drugs and illicit substances can damage the myo-
cardium directly (toxic effects) and/or with hypersensitiv-
ity reactions and through the release of catecholamines 
[26]. Such effects are not necessarily dose-dependent and 
can vary between individuals. Interpretation of myocardial 
injury in a setting of (presumed) drug effects may require 
close collaboration with toxicologists.

In case of toxic myocarditis, cardiomyocyte injury is 
usually a direct toxic effect of drugs of abuse (amphet-
amines and related compounds, cocaine, opiates), anti-
cancer drugs, catecholamines (dopamine, dobutamine, 
norepinephrine, epinephrine) and others. Histologically, 
toxic myocarditis is characterized by multiple foci of 
edema, myocytolysis inflammatory cells and fibrosis in 
various stages of development. The inflammatory infil-
trate is usually composed of lymphocytes, plasma cells 
and PMN [27]. Direct toxic effects on the myocardium 
are generally assumed to be dose dependent. However, 
variation in response can be substantial between indi-
viduals with similar blood concentrations of the same 
substance.

Fig. 4 Non-ischemic myocardial injury: myocarditis. A) Acute stage 
myocarditis: myocyte injury associated with inflammatory cells, H&E 
stain, bar = 30 μm. B) Acute polymorphous myocarditis in sepsis (with 
evidence of bacterial colonies, arrow), H&E stain, bar = 30 μm. C) 

Acute non-lymphocytic (eosinophilic) myocarditis, H&E stain, bar 
= 50 μm. D Same case as in Fig. 4C: myocyte injury highlighted by 
immunostaining with C4d antibody, showing multifocal necrotic myo-
cytes (brown), bar = 50 μm
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Anticancer medications. Many chemotherapeutic agents 
induce myocyte injury by direct toxic effects. Anthracy-
clines (doxorubicin), alkylating drugs (cyclophosphamide, 
cisplatin), and taxanes (paclitaxel, docetaxel) are the most 
common chemotherapeutic medications linked to serious 
cardiac events. Myocardial injuries complicating anticancer 
therapies have been extensively studied, primarily focusing 
on the toxic effects of anti-tumor treatments on CMC, but 
also cardiac stromal cells and inflammatory cells T can be 
affected [38, 39]. The cardiotoxicity is due to multiple forms 
of cell death and myocardial dysfunction including necrop-
tosis, pyroptosis, and apoptosis, autophagy, increased oxi-
dative stress, and the inhibition of heart contractile function. 
Moreover, immunotherapy, which includes T cell therapy 
and immune checkpoint inhibitors as well as the radiation 
therapy also contribute [40, 41].

Trauma

Blunt trauma to the heart can be subdivided in contusion 
and incomplete or transmural laceration of the myocardium.

Contusio cordis has been reserved for cases of blunt 
chest trauma where there is cardiac bruising. Histologically, 
it is characterized by a well localized contused myocardium 
with hemorrhagic infiltrate, localized necrosis, and edema. 

vasoconstriction (or spasm) in both large and small ves-
sels (small-vessel disease) due to α receptor stimulation, 
leading to myocyte ischemia. This risk is increased by the 
prothrombotic effects of cocaine (platelet activation and 
aggregation) which may induce intracoronary thrombosis 
as can be observed in large coronary arteries and/or small 
intracardiac arterioles. Cocaine is believed to be also 
directly cardiotoxic [29, 32, 33]. Histological changes 
in acute cocaine toxicity can, present with features of 
catecholamine-induced injury or ischemic injury. The 
findings may include scattered CBN and hypercontracted 
myocytes, or regions of ischemia in correspondence with 
coronary occlusion. Chronically there can be a myocardi-
tis with scattered focal myocyte necrosis with or without 
CBN, or thesequelae of regional ischemia. Chronic find-
ings can also include patchy nonregional fibrosis (thought 
to be due to small vessel disease), accelerated coronary 
artery atheroma, and microangiopathy in addition to myo-
cardial inflammation [34].

Ethanol. Ethanol has direct toxic effects on the myocar-
dium inducing an oxidative stress and mitochondrial dys-
function and, depending on genetic susceptibility, can result 
in alcoholic cardiomyopathy. There are no macroscopic or 
light microscopic features typical for alcoholic dilated car-
diomyopathy [35–37].

Fig. 5 Extracardiac causes of non-ischemic myocardial injury. A-B) 
Cocaine abuse: contraction band necrosis and oedema, HE stains (A), 
immunostaining with C5b-9 antibody showing multifocal necrotic 

myocytes (B) bar = 50 μm. C-D) Myocyte injury in neurogenic myo-
cardial injury; panel D is detail from same area as shown in panel C 
(H&E stain), bar = 200 μm in C and 30 μm in D
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relative cardiac ischemia (i.e., stimulation of β-adrenergic 
receptors and higher energy demand) [49]. Direct effects are 
suggested to include calcium overload, oxidative stress, and 
mitochondrial dysfunction. The myocyte damage can pres-
ent as CBN.

Takotsubo syndrome (TTS) is a clinical syndrome char-
acterized (during life) by acute heart failure with tran-
sient regional myocardial wall motion abnormalities in 
the absence of significant coronary artery disease. In these 
patients, there is only a small elevation in troponin levels, 
not enough for the diagnosis of myocardial infarction. The 
syndrome is frequently preceded by a stressful emotional or 
physical trigger or can be secondary to an underlying disease 
such as pheochromocytoma and drugs inducing sympathetic 
overstimulation [50–52]. The pathophysiology is related 
mostly to the cardiotoxic effects of high levels of catechol-
amines, and the autonomic-limbic dysfunction might also 
play an important role in the pathophysiology of TTS [53]. 
The histopathology of TTS cannot be distinguished from 
(other) catecholamine-induced damage, neurocardiogenic 
damage or cocaine-induced damage. All these conditions 
are diagnosed through clinicopathological correlations [15]. 
Histologically, CBN and vacuolation of cardiomyocytes 
with widened interstitial space can be observed in the acute 
phase.

Neurocardiogenic injury. Sudden sympathetic stimula-
tion, resulting in catecholamine surge may be due to several 
underlying causes, with intracranial processes (traumatic 
or nontraumatic, such as subarachnoid hemorrhage, intra-
cranial hypertension and cerebral ischemia) being the most 
common. This is also known as “stroke-heart syndrome” 
[54–56]. The assumed pathophysiology has many similari-
ties to TTS, with histologically similar types of myocardial 
injury.

Sepsis is a systemic inflammatory syndrome caused by 
infection that can develop into multiple organ dysfunction 
syndrome. Myocardial injury, as measured by release of 
cardiac troponins, is one of the most common complica-
tions and the main cause of death in septic patients. Sev-
eral modes of cell death are implicated in septic injuries, 
including apoptosis, pyroptosis and autophagy [57]. Sepsis 
induced myocardial injury is still a challenging topic of 
(renewed) investigations and various mechanisms are con-
sidered, of which several are essential components of the 
host response to infection, mitochondrial damage, exces-
sive inflammatory response with bursts of inflammatory 
cytokines, activation of coagulation, microvascular dys-
function, oxidative stress and catecholamine induced stress 
[5, 57]. Histologic lesions can be observed in most patients 
dying from septic shock. The distribution is widespread in 
all heart sections examined and not regional [58]. Histologi-
cal parameters of stress induced cardiotoxicity were found 

It is not to be confused with commotio cordis which refers 
to cases of sudden cardiac (arrhythmic) death due to non-
penetrating chest trauma without evidence of underlying 
myocardial disease or injury [42–44]. As mentioned above, 
these pathological findings often occur in combination with 
phenomena of reperfusion after cardiac arrest. Obviously, 
clinicopathological correlations are required in all these 
cases.

Reperfusion injuries can also occur in many situations of 
non-ischemic damage to the heart that are quite common in 
forensic practice. Blunt trauma to the heart, as in car acci-
dents or other situations may result in traumatic irreversibly 
damaged, but nevertheless perfused myocardium (due to 
absence of coronary occlusion). The lesions are character-
ized at histological examination by reperfusion phenomena 
such as CBN and hemorrhage and can be in any location 
(including epicardial location, patchy pattern, involve-
ment of the right ventricle). It can be difficult to distinguish 
such trauma-related lesions from ischemia-reperfusion as it 
occurs in myocardial infarction [15]. Reperfusion injury is 
a common finding following resuscitation and subsequent 
victim survival. These findings can be misinterpreted at 
autopsy as myocarditis or primary infarction [45].

Cardiac ablation techniques, usually applied in patients 
suffering from severe refractory arrhythmias, include a vari-
ety of procedures causing thermal injuries of which the most 
used are radiofrequency current and cryoballoon ablation 
[46]. The lesion consists of a central zone of coagulation 
type of necrosis surrounded with hemorrhage and inflam-
mation. In the early stages a border zone of CBN and hem-
orrhage may be observed due to reperfusion. On the long 
term, these lesions evolve into scarring fibrosis, often with 
regular outlines (compact scars).

Extra cardiac causes of myocardial injury

Catecholamine induced toxicity, Takotsubo syndrome and 
neuro-cardiogenic injuries.

Catecholamines increase cardiac contractility, but excep-
tionally high blood levels can have adverse effects includ-
ing cardiomyocyte damage. Such high levels can occur due 
to a variety of reasons, including acute emotional or physi-
ological stress response, in cerebrovascular events, due to 
administration of adrenaline, or in the setting of a pheochro-
mocytoma. A catecholamine surge can also be seen in vio-
lent deaths such as asphyxia deaths (hanging, drowning), 
in hypothermia, in adverse drug reactions, in long agony 
and in prolonged resuscitation in which catecholaminergic 
medications are administered [47, 48].

The injurious effects of catecholamines can be non-isch-
emic, direct on cardiomyocytes, and/or ischemic via induc-
ing a decline in absolute myocardial blood flow or a rise in 
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myocardial injuries or scars are randomly distributed within 
the myocardial thickness, non-ischemic damage should be 
suspected, such as myocarditis, toxic damage, and genetic 
cardiomyopathies. Myocardial injury is usually patchy and 
may involve only a small portion of the myocardium, with a 
preference for the subepicardial and midventricular layers. 
The distribution patters of myocardial injuries of any type 
(ischemic and non-ischemic) can be visualized in nitroblue 
tetrazolium (NBT) stains of fresh myocardial slices, repre-
sented by unstained areas at sites of myocardial necrosis in 
the heart (see below, ancillary techniques) [15].

Diagnostic modalities at autopsy

In all forensic autopsies it is necessary to investigate the 
heart for the presence of myocardial injuries. To unravel 
the possible causes of myocardial injury, a detailed mac-
roscopic and microscopic investigation of the heart should 
be applied as previously published. If available, it is impor-
tant to screen all clinical information for presence of cardiac 
disease, including cardiac symptoms, (family) history of 
cardiac disease, resuscitation attempts, use of drugs (illicit / 
therapeutic) and finally ECG recordings. The next challeng-
ing step is to distinguish between ischemic injury (myocar-
dial infarction) and non-ischemic injuries or a combination 
of both (as it can occur especially in the type 2 of MI).

In 2017 and 2023, respectively, two societies for cardio-
vascular pathology AECVP and SCVP published in depth 
investigation of the heart in victims of sudden cardiac death 
at autopsy [16, 61]. In addition, in 2020 AECVP published 
a review on postmortem diagnosis of the currently defined 
types of myocardial infarction [15] including its differen-
tial diagnosis. For a detailed investigation of the heart, we 
refer to the methodology as is outlined in these publications. 
Several ancillary methods to detect (early onset) myocar-
dial injuries in autopsy material are applied in some insti-
tutions, partly in routine practice, and are still subject to 
further development and investigations. We are aware that 
these cannot yet be applied in every routine autopsy prac-
tice. Nevertheless, some of these have shown to increase 
reliably the diagnostic yield of evaluating myocardial inju-
ries at autopsy and will therefore be discussed further in this 
chapter.

Postmortem imaging (CT, MRI, angiography etc.)

In a clinical setting, the diagnosis of cardiac disease relies 
heavily on imaging techniques, especially echocardiogra-
phy and magnetic resonance imaging (MRI). Imaging is also 
increasingly used as a diagnostic tool in a postmortem set-
ting. This mostly pertains the use of full-body postmortem 

in a series of 20 patients dying from septic shock, whose 
hearts revealed high rates of myocytolysis, CBN, mono-
nuclear infiltrates interstitial edema and fibrosis. Some of 
them (30%) also had hemorrhages indicating microvascu-
lar damage and reperfusion [58]. It should be noted that 13 
of these patients received catecholamine therapy and it is 
uncertain whether these pathological findings are related to 
endogenous or exogenous administered catecholamines, or 
whether ultimately mechanisms of ischemia and reperfusion 
may also be involved.

Chronic kidney disease (CKD) / Renal failure. The inci-
dence of cardiovascular disease morbidity and mortality 
in CKD patients is higher than in the general population. 
The pathological pathways of myocardial injures in these 
patients involve coronary artery disease, volume overload, 
hypertension, diabetes mellitus, anemia, uremic toxins, 
renin–aldosterone–angiotensin system dysbalance, sympa-
thetic nerve system activation, CKD-mineral bone disorder, 
malnutrition, inflammation, and oxidative stress [59, 60]. 
Because of this huge variety of pathologies, myocardial 
injury in the setting of CKD can be ischemic, non-ischemic 
or both.

Distribution of myocardial injuries in the heart

The distribution of necrosis in the early stages and also 
the localization of scar tissue in the healing stages over the 
ventricular myocardium can help to determine the cause of 
myocardial injury.

Acute myocardial injury in the subendocardium usually 
corresponds with an ischemic origin. The pattern of dam-
age may be regional or circumferential. Regional lesions 
occur because of acute critical flow reduction of an epicar-
dial coronary artery. Circumferential/multifocal myocardial 
injury usually occurs because of an overall reduction in cor-
onary perfusion pressure (e.g., hypovolemia or hypoxia) in 
subjects with severe multivessel coronary atherosclerosis. 
Irregular subendocardial hemorrhagic areas due to reperfu-
sion injury may also be observed in subjects who die follow-
ing cardiac arrest and cardiopulmonary resuscitation with a 
short time survival [15]. A diffuse pattern of chronic suben-
docardial damage can be observed in end-stage heart fail-
ure, usually associated with severe myocardial hypertrophy 
and dilatation. Persistent volume overload in these hearts 
with increased ventricular wall stress and consequent myo-
cardial oxygen demand, leads to chronic ischemia. Colliqua-
tive myocytolysis, interstitial fibrosis and scarring are often 
observed. In case of coronary intramyocardial microvascu-
lar disease/dysfunction, a pattern of multiple microscopic 
foci of myocardial injury/scarring can be seen. In diffuse 
small vessel disease, these micro injuries may coalesce and 
be detectable even on gross cardiac analysis. When acute 
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myocardial infarction [68–71]. Of primary interest are 
the antibodies that recognize injured myocytes at the 
earliest stage of myocardial injury, and which, for daily 
practice, can be grouped in 3 categories: (1) antibodies 
recognizing proteins like fibrinogen, VWF or fibronec-
tin, which accumulate in the in irreversibly injured cells; 
(2) antibodies reactive with several components of the 
complement system (especially C5B-9, C4D, C3); these 
can be expected to stain positively around the injured 
cells; (3) antibodies reactive with sarcolemmal proteins 
(actin, troponins, desmin) showing reduced or absent 
immunostaining at the site of injury. Proteins related 
to insudation or complement activation, stain positive 
before presence of PMN in the injured tissue, which can 
be observed around 6 h. In the complement cascade, C4d 
immunostaining seems very useful because it is a stable 
marker, which can be used on paraffin sections and it is 
widely applied in other situations of tissue injury (lung, 
kidney disease) [70]. IHC can be particularly helpful to 
delineate even very small foci of myocardial injuries or 
isolated dead cells in the heart (Fig. 1). The current list 
of IHC markers have been applied primarily to detect 
myocardial infarctions in (animal) experimental set-
ting. They all stain positive at sites of necrotic cells, 
but they cannot discriminate between ischemic and non-
ischemic forms of injury, such as for example in myo-
carditis (Fig. 4). It should be underlined also that the 
role of perimortem events, resuscitation and postmortem 
intervals on staining results are up to now insufficiently 
investigated to justify their routine application in foren-
sic practice [68, 69]. Recent reviews showed reduction 
in staining in decomposed autolytic tissues [68]. C5-b9 
is the only marker currently shown to be stable postmor-
tem, supporting its use in cases with advances autolysis 
[69, 72].

In case of suspected myocarditis, immunohistochemis-
try, whenever available, can be applied on paraffin sections 
of trans mural myocardial slices, to evaluate not only the 
type of inflammatory cells, but also is useful to evaluate 
more accurately the inflammatory patterns (scattered, dif-
fuse or multifocal granulomatous arrangement) as well as 
the extent and severity of the disease. In practice, applica-
tion of only few antibodies, reactive with all leukocytes 
(CD45), T-cells (CD3) and macrophages (CD68) suffices 
in most cases. The full panel of antibodies, as recom-
mended, includes antibodies reactive with T-lymphocytes 
(CD3), T-cell subsets (CD4, CD8), B-cells (CD20), macro-
phages (CD8) and plasma cells (CD138) [28, 73] (Fig. 4). 
Since the causes of myocarditis can be of natural or non-
natural origin, additional toxicological, microbiological 
or IHC investigation should be carried out to differentiate 
between the two.

CT imaging (PMCT), but also includes the use of postmor-
tem CT-angiography (PMCTA), postmortem magnetic reso-
nance imaging (PMMR) and postmortem MRI-angiography 
(PMMRA) [62]. For ischemic injury, associated PMCT 
findings include coronary artery calcification and hemoperi-
cardium, but neither are diagnostic for myocardial infarc-
tion. Coronary calcifications are a ubiquitous finding in 
many adults, whilst proven cases of myocardial infarction 
can be entirely without coronary calcification [63]. Hemo-
pericardium may be due to a ruptured necrotic infarct but 
can also be due to thoracic aorta dissection or perforation of 
the ventricle by rib fractures sustained in trauma or during 
cardiopulmonary resuscitation [64]. The coronary tree can 
be visualized with angiographic methods such as PMCTA 
and PMMRA, but its diagnostic value is limited by the pos-
sibility of postmortem clot and chronic vs. acute occlusion. 
PMCT has no added value for the diagnosis of myocardial 
injury on a cellular level. Better visualization is possible 
with PMMR, although postmortem change and temperature 
shifts pose substantial challenges compared with ante mor-
tem imaging. Studies have shown the ability of PMMR to 
demonstrate cardiac edema, believed to be associated with 
cases of acute myocardial infarction [65–67]. However, car-
diac edema is non-specific and may be a marker of any type 
of myocardial injury. Evaluating the significance of cardiac 
edema is hampered by the fact that it is not always visible 
histologically, and by the difficulty that it cannot differenti-
ate between primary (disease-related) and secondary (ago-
nal) cardiac damage.

Nitroblue tetrazolium (NBT) stain of fresh transverse 
myocardial slice

The NBT stain is an enzymatic test that reacts only in areas 
of myocardium where lactate dehydrogenase is present. In 
fresh biventricular slices of the heart, unstained areas can 
be visualized, representing areas devoid of intracellular 
enzymes, corresponding with acute myocardial damage /
necrosis. The test is reported to be positive already 3 h after 
onset of injuries, which means before the appearance of the 
histological alterations of myocyte necrosis. This method 
can be applied easily and provides excellent results but 
cannot discriminate between ischemic and non-ischemic 
types of injury. Care should be taken to avoid false positive 
results, which may occur, for example, in cases with a long 
postmortem interval (> 24 h) and resuscitation attempts with 
a short survival period [15].

Immunohistochemistry

Immunohistochemical markers are extensively studied 
since years in the forensic context to detect an early 
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Evaluation of myocardial injuries at autopsy

The evaluation of myocardial injuries at autopsy is sum-
marised in a flowchart presented in Fig. 6 and should be 
considered especially in the frequently confusing cases of 
myocardial injury where no thrombosed coronary plaque 
can be found. The first step is to identify if there is any injury 
in the myocardium. Noninvasive techniques as PMCT(A), 
PMMR(A), NBT stain of the fresh transverse myocardial 
slice and postmortem troponins can be applied, but they 
are not definitive in distinguishing between ischemic and 
non-ischemic injuries. Although some myocardial injuries 
can be suspected at macroscopic examination, histologi-
cal examination is essential, and in selected cases the use 
of IHC and measurement of cardiac troponin may also be 
helpful. The second step is to discriminate between isch-
emic and non-ischemic injuries. All autopsy findings need 
to be interpreted with circumstantial data/ medical records if 
available and the results of ancillary analyses as toxicology, 
microbiology and postmortem chemistry [16]. At this step it 
is important to check the coronary artery pathology. Angi-
ographic methods allow the detection of occlusion in one 

Postmortem chemistry

Cardiac troponins (cTns) are the most sensitive and specific 
for diagnosing cardiomyocyte injury in clinical practice. 
Recently, cTns measurement was replaced by the high-sen-
sitivity cardiac troponin T (hs-TnT) assay, able to detect MI 
within 3 h after the onset [1]. However, the increased lev-
els of postmortem hs-TnT indicate presence of myocardial 
injury and are not specific for ischemia. Clinical evidence 
indicates that non-ischemic myocardial injury represents 
about 60% of cases of abnormal troponin concentrations. 
In autopsy practice, the postmortem cut-of values for serum 
and pericardial fluid, stability and changes associated with 
CPR are still the subject of debate [74–78]. It was suggested 
that low hs-TnT levels in pericardial fluid allow the reason-
able exclusion of the heart damage [74], but a cut-off value 
as applied for in-vivo could not be established, probably 
because of postmortem alterations [76]. Most postmortem 
studies suggested that CPR has no effect on troponin lev-
els [74–77]. It is generally accepted that postmortem mea-
surement of cTn can be an auxiliary tool in the diagnosis of 
myocardial infarction/injuries.

Fig. 6 Flowchart to evaluate myocardial injuries at autopsy
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approach is recommended as shown in the flowchart. Lastly, 
causality must be interpreted with care, in order not to mis-
diagnose agonal or resuscitation artifacts as the initial cause 
of the fatal event (death).

Author contributions Katarzyna Michaud, Conceptualization, Writ-
ing - Original Draft, Visualization, Writing - Review & Editing, Su-
pervision. Cristina Basso, Conceptualization, Writing - Original Draft, 
Visualization, Writing - Review & Editing. Hans H de Boer, Concep-
tualization, Writing - Original Draft, Writing - Review & Editing. Tony 
Fracasso, Writing - Review & Editing. Monica de Gaspari, Visualiza-
tion, Writing - Review & Editing. Carla Giordano, Writing - Review 
& Editing. Xiaofei Li, Visualization, Writing - Review & Editing. Joa-
quin Lucena, Visualization, Writing - Review & Editing. Pilar Molina, 
Visualization, Writing - Review & Editing. Sarah Parsons, Conceptu-
alization, Writing - Original Draft, Visualization, Writing - Review & 
Editing. Mary N. Sheppard, Writing - Review & Editing. Allard C van 
der Wal: Conceptualization, Writing - Original Draft, Visualization, 
Writing - Review & Editing, Supervision.

Funding Open access funding provided by University of Lausanne
This work was not funded externally.

Declarations

Compliance with ethical standards This study is in accordance with 
the Swiss and international ethical standards.

Conflict of interest Authors declare no conflict of interest, particularly 
no financial and personal relationships with other people or organisa-
tions that could inappropriately influence (bias) this work.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit  h t t p  : / /  c r e a  t i  v e c  o m m o  n s .  o 
r g  / l i c e n s e s / b y / 4 . 0 /.

References

1. Thygesen K, Alpert JS, Jaffe AS et al (2019) Fourth universal def-
inition of myocardial infarction (2018). Eur Heart J 40:237–269.  
h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 9 3  / e u  r h e a r t j / e h y 4 6 2

2. Kumar V, Abbas AK, Aster JC (eds) (2017) Robbins Basic Pathol-
ogy E-Book, 10th Edition. Elsevier. pp. 1–28

3. Buja LM (2023) Pathobiology of myocardial ischemia and reper-
fusion injury: models, modes, molecular mechanisms, modula-
tion, and clinical applications. Cardiol Rev 31:252–264.  h t t p  s : /  / d 
o i  . o  r g /  1 0 . 1  0 9 7  / C R  D . 0 0 0 0 0 0 0 0 0 0 0 0 0 4 4 0

4. Fineschi V, Baroldi G, Silver MD (2006) Pathology of the Heart 
and Sudden Death in Forensic Medicine

of the epicardial coronary arteries, but in all cases cardiac 
autopsy is required. At autopsy, the presence of coronary 
artery occlusion due to acute atherothrombosis indicates a 
type 1 myocardial infarction. In the absence of coronary 
artery thrombotic occlusion, also other causes of oxygen 
supply-demand imbalance could explain the ischemic inju-
ries to the myocardium (myocardial infarction type 2, see 
Table 1). The causes can be natural (coronary, cardiac- non 
coronary or extracardiac, see Table 1) or non-natural (as a 
hemorrhage after a trauma, see Table 1). In the absence of 
potential ischemic causes of myocardial injuries, the next 
step should be to seek the non-ischemic origin. Here again, 
all available data and results should be evaluated. Non- 
ischemic injuries can be natural (as in sepsis, infectious 
myocarditis) or non-natural (such as toxic myocarditis, see 
Table 2 ).

Conclusions

In clinical practice, the Fourth universal definition of dis-
tinct types of myocardial infarction, is presently considered 
gold standard [1]. In response, clinicopathological corre-
lations have also recently been published in detail in the 
pathology literature [15, 79] emphasizing the importance 
to discriminate myocardial infarctions of any type from 
various other types of myocardial damage. The application 
of an approach to distinguish ischemic, non-ischemic and 
eventually combined forms such as ischemia and reperfu-
sion injuries has proven to be particularly important (and 
challenging) in cases of sudden out-of-hospital cardiac 
arrest, and the ‘unwitnessed’ deaths at home in whom 
serious cardiac diseases can be found. This is even more 
important in forensic practice since differential diagnosis 
includes not only natural but also traumatic and iatrogenic 
causes of myocardial injury. In fact, myocardial necrosis, as 
the pathological substrate of various injury mechanisms, is 
frequently observed in postmortem (forensic) autopsy prac-
tice for both natural and non-natural deaths and should be 
interpreted with caution. The diagnosis can be straightfor-
ward, such as in a case with an acute thrombotic coronary 
occlusion or when cardiac tamponade due to cardiac rupture 
is found, but unraveling other causes of myocardial injury 
usually requires a detailed autopsy of the heart including 
histology. Moreover, assessment of the circumstances of 
death, resuscitation attempts, and all autopsy findings (espe-
cially of lungs, kidneys and brain) and data retrieved from 
biochemical, toxicological and microbiological investiga-
tions should help to orient the diagnosis in the first place 
towards an ischemic or non-ischemic origin of myocardial 
injury, and when possible, to the etiological cause of injury 
(as listed in the Tables 2 and 1). Therefore, a systematic 

1 3

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/eurheartj/ehy462
https://doi.org/10.1093/eurheartj/ehy462
https://doi.org/10.1097/CRD.0000000000000440
https://doi.org/10.1097/CRD.0000000000000440


International Journal of Legal Medicine

22. Basso C (2022) Myocarditis. N Engl J Med 387:1488–1500.  h t t p  
s : /  / d o i  . o  r g /  1 0 . 1  0 5 6  / N E  J M r a 2 1 1 4 4 7 8

23. Oyarzun A, Parsons S, Bassed R (2023) Myocarditis in the foren-
sic setting - a review of the literature. Cardiovasc Pathology: Offi-
cial J Soc Cardiovasc Pathol 62:107475.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 6  / j 
.  c a r  p a t  h . 2 0  2 2  . 1 0 7 4 7 5

24. Oyarzun A, Parsons S, Bassed R (2023) Myocarditis in the foren-
sic setting. Cardiovasc Pathology: Official J Soc Cardiovasc 
Pathol 62:107476.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 6  / j .  c a r  p a t  h . 2 0  2 2  . 1 0 7 4 7 6

25. Fronczek J, van de Goot FRW (2016) Diagnosing lymphocytic 
myocarditis in adult autopsies combining the Dallas criteria with 
immunohistochemical stainings. J Forensic Res 07.  h t t p  s : /  / d o i  . o  r 
g /  1 0 . 4  1 7 2  / 2 1  5 7 - 7 1 4 5 . 1 0 0 0 3 2 5

26. Falleti J, Orabona P, Municino M, Castellaro G, Fusco G, Man-
sueto G (2024) An update on myocarditis in forensic pathology. 
Diagnostics (Basel) 14.  h t t p  s : /  / d o i  . o  r g /  1 0 . 3  3 9 0  / d i  a g n o s t i c s 1 4 0 7 0 
7 6 0

27. Karch BS, Drummer OH (2015) Karch’s Pathology of Drug 
Abuse 5th edition. CRC Press

28. Leone O, Pieroni M, Rapezzi C, Olivotto I (2019) The spectrum 
of myocarditis: from pathology to the clinics. Virchows Arch 
475:279–301.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 0 7  / s 0  0 4 2 8 - 0 1 9 - 0 2 6 1 5 - 8

29. >Morgan PJ (2025) Clinical manifestations, diagnosis and man-
agement of the cardiovascular complications of cocaine abuse. 
UpToDate. Wolters Kluwer Health. Accessed 16.02.2025.  h t t p  s : /  
/ w w w  . u  p t o  d a t e  . c o  m / c  o n t  e n t  s / c l  i n  i c a  l - m a  n i f  e s t  a t i  o n s  - d i a  g n  o s i  s - a 
n  d - m  a n a  g e m  e n t  - o f -  t h  e - c  a r d i  o v a  s c u  l a r  - c o  m p l i  c a  t i o n s - o f - c o c a i n 
e - u s e

30. Havakuk O, Rezkalla SH, Kloner RA (2017) The cardiovascular 
effects of cocaine. J Am Coll Cardiol 70:101–113.  h t t p  s : /  / d o i  . o  r g 
/  1 0 . 1  0 1 6  / j .  j a c c . 2 0 1 7 . 0 5 . 0 1 4

31. Lucena J, Blanco M, Jurado C et al (2010) Cocaine-related sud-
den death: a prospective investigation in south-west Spain. Eur 
Heart J 31:318–329.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 9 3  / e u  r h e a r t j / e h p 5 5 7

32. Kim ST, Park T (2019) Acute and chronic effects of cocaine on 
cardiovascular health. Int J Mol Sci 20.  h t t p  s : /  / d o i  . o  r g /  1 0 . 3  3 9 0  / i j  
m s 2 0 0 3 0 5 8 4

33. O’Leary ME, Hancox JC (2010) Role of voltage-gated sodium, 
potassium and calcium channels in the development of cocaine-
associated cardiac arrhythmias. Br J Clin Pharmacol 69:427–442.  
h t t p  s : /  / d o i  . o  r g /  1 0 . 1  1 1 1  / j .  1 3 6  5 - 2  1 2 5 .  2 0  1 0 . 0 3 6 2 9 . x

34. Miller D, Revelo M (2023) Diagnostic Pathology – Cardiovascu-
lar 3rd edition. Elsevier

35. Dominguez F, Adler E, Garcia-Pavia P (2024) Alcoholic cardio-
myopathy: an update. Eur Heart J 45:2294–2305.  h t t p  s : /  / d o i  . o  r g /  
1 0 . 1  0 9 3  / e u  r h e a r t j / e h a e 3 6 2

36. Haynes HR, Gallagher PJ, Thom MH, Morovat RA, Delaney RJ, 
Jeffery AJ (2024) The postmortem pathology of sudden death in 
chronic alcohol exposure and acute alcohol intoxication: A review 
of medicolegal considerations, traumatic and systemic pathology, 
and biochemical mechanisms. Am J Forensic Med Pathol.  h t t p  s : /  
/ d o i  . o  r g /  1 0 . 1  0 9 7  / P A  F . 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

37. Sheppard MN, van der Wal AC, Banner J et al (2023) Geneti-
cally determined cardiomyopathies at autopsy: the pivotal role of 
the pathologist in Establishing the diagnosis and guiding family 
screening. Virchows Arch 482:653–669.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 0 7  / 
s 0  0 4 2 8 - 0 2 3 - 0 3 5 2 3 - 8

38. Morelli MB, Bongiovanni C, Da Pra S et al (2022) Cardiotoxic-
ity of anticancer drugs: molecular mechanisms and strategies for 
cardioprotection. Front Cardiovasc Med 9:847012.  h t t p  s : /  / d o i  . o  r 
g /  1 0 . 3  3 8 9  / f c  v m . 2 0 2 2 . 8 4 7 0 1 2

39. Zamorano JL, Lancellotti P, Rodriguez Munoz D et al (2016) 
2016 ESC position paper on cancer treatments and cardiovascular 
toxicity developed under the auspices of the ESC committee for 
practice guidelines: the task force for cancer treatments and car-
diovascular toxicity of the European society of cardiology (ESC). 

5. Liu C, Liu Y, Chen H et al (2023) Myocardial injury: where 
inflammation and autophagy Meet. Burns Trauma 11:tkac062.  h t 
t p  s : /  / d o i  . o  r g /  1 0 . 1  0 9 3  / b u  r n s t / t k a c 0 6 2

6. Aljakna Khan A, Sabatasso S (2025) Autophagy in myocardial 
ischemia and ischemia/reperfusion. Cardiovasc Pathology: Offi-
cial J Soc Cardiovasc Pathol 74:107691.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 6  / j 
.  c a r  p a t  h . 2 0  2 4  . 1 0 7 6 9 1

7. Fishbein GA, Fishbein MC, Wang J, Buja LM (2022) Myocardial 
ischemia and its complications. In: Buja LM, Butany J, eds. Car-
diovascular Pathology. Elsevier. pp. 407– 45

8. Adegboyega PA, Haque AK, Boor PJ (1996) Extensive myo-
cytolysis as a marker of sudden cardiac death. cardiovascular 
pathology: the official journal of the society for cardiovascular 
pathology 5: 315– 21.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 6  / s 1  0 5 4 - 8 8 0 7 ( 9 6 ) 0 0 
0 4 1 - 5

9. Schlesinger MJ, Reiner L (1955) Focal myocytolysis of the heart. 
Am J Pathol 31:443–459

10. Edwalds GM, Said JW, Block MI, Herscher LL, Siegel RJ, 
Fishbein MC (1984) Myocytolysis (vacuolar degeneration) of 
myocardium: immunohistochemical evidence of viability. Hum 
Pathol 15:753–756.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 6  / s 0  0 4 6 - 8 1 7 7 ( 8 4 ) 8 0 1 6 
6 - 5

11. Turillazzi E, Baroldi G, Silver MD, Parolini M, Pomara C, Fines-
chi V (2005) A systematic study of a myocardial lesion: colliqua-
tive myocytolysis. Int J Cardiol 104:152–157.  h t t p  s : /  / d o i  . o  r g /  1 0 . 
1  0 1 6  / j .  i j c a r d . 2 0 0 4 . 1 0 . 0 5 1

12. Gunning MG, Kaprielian RR, Pepper J et al (2002) The histol-
ogy of viable and hibernating myocardium in relation to imaging 
characteristics. J Am Coll Cardiol 39:428–435.  h t t p  s : /  / d o i  . o  r g /  1 0 
. 1  0 1 6  / s 0  7 3 5 - 1 0 9 7 ( 0 1 ) 0 1 7 6 6 - 1

13. de Bakker JM, van Capelle FJ, Janse MJ et al (1988) Reentry as a 
cause of ventricular tachycardia in patients with chronic ischemic 
heart disease: electrophysiologic and anatomic correlation. Circu-
lation 77:589–606.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  1 6 1  / 0 1  . c i r . 7 7 . 3 . 5 8 9

14. Spaulding CM, Joly LM, Rosenberg A et al (1997) Immediate 
coronary angiography in survivors of out-of-hospital cardiac 
arrest. N Engl J Med 336:1629–1633.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 5 6  / N 
E  J M 1 9 9 7 0 6 0 5 3 3 6 2 3 0 2

15. Michaud K, Basso C, d’Amati G et al (2020) Diagnosis of myo-
cardial infarction at autopsy: AECVP reappraisal in the light of 
the current clinical classification. Virchows Arch 476:179–194.  h 
t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 0 7  / s 0  0 4 2 8 - 0 1 9 - 0 2 6 6 2 - 1

16. Basso C, Aguilera B, Banner J et al (2017) Guidelines for autopsy 
investigation of sudden cardiac death: 2017 update from the asso-
ciation for European cardiovascular pathology. Virchows Arch 
471:691–705.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 0 7  / s 0  0 4 2 8 - 0 1 7 - 2 2 2 1 - 0

17. Neri M, Riezzo I, Pascale N, Pomara C, Turillazzi E (2017) Isch-
emia/Reperfusion injury following acute myocardial infarction: 
A critical issue for clinicians and forensic pathologists. Mediators 
Inflamm 2017(7018393).  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  1 5 5  / 2 0  1 7 / 7 0 1 8 3 9 3

18. Moens AL, Claeys MJ, Timmermans JP, Vrints CJ (2005) Myo-
cardial ischemia/reperfusion-injury, a clinical view on a complex 
pathophysiological process. International journal of cardiology 
100: 179– 90.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 6  / j .  i j c a r d . 2 0 0 4 . 0 4 . 0 1 3

19. Basso C, Leone O, Rizzo S et al (2020) Pathological features of 
COVID-19-associated myocardial injury: a multicentre cardio-
vascular pathology study. Eur Heart J 41:3827–3835.  h t t p  s : /  / d o i  . 
o  r g /  1 0 . 1  0 9 3  / e u  r h e a r t j / e h a a 6 6 4

20. Kumar V, Abbas AK, Aster JC (2017) Robbins basic pathology 
E-Book: Robbins basic pathology E-Book. Elsevier Chantilly, 
UNITED STATES

21. du Long R, Fronczek J, Niessen HWM, van der Wal AC, de Boer 
HH (2022) The histopathological spectrum of myocardial inflam-
mation in relation to circumstance of death: a retrospective cohort 
study in clinical and forensic autopsies. Forensic Sci Res 7:238–
246.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 8 0  / 2 0  9 6 1  7 9 0  . 2 0 2  1 .  1 9 8 9 7 9 3

1 3

https://doi.org/10.1056/NEJMra2114478
https://doi.org/10.1056/NEJMra2114478
https://doi.org/10.1016/j.carpath.2022.107475
https://doi.org/10.1016/j.carpath.2022.107475
https://doi.org/10.1016/j.carpath.2022.107476
https://doi.org/10.4172/2157-7145.1000325
https://doi.org/10.4172/2157-7145.1000325
https://doi.org/10.3390/diagnostics14070760
https://doi.org/10.3390/diagnostics14070760
https://doi.org/10.1007/s00428-019-02615-8
https://www.uptodate.com/contents/clinical-manifestations-diagnosis-and-management-of-the-cardiovascular-complications-of-cocaine-use
https://www.uptodate.com/contents/clinical-manifestations-diagnosis-and-management-of-the-cardiovascular-complications-of-cocaine-use
https://www.uptodate.com/contents/clinical-manifestations-diagnosis-and-management-of-the-cardiovascular-complications-of-cocaine-use
https://www.uptodate.com/contents/clinical-manifestations-diagnosis-and-management-of-the-cardiovascular-complications-of-cocaine-use
https://doi.org/10.1016/j.jacc.2017.05.014
https://doi.org/10.1016/j.jacc.2017.05.014
https://doi.org/10.1093/eurheartj/ehp557
https://doi.org/10.3390/ijms20030584
https://doi.org/10.3390/ijms20030584
https://doi.org/10.1111/j.1365-2125.2010.03629.x
https://doi.org/10.1111/j.1365-2125.2010.03629.x
https://doi.org/10.1093/eurheartj/ehae362
https://doi.org/10.1093/eurheartj/ehae362
https://doi.org/10.1097/PAF.0000000000001000
https://doi.org/10.1097/PAF.0000000000001000
https://doi.org/10.1007/s00428-023-03523-8
https://doi.org/10.1007/s00428-023-03523-8
https://doi.org/10.3389/fcvm.2022.847012
https://doi.org/10.3389/fcvm.2022.847012
https://doi.org/10.1093/burnst/tkac062
https://doi.org/10.1093/burnst/tkac062
https://doi.org/10.1016/j.carpath.2024.107691
https://doi.org/10.1016/j.carpath.2024.107691
https://doi.org/10.1016/s1054-8807(96)00041-5
https://doi.org/10.1016/s1054-8807(96)00041-5
https://doi.org/10.1016/s0046-8177(84)80166-5
https://doi.org/10.1016/s0046-8177(84)80166-5
https://doi.org/10.1016/j.ijcard.2004.10.051
https://doi.org/10.1016/j.ijcard.2004.10.051
https://doi.org/10.1016/s0735-1097(01)01766-1
https://doi.org/10.1016/s0735-1097(01)01766-1
https://doi.org/10.1161/01.cir.77.3.589
https://doi.org/10.1056/NEJM199706053362302
https://doi.org/10.1056/NEJM199706053362302
https://doi.org/10.1007/s00428-019-02662-1
https://doi.org/10.1007/s00428-019-02662-1
https://doi.org/10.1007/s00428-017-2221-0
https://doi.org/10.1155/2017/7018393
https://doi.org/10.1016/j.ijcard.2004.04.013
https://doi.org/10.1093/eurheartj/ehaa664
https://doi.org/10.1093/eurheartj/ehaa664
https://doi.org/10.1080/20961790.2021.1989793


International Journal of Legal Medicine

56. Choi SE, Tsang CTW, Huang JY et al (2024) Stroke-Heart syn-
drome: a population-based cohort study and cluster analysis. Eur 
Heart J 45.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 9 3  / e u  r h e  a r t  j / e h  a e  6 6 6 . 2 3 2 0

57. Bi CF, Liu J, Yang LS, Zhang JF (2022) Research progress on the 
mechanism of sepsis induced myocardial injury. J Inflamm Res 
15:4275–4290.  h t t p  s : /  / d o i  . o  r g /  1 0 . 2  1 4 7  / J I  R . S 3 7 4 1 1 7

58. Schmittinger CA, Dunser MW, Torgersen C et al (2013) Histo-
logic pathologies of the myocardium in septic shock: a prospec-
tive observational study. Shock 39:329–335.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 
9 7  / S H  K . 0 b 0 1 3 e 3 1 8 2 8 9 3 7 6 b

59. Tonelli M, Karumanchi SA, Thadhani R (2016) Epidemiology 
and mechanisms of Uremia-Related cardiovascular disease. Cir-
culation 133:518–536.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  1 6 1  / C I  R C U  L A T  I O N A  
H A  . 1 1 5 . 0 1 8 7 1 3

60. Fujii H (2024) Unravelling the complexities of myocardial injury 
in patients with chronic kidney disease. J Atheroscler Thromb 
31:522–523.  h t t p  s : /  / d o i  . o  r g /  1 0 . 5  5 5 1  / j a  t . E D 2 5 6

61. Kelly KL, Lin PT, Basso C et al (2023) Sudden cardiac death in 
the young: A consensus statement on recommended practices for 
cardiac examination by pathologists from the society for cardio-
vascular pathology. Cardiovasc Pathology: Official J Soc Cardio-
vasc Pathol 63:107497.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 6  / j .  c a r  p a t  h . 2 0  2 2  . 1 0 
7 4 9 7

62. Grabherr S, Egger C, Vilarino R, Campana L, Jotterand M, 
Dedouit F (2017) Modern post-mortem imaging: an update on 
recent developments. Forensic Sci Res 2:52–64.  h t t p  s : /  / d o i  . o  r g /  1 
0 . 1  0 8 0  / 2 0  9 6 1  7 9 0  . 2 0 1  7 .  1 3 3 0 7 3 8

63. Paratz ED, Costello B, Rowsell L et al (2021) Can post-mortem 
coronary artery calcium scores aid diagnosis in young sudden 
death? Forensic Sci Med Pathol 17:27–35.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 
0 7  / s 1  2 0 2 4 - 0 2 0 - 0 0 3 3 5 - z

64. Michaud K, Jacobsen C, Basso C et al (2023) Application of post-
mortem imaging modalities in cases of sudden death due to car-
diovascular diseases-current achievements and limitations from 
a pathology perspective: endorsed by the association for Euro-
pean cardiovascular pathology and by the international society of 
forensic radiology and imaging. Virchows Arch 482:385–406.  h t t 
p  s : /  / d o i  . o  r g /  1 0 . 1  0 0 7  / s 0  0 4 2 8 - 0 2 2 - 0 3 4 5 8 - 6

65. Persson A, Baeckmann J, Berge J, Jackowski C, Warntjes M, Zech 
WD (2018) Temperature-corrected postmortem 3-T MR quantifi-
cation of histopathological early acute and chronic myocardial 
infarction: a feasibility study. Int J Legal Med 132:541–549.  h t t p  
s : /  / d o i  . o  r g /  1 0 . 1  0 0 7  / s 0  0 4 1 4 - 0 1 7 - 1 6 1 4 - 6

66. Schwendener N, Jackowski C, Persson A et al (2017) Detection 
and differentiation of early acute and following age stages of 
myocardial infarction with quantitative post-mortem cardiac 1.5T 
MR. Forensic Sci Int 270:248–254.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 6  / j .  f o r  s 
c i  i n t .  2 0  1 6 . 1 0 . 0 1 4

67. Jackowski C, Schwendener N, Grabherr S, Persson A (2013) 
Post-mortem cardiac 3-T magnetic resonance imaging: visualiza-
tion of sudden cardiac death? J Am Coll Cardiol 62:617–629.  h t t 
p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 6  / j .  j a c c . 2 0 1 3 . 0 1 . 0 8 9

68. Isaila OM, Ion OM, Luta R et al (2024) Postmortem immunohis-
tochemical findings in early acute myocardial infarction: A sys-
tematic review. Int J Mol Sci 25.  h t t p  s : /  / d o i  . o  r g /  1 0 . 3  3 9 0  / i j  m s 2 5 1 
4 7 6 2 5

69. Aljakna A, Fracasso T, Sabatasso S (2018) Molecular tissue 
changes in early myocardial ischemia: from pathophysiology 
to the identification of new diagnostic markers. Int J Legal Med 
132:425–438.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 0 7  / s 0  0 4 1 4 - 0 1 7 - 1 7 5 0 - z

70. Jenkins CP, Cardona DM, Bowers JN, Oliai BR, Allan RW, Nor-
mann SJ (2010) The utility of C4d, C9, and troponin T immuno-
histochemistry in acute myocardial infarction. Arch Pathol Lab 
Med 134:256–263.  h t t p  s : /  / d o i  . o  r g /  1 0 . 5  8 5 8  / 1 3  4 . 2 . 2 5 6

71. Sabatasso S, Moretti M, Mangin P, Fracasso T (2018) Early 
markers of myocardial ischemia: from the experimental model to 

Eur Heart J 37:2768–2801.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 9 3  / e u  r h e a r t j / e h w 
2 1 1

40. Adhikari A, Asdaq SMB, Al Hawaj MA et al (2021) Anticancer 
Drug-Induced cardiotoxicity: insights and pharmacogenetics. 
Pharmaceuticals (Basel) 14.  h t t p  s : /  / d o i  . o  r g /  1 0 . 3  3 9 0  / p h  1 4 1 0 0 9 7 0

41. Wang TH, Ma Y, Gao S, Zhang WW, Han D, Cao F (2023) Recent 
advances in the mechanisms of cell death and dysfunction in 
doxorubicin cardiotoxicity. Rev Cardiovasc Med 24:336.  h t t p  s : /  / 
d o i  . o  r g /  1 0 . 3  1 0 8  3 / j  . r c m 2 4 1 1 3 3 6

42. Maron BJ, Gohman TE, Kyle SB, Estes NA 3rd, Link MS 
(2002) Clinical profile and spectrum of commotio cordis. JAMA 
287:1142–1146.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 0 1  / j a  m a . 2 8 7 . 9 . 1 1 4 2

43. Lucena JS, Rico A, Salguero M, Blanco M, Vazquez R (2008) 
Commotio cordis as a result of a fight: report of a case considered 
to be imprudent homicide. Forensic Sci Int 177:e1–4.  h t t p  s : /  / d o i  . 
o  r g /  1 0 . 1  0 1 6  / j .  f o r  s c i  i n t .  2 0  0 7 . 0 9 . 0 0 8

44. Krexi L, Sheppard MN (2018) Blow/trauma to the chest and sud-
den cardiac death: commotio cordis and Contusio cordis are lead-
ing causes. Med Sci Law 58:93–96.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  1 7 7  / 0 0  2 5 
8 0 2 4 1 8 7 5 4 9 6 1

45. Coelho-Lima J, Westaby J, Sheppard MN (2022) Cardiac arrest 
with successful cardiopulmonary resuscitation and survival 
induce histologic changes that correlate with survival time and 
lead to misdiagnosis in sudden arrhythmic death syndrome. 
Resuscitation 175:6–12.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 6  / j .  r e s  u s c  i t a t  i o  n . 2 
0 2 2 . 0 4 . 0 0 2

46. Kuck KH, Brugada J, Furnkranz A et al (2016) Cryoballoon or 
radiofrequency ablation for paroxysmal atrial fibrillation. N Engl 
J Med 374:2235–2245.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 5 6  / N E  J M o a 1 6 0 2 0 1 4

47. Lee SS, Cheong H (2023) Factors influencing postmortem cat-
echolamine level and its correlations with agony time and cause 
of death in medicolegal autopsy. J Korean Med Sci 38:e245.  h t t p  
s : /  / d o i  . o  r g /  1 0 . 3  3 4 6  / j k  m s . 2 0 2 3 . 3 8 . e 2 4 5

48. Dettmeyer RB (2018) Coronary Sclerosis, Myocardial Infarction, 
Myocarditis, Cardiomyopathy, Coronary Anomalies, and the Car-
diac Conduction System. Forensic Histopathology. pp. 303– 55

49. Du Y, Demillard LJ, Ren J (2021) Catecholamine-induced car-
diotoxicity: A critical element in the pathophysiology of stroke-
induced heart injury. Life Sci 287:120106.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 
6  / j .  l f s . 2 0 2 1 . 1 2 0 1 0 6

50. Almalouf C, Hakobyan N, Yadav V, Gandhi A, Yadav R (2023) 
Cardiac arrest (CA) as the initial presentation of Cocaine-Induced 
Takotsubo cardiomyopathy (TCM): A case report and review of 
literature. Cureus 15:e38525.  h t t p  s : /  / d o i  . o  r g /  1 0 . 7  7 5 9  / c u  r e u s . 3 8 5 
2 5

51. Lyon AR, Bossone E, Schneider B et al (2016) Current state of 
knowledge on Takotsubo syndrome: a position statement from the 
taskforce on Takotsubo syndrome of the heart failure association 
of the European society of cardiology. Eur J Heart Fail 18:8–27.  
h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 0 2  / e j  h f . 4 2 4

52. Arunkumar S, Jegaverrapandi K (2024) Pharmacological triggers 
of Takotsubo cardiomyopathy: an updated review of evidence and 
recommendations. Curr Cardiol Rev 20:50–60.  h t t p  s : /  / d o i  . o  r g /  1 0 . 
2  1 7 4  / 0 1  1 5 7  3 4 0  3 X 2 7  3 6  1 3 2 4 0 1 2 5 0 7 2 7 5 4

53. Hiestand T, Hanggi J, Klein C et al (2018) Takotsubo syndrome 
associated with structural brain alterations of the limbic system. J 
Am Coll Cardiol 71:809–811.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 6  / j .  j a c c . 2 0 1 7 
. 1 2 . 0 2 2

54. Sposato LA, Hilz MJ, Aspberg S et al (2020) Post-Stroke car-
diovascular complications and neurogenic cardiac injury: JACC 
State-of-the-Art review. J Am Coll Cardiol 76:2768–2785.  h t t p  s : /  
/ d o i  . o  r g /  1 0 . 1  0 1 6  / j .  j a c c . 2 0 2 0 . 1 0 . 0 0 9

55. Scheitz JF, Nolte CH, Doehner W, Hachinski V, Endres M (2018) 
Stroke-heart syndrome: clinical presentation and underlying 
mechanisms. Lancet Neurol 17:1109–1120.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 
1 6  / S 1  4 7 4 - 4 4 2 2 ( 1 8 ) 3 0 3 3 6 - 3

1 3

https://doi.org/10.1093/eurheartj/ehae666.2320
https://doi.org/10.2147/JIR.S374117
https://doi.org/10.1097/SHK.0b013e318289376b
https://doi.org/10.1097/SHK.0b013e318289376b
https://doi.org/10.1161/CIRCULATIONAHA.115.018713
https://doi.org/10.1161/CIRCULATIONAHA.115.018713
https://doi.org/10.5551/jat.ED256
https://doi.org/10.1016/j.carpath.2022.107497
https://doi.org/10.1016/j.carpath.2022.107497
https://doi.org/10.1080/20961790.2017.1330738
https://doi.org/10.1080/20961790.2017.1330738
https://doi.org/10.1007/s12024-020-00335-z
https://doi.org/10.1007/s12024-020-00335-z
https://doi.org/10.1007/s00428-022-03458-6
https://doi.org/10.1007/s00428-022-03458-6
https://doi.org/10.1007/s00414-017-1614-6
https://doi.org/10.1007/s00414-017-1614-6
https://doi.org/10.1016/j.forsciint.2016.10.014
https://doi.org/10.1016/j.forsciint.2016.10.014
https://doi.org/10.1016/j.jacc.2013.01.089
https://doi.org/10.1016/j.jacc.2013.01.089
https://doi.org/10.3390/ijms25147625
https://doi.org/10.3390/ijms25147625
https://doi.org/10.1007/s00414-017-1750-z
https://doi.org/10.5858/134.2.256
https://doi.org/10.1093/eurheartj/ehw211
https://doi.org/10.1093/eurheartj/ehw211
https://doi.org/10.3390/ph14100970
https://doi.org/10.31083/j.rcm2411336
https://doi.org/10.31083/j.rcm2411336
https://doi.org/10.1001/jama.287.9.1142
https://doi.org/10.1016/j.forsciint.2007.09.008
https://doi.org/10.1016/j.forsciint.2007.09.008
https://doi.org/10.1177/0025802418754961
https://doi.org/10.1177/0025802418754961
https://doi.org/10.1016/j.resuscitation.2022.04.002
https://doi.org/10.1016/j.resuscitation.2022.04.002
https://doi.org/10.1056/NEJMoa1602014
https://doi.org/10.3346/jkms.2023.38.e245
https://doi.org/10.3346/jkms.2023.38.e245
https://doi.org/10.1016/j.lfs.2021.120106
https://doi.org/10.1016/j.lfs.2021.120106
https://doi.org/10.7759/cureus.38525
https://doi.org/10.7759/cureus.38525
https://doi.org/10.1002/ejhf.424
https://doi.org/10.1002/ejhf.424
https://doi.org/10.2174/011573403X273613240125072754
https://doi.org/10.2174/011573403X273613240125072754
https://doi.org/10.1016/j.jacc.2017.12.022
https://doi.org/10.1016/j.jacc.2017.12.022
https://doi.org/10.1016/j.jacc.2020.10.009
https://doi.org/10.1016/j.jacc.2020.10.009
https://doi.org/10.1016/S1474-4422(18)30336-3
https://doi.org/10.1016/S1474-4422(18)30336-3


International Journal of Legal Medicine

76. Beausire T, Faouzi M, Palmiere C, Fracasso T, Michaud K (2018) 
High-sensitive cardiac troponin hs-TnT levels in sudden deaths 
related to atherosclerotic coronary artery disease. Forensic Sci Int 
289:238–243.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 6  / j .  f o r  s c i  i n t .  2 0  1 8 . 0 5 . 0 5 1

77. Moridi M, Magnusson C, Zilg B (2022) Cardiac troponin T as a 
postmortem biomarker for acute myocardial infarction. Forensic 
Sci Int 341:111506.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 6  / j .  f o r  s c i  i n t .  2 0  2 2 . 1 1 1 5 
0 6

78. Sacco MA, Gualtieri S, Grimaldi G et al (2024) The role of car-
diac troponins in postmortem diagnosis of myocardial ischemia: 
A systematic review. Int J Mol Sci 26.  h t t p  s : /  / d o i  . o  r g /  1 0 . 3  3 9 0  / i j  m 
s 2 6 0 1 0 1 0 5

79. Buja LM, Zehr B, Lelenwa L et al (2020) Clinicopathological 
complexity in the application of the universal definition of myo-
cardial infarction. Cardiovasc Pathology: Official J Soc Cardio-
vasc Pathol 44:107153.  h t t p s :   /  / d o  i . o  r  g  /  1 0  . 1 0   1  6  / j .  c a r p   a t h  .  2  0 1 9 . 1 0 
7 1 5 3

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

forensic pathology cases of sudden cardiac death. Int J Legal Med 
132:197–203.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 0 7  / s 0  0 4 1 4 - 0 1 7 - 1 6 0 5 - 7

72. Mondello C, Ventura Spagnolo E, Cardia L et al (2020) Mem-
brane attack complex in myocardial ischemia/reperfusion injury: 
A systematic review for post mortem applications. Diagnostics 
(Basel) 10.  h t t p  s : /  / d o i  . o  r g /  1 0 . 3  3 9 0  / d i  a g n o s t i c s 1 0 1 1 0 8 9 8

73. Leone O, Veinot JP, Angelini A et al (2012) 2011 Consensus 
statement on endomyocardial biopsy from the association for 
European cardiovascular pathology and the society for cardiovas-
cular pathology. Cardiovasc Pathology: Official J Soc Cardiovasc 
Pathol 21:245–274.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 1 6  / j .  c a r  p a t  h . 2 0  1 1  . 1 0 . 0 0 
1

74. Gonzalez-Herrera L, Valenzuela A, Ramos V, Blazquez A, Vil-
lanueva E (2016) Cardiac troponin T determination by a highly 
sensitive assay in postmortem serum and pericardial fluid. Foren-
sic Sci Med Pathol 12:181–188.  h t t p  s : /  / d o i  . o  r g /  1 0 . 1  0 0 7  / s 1  2 0 2 4 - 0 
1 6 - 9 7 4 9 - 1

75. Cao Z, Zhao M, Xu C et al (2019) Diagnostic roles of postmortem 
cTn I and cTn T in cardiac death with special regard to myocar-
dial infarction: A systematic literature review and Meta-Analysis. 
Int J Mol Sci 20.  h t t p  s : /  / d o i  . o  r g /  1 0 . 3  3 9 0  / i j  m s 2 0 1 3 3 3 5 1

Authors and Affiliations

Katarzyna Michaud1  · Cristina Basso2  · Hans H. de  Boer3  · Tony Fracasso1,4  · Monica de  Gaspari2  · 
Carla Giordano5  · Xiaofei Li6 · Joaquin Lucena7  · Pilar Molina8,9 · Sarah Parsons3  · Mary N. Sheppard10  ·  
Allard C. van der  Wal6  · On behalf of the Association for European Cardiovascular Pathology

  Katarzyna Michaud
katarzyna.michaud@chuv.ch

  Allard C. van der Wal
allard.vdwal@gmail.com

1 University Center of Legal Medicine Lausanne - Geneva, 
Lausanne University Hospital and University of Lausanne, 
Lausanne, Switzerland

2 Cardiovascular Pathology Unit, Department of Cardiac, 
Thoracic and Vascular Sciences and Public Health, 
University of Padua, Padua, Italy

3 Department of Forensic Medicine, Victorian Institute of 
Forensic Medicine, Monash University, Southbank, VIC, 
Australia

4 Geneva University Hospital and University of Geneva, 
Geneva, Switzerland

5 Department of Radiological, Oncological and Pathological 
Sciences, Sapienza University of Rome, Rome, Italy

6 Department of Pathology, Maastricht University Medical 
Center (MUMC), Maastricht, The Netherlands

7 Department of Pathology Institute of Legal Medicine and 
Forensic Sciences, Seville, Spain

8 Department of Pathology, Institute of Legal Medicine and 
Forensic Sciences, Valencia, Spain

9 Research group CAFAMUSME, La Fe Health Research 
Institute, Valencia, Spain

10 CRY Cardiovascular Pathology Unit, Cardiovascular and 
Genetic Research Institute, City St George’s, University of 
London, London, UK

1 3

https://doi.org/10.1016/j.forsciint.2018.05.051
https://doi.org/10.1016/j.forsciint.2022.111506
https://doi.org/10.1016/j.forsciint.2022.111506
https://doi.org/10.3390/ijms26010105
https://doi.org/10.3390/ijms26010105
https://doi.org/10.1016/j.carpath.2019.107153
https://doi.org/10.1016/j.carpath.2019.107153
https://doi.org/10.1007/s00414-017-1605-7
https://doi.org/10.3390/diagnostics10110898
https://doi.org/10.1016/j.carpath.2011.10.001
https://doi.org/10.1016/j.carpath.2011.10.001
https://doi.org/10.1007/s12024-016-9749-1
https://doi.org/10.1007/s12024-016-9749-1
https://doi.org/10.3390/ijms20133351
http://orcid.org/0000-0003-2681-2544
https://orcid.org/0000-0002-0195-9753
https://orcid.org/0000-0001-8590-0945
https://orcid.org/0000-0002-5455-2084
https://orcid.org/0000-0001-9528-4883
https://orcid.org/0000-0002-3716-4303
https://orcid.org/0000-0002-6271-2113
https://orcid.org/0000-0002-1238-1360
https://orcid.org/0000-0003-2724-3881
http://orcid.org/0000-0001-5590-3758

	Ischemic and non-ischemic myocardial injuries at autopsy- an overview for forensic pathologists
	Abstract
	Key points
	Introduction
	Myocardial injury: definitions and cellular pathways
	Chronic and healed myocardial injuries


	Causes of myocardial injuries
	Myocardial injury due to ischemia
	Pathology
	Clinical backgrounds

	Myocardial ischemia and reperfusion
	Myocardial injury due to non-ischemic causes
	Myocarditis
	Therapeutic and illicit drugs
	Trauma
	Extra cardiac causes of myocardial injury

	Distribution of myocardial injuries in the heart
	Diagnostic modalities at autopsy
	Postmortem imaging (CT, MRI, angiography etc.)
	Nitroblue tetrazolium (NBT) stain of fresh transverse myocardial slice
	Immunohistochemistry
	Postmortem chemistry

	Evaluation of myocardial injuries at autopsy
	Conclusions
	References


