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Preface to ”Forensic Science and Legal Medicine: A
Multidisciplinary Puzzle!”

Even if the terms “forensic sciences”and “legal medicine”seem to be synonymous, they could be

defined as two sides of the same coin. It has been demonstrated that they are different components

of the application of medical knowledge upon the legal system. Legal medicine has greater relevance

to civil and tort law, impacting upon patient care, whereas forensic medicine relates to criminal law

and damage to (or by) patients.

The discipline of forensic science is remarkably complex and includes methodologies ranging

from DNA analysis to chemical composition and pattern recognition. Many forensic practices were

developed under the auspices of law enforcement and vetted primarily by the legal system rather

than being subjected to scientific scrutiny and empirical testing. Furthermore, the recent experience of

the COVID-19 pandemic suggests a pivotal role of the forensic autopsy in order to gather information

about unknown diseases. As previously described, only a full autopsy can investigate the potential

mechanisms of damage to organs or systems not readily accessible to biopsies, such as central nervous

system or cardiovascular system, leading to appropriate healthcare strategies that are useful in the

control of the disease. Another important perspective that underlines the importance of forensic

sciences is related to the development of vaccine candidates and new therapies for the prevention

and treatment of different diseases, with certain benefits for healthcare.

Furthermore, legal medicine plays a pivotal role in risk management. In healthcare, the term

“risk management”refers to all processes employed to detect, monitor, assess, mitigate, and prevent

risks in healthcare facilities and safeguard patient safety. Considering the importance of this issue, a

further aim of this Special Issue is to assess the role and progress of research and training in the field

of risk management.

This Special Issue, entitled “Forensic Science and Legal Medicine: A Multidisciplinary Puzzle!”,

collected accurate and up-to-date scientific information on all aspects of this theme, publishing

original investigations, case series and case reports, and reviews in all forensic and medico-legal

branches.

Francesco Sessa

Editor
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Abstract: The medico-legal term “sudden death (SD)” refers to those deaths that are not preceded by
significant symptoms. SD in apparently healthy individuals (newborn through to adults) represents a
challenge for medical examiners, law enforcement officers, and society as a whole. This review aims
to introduce a useful flowchart that should be applied in all cases of SD. Particularly, this flowchart
mixes the data obtained through an up-to-date literature review and a revision of the latest version of
guidelines for autopsy investigation of sudden cardiac death (SCD) in order to support medico-legal
investigation. In light of this review, following the suggested flowchart step-by-step, the forensic
pathologist will be able to apply all the indications of the scientific community to real cases. Moreover,
it will be possible to answer all questions relative to SD, such as: death may be attributable to cardiac
disease or to other causes, the nature of the cardiac disease (defining whether the mechanism was
arrhythmic or mechanical), whether the condition causing SD may be inherited (with subsequent
genetic counseling), the assumption of toxic or illicit drugs, traumas, and other unnatural causes.

Keywords: sudden death (SD); sudden cardiac death (SCD); autopsy; molecular autopsy; genetics;
post-mortem investigation; practical flowchart in SD

1. Introduction

The medico-legal term “sudden death (SD)” (also called “sudden and unexpected
natural death”) refers to those deaths that are not preceded by significant symptoms. The
term thus used obviously excludes violent or traumatic deaths. There is no universally
accepted definition of sudden death, and time periods ranging from 1 to 48 h have been
used in several countries. For example, the World Health Organization (WHO) definition
of SD is a “death occurring within 24 h after the onset of the symptoms” [1]; while the
Association for European Cardiovascular Pathology has defined SD as “a natural death
that occurs within 6 h of the beginning of symptoms in an apparently healthy subject or in
one whose disease is not so severe that a fatal outcome would be expected” [2].

SD in apparently healthy individuals (from newborn through to adults) represents a
very challenging event for medical examiners, law enforcement officers, and society as a
whole [3]. It is particularly difficult to interpret epidemiological data, considering the lack
of standardization in death certificate coding and the variability in the definition of SD.
Some causes of SD are identifiable through collecting several important pieces of evidence
during the external examination, crime scene investigation, and autopsy [4–6]. Moreover,
anamnesis and clinical data should be collected in order to identify the exact cause of
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death [7,8]. Nevertheless, in many cases of SD that present to the medical examiner or
coroner, all collected data do not reveal the cause of death [9].

Several SDs are not necessarily “unexpected”, and some unexpected deaths are not nec-
essarily “sudden”: for this reason, it is extremely important that these autopsies be carried
out, and that they are conducted properly. Notably, autopsy findings may have profound
effects on the lives and welfare of the family of the deceased, law enforcement agencies,
hospital authorities, and private corporations, including insurance companies [10].

In this scenario, this narrative review introduces a useful flowchart that should be
applied in all cases of SD. In particular, this flowchart was obtained combining the data
obtained through an up-to-date literature review and a revision of the latest version of
guidelines for autopsy investigation of sudden cardiac death (SCD) [11] in order to support
medico-legal investigations. The choice of the articles for this narrative review was made
after evaluation by the authors following a screening of abstracts in the PUBMED database,
using the following search terms: “Causes of SD”, “SD and Cardiovascular system”, “SD
and Respiratory System”, “SD and Central Nervous System”, “SD and Abdominal causes”,
“SD and Endocrine System”, “SD and Iatrogenic”, and “SD and Miscellaneous”.

2. Causes of Sudden Death

The most prevalent cause of death in the case of SD is related to cardiovascular
diseases; nevertheless, when a subject suddenly dies, and the pathologist after the post-
mortem examination is not able to identify abnormalities of the cardiac anatomy, a variety
of conduction abnormalities without morphological evidence visible at autopsy may be
suspected. In light of these considerations, other organs may be involved: these cases of
SDs are usually defined as non-cardiac sudden death (nc-SD).

Based on these considerations, SD may be classified under the criteria of the anatomical
system involved. It is clear that following these criteria, some degree of overlapping is
inevitable. In Figure 1, a system of classification of SD is proposed.
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2.1. Cardiovascular System

The first cause of SD worldwide is cardiovascular diseases, accounting for approxi-
mately 90% of such cases [9]. These data are referred to developed countries such as the
USA, Japan, and various European countries. When the cardiovascular system is involved,
SCD is used. The definitions of SCD are not the same across the scientific community [12].
The incidence of SCD increases with age, varying from about 1 per 1000 per year in sub-
jects of 35–40 years, 2 per 1000 per year by 60 years, and 200 per 1000 per year in the
elderly [13,14]. The use of post-mortem imaging is very important in the classification of
SCD. Based on these criteria, they may be divided into coronary and non-coronary causes:

- coronary artery diseases (CAD) represent the majority of cardiovascular deaths, even
if the data about the percentage are various, ranging from 56.87% [15] to 80% [9].
The percentage of CAD deaths is closely related to age: indeed, it was highest in
subjects over 40 years old. CAD may be further divided into atherosclerotic and non-
atherosclerotic types. In this subdivision, the atherosclerotic type accounts for most
cases, while non-atherosclerotic coronary artery diseases are included in congenital
abnormalities, embolism, arteritis, dissecting aneurysms, and external compression or
ostial obstruction;

- non-coronary cardiovascular diseases are strictly related to congenital anomalies,
valvular heart diseases such as rheumatic heart disease and syphilis, hypertensive
heart disease, myocarditis, ruptured aortic aneurysm (acute aortic dissection), and
cardiomyopathy [16]. In a simplistic classification, SD due to cardiac genetic alter-
ations could be subdivided into two main groups, channelopathies, and cardiomy-
opathies [17,18].

The so-called SCDs in the majority of cases are due to coronary artery disease. The
post-mortem findings both at the gross examination and at the histological investigations
frequently support this kind of diagnosis, describing a clinical picture of severe coronary
artery atherosclerosis. They may be associated with coronary artery thrombosis, recent
myocardial infarction, and myocardial fibrosis subsequent to different events such as
infarction. Nevertheless, these findings are variable and relatively infrequent: for these
reasons, they may not be considered decisive to validate the diagnosis [19].

The autopsy finding of critical coronary stenosis (defined as one or more of the major
extramural coronary arteries with more than 75% narrowing of the luminal cross-section)
is sufficient to invoke a diagnosis of SCD, and this is consistently detected in 90% or more
of these patients. Death is believed to be due to rhythm disorders, i.e., dysrhythmias, in
most of these cases. In the adult, it is estimated that 10 to 25% of SCD could be related to
cardiac channelopathies [20].

Several risk factors for SCD have been reported [21], with age and sex representing
two important factors: indeed, the risk of SD is greater in males and obviously increases
with age. The death rate improves significantly in middle-old age, especially from age
45 to 64 years [22]. Another important factor is the presence of previous coronary artery
disease [23]. Patients with known coronary artery disease had a fourfold greater incidence
of SD. Nevertheless, about 55% of those dying suddenly had manifested no prior evidence
of coronary artery disease. Another important heart disease closely related to SCD is
left ventricular hypertrophy: as previously described, patients with ECG evidence of left
ventricular hypertrophy had a 5-fold increased incidence of SD.

In this scenario, hypertension and blood cholesterol may be considered two important
indirect risk factors in the insurgence of SCD events. Notably, men with systolic blood
pressures >160 mm Hg have an incidence of SD three times greater than those who have
systolic pressures <140 mm Hg; moreover, elevated cholesterol levels are generally regarded
as a risk factor, even if, to date, no stepwise trend proportional to serum cholesterol has been
noted [24]. Obviously, overweight and obese status is related to SCD. It has been described
that the risk of this tragic event increases progressively with increased weight, arriving at
more than doubled for those weighing 120% or more than their ideal weight [25]. Other
important indirect factors that could be considered are cigarette smoking and alcohol/drug
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abuse. In particular, smokers had a 3-fold greater incidence of SD than non-smokers;
moreover, the abuser (meaning smokers of >1 pack per day) had higher rates than did
smokers of <1 pack per day [26].

In this context, an infrequent but always tragic event occurs when SD happens in an
apparently healthy young adult from spontaneous causes. Although the causes of SD in
young subjects are scarce, the most prevalent cause of death is related to cardiovascular
disease, with primary arrhythmogenic disorders, atherosclerotic events, cardiomyopathies,
and myocarditis as the main contributors. Indeed, in a recent article by Vos et al. [27],
cardiovascular diseases and genetic arrhythmias accounted for about 50% of their SD
cases. Indeed, based on international data, it is estimated that up to one-third of infantile
and juvenile SCD may be explained by cardiac channelopathies [28–31]. The most fre-
quent channelopathies include the long QT syndrome (LQTS), short QT syndrome (SQTS),
catecholaminergic polymorphic ventricular tachycardia (CPVT), and Brugada syndrome
(BrS) [32–34]. Moreover, in the case of SCD in young people, it could be possible to detect
pathogenic mutations in genes encoding structural proteins. These mutations could de-
termine several diseases such as hypertrophic cardiomyopathy, dilated cardiomyopathy,
and arrhythmogenic cardiomyopathy (AC) [35]. The majority of these cardiomyopathies
may be diagnosed at autopsy, considering that usually, anatomo-morphological changes in
cardiac tissue are detected, especially in young adults [36]. Indeed, as recently described, a
primary myocardial fibrosis at autopsy is strictly related to variants in genes associated with
arrhythmogenic right ventricular cardiomyopathy, dilated cardiomyopathy, and hyper-
trophic cardiomyopathy; when autopsy does not show these findings, primary myocardial
fibrosis may represent an alternative phenotypic expression of structural disease-associated
genetic variants, or that risk-associated fibrosis was expressing before the primary dis-
ease [37]. Contrariwise, when this tragic event occurs in an infant, a structurally normal
heart is usually reported in the post-mortem documentation [38].

One of the most difficult problems for forensic pathologists is the diagnose of SD in
subjects with acute cardiac processes that progress rapidly, with non-specific symptoms,
leading to death without evident morphological alterations. In these cases, innovative
approaches are frequently proposed. For example, post-mortem magnetic resonance imag-
ing could be one of the most promising tools to identify cardiac pathological alterations,
highlighting evidence otherwise not visible with routine autopsy [39]. In the same way, the
use of biochemical markers in cadaver fluids is frequently investigated as complementary
indicators to help to reach valid conclusions about the cause of death. Although the ideal
sampling site is debatable, several studies propose either pericardial fluid or peripheral
veins as the location for the biological sample. A recent article suggests that cardiac tro-
ponin I (cTnI) values in pericardial fluid and the troponin ratio (pericardial fluid/serum
ratio) may be helpful in SCD [40]. Finally, immunohistochemical investigation combined
with western blot analysis is used to detect morphological changes in myocardial speci-
mens of fatal SD, quantifying the effects of cardiac expression of inflammatory mediators
(CD15, IL-1β, IL-6, TNF-α, IL-15, IL-8, MCP-1, ICAM-1, CD18, tryptase) and structural and
functional cardiac proteins (troponin I and troponin C) [41].

When SD occurs in a young subject, it may occur during sports activities. In large post-
mortem investigations studies of athlete populations in the United States, hypertrophic
cardiomyopathy was the most common cardiovascular cause of SD [42]. The second most
frequent cardiovascular cause of SD in the subjects practicing sports activities is congenital
coronary-artery anomalies: in these cases, the artery originates from the wrong aortic
sinus (more commonly, the left main coronary artery originates from Valsalva’s right si-
nus) [43]. Other causes of death are congenital cardiac malformations, such as congenital
valvular disease, aortic stenosis, myxomatous mitral valve degeneration (typically associ-
ated with Marfan’s syndrome), as well as other causes such as myocarditis and coronary
atherosclerotic disease [44–46].

A molecular autopsy should be considered fundamental in the case of SD in young
people, seeking to always incorporate genetic testing into the post-mortem examination.
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Moreover, it has been proposed that community-based data aggregation and sharing
should be mandatory, leading to an improved classification of genetic variants [47,48].

2.2. Respiratory System

The most important cause of death in the case of nc-SD involving the respiratory
system is acute pulmonary embolism (APE). The symptoms of APE are various with a
complex clinical picture. Indeed, APE is characterized by numerous clinical manifestations
with a complex interaction between different organs. In this scenario, it is very difficult to
make an immediate diagnosis [49].

Fatal pulmonary embolism (PE) represents the common cause of SD related to the res-
piratory system, usually resulting from a complication of deep venous thrombosis (DVT).
Typical symptom and signs of PE is angina with pleuritic chest pain as a consequence
of pleural involvement due to pulmonary infarction [50,51]. In fulminant PE, up to 90%
of cardiac arrests occur within 1 to 2 h after the onset of symptoms [52]. The mortality
rate related to PE is high and it is due to the principal causes: pulmonary mainstream ob-
struction and liberation of vasoconstrictive mediators from the thrombi [53]. For example,
pulmonary thromboembolism has been identified as one of the common clinical pictures of
COVID-19, justifying SD in several subjects who died from SARS-CoV-2 infection [54–56].
Other clinical pictures of APE are: symptoms similar to acute respiratory distress syn-
drome (ARDS) [57]; fever syndrome with or without pseudopneumonia [58]; acute right
heart failure/shock/hypotension (often with epigastric pain) [59]; left heart failure (with
pulmonary congestion) [60]; chest pain similar to pleuritic syndrome with or without
hemoptysis (with or without effusion) [61]; similar to acute coronary syndrome (ACS)
(with or without chest pain) [62]; syncope [63]; complete atrioventricular (AV) block with
idioventricular rhythm [49]; persistent or paroxysmal atrial fibrillation (AF), atrial flutter,
atrial tachycardia [64]; paroxysmal supraventricular tachycardia (PSVT) [49]; DVT and
silent PE [65]; platypnea-orthodeoxia [66]; abdominal pain without acute abdomen [64];
and delirium [67].

Other causes of SD strictly related to the respiratory system are:

- Massive hemoptysis. The common causes of massive hemoptysis could be generated
by tuberculosis, bronchiectasis, lung abscesses, and mycetomas [68]; another impor-
tant cause of massive hemoptysis is lung cancer that could generate this symptoms in
about 20% of patients [69]. Moreover, cystic fibrosis is reported to be another cause of
massive hemoptysis [70].

- Severe pneumonia. This cause is considered one of the natural causes of nc-SD [71]. It
could be generated both by viral and bacterial agents, generating different diseases
involving myocardial ischemia, a maladaptive response to hypoxia, sepsis-related
cardiomyopathy, or other phenomena [72,73]. It is interesting to note that the recent
pandemic infection of SARS-CoV-2 could generate severe pneumonia with subsequent
cardiac arrest [74].

- Asthma. In a recent study performed in Denmark in young people with uncontrolled
asthma, Gullach et al. [75] described that in their cohort, the predominant cause of
death was SCD followed by a fatal asthma attack. This clarified the concept that
asthma could be considered as a trigger for underlying unknown heart diseases [76].

- Anaphylaxis. Refers to the event cascade that may follow exposure to a particular
antigen and causing an acute multi-organ response, with cardiac, coronary/systemic
arterial, and dermatological involvement [77]. Cardiovascular symptoms can be the
sole manifestation of food allergies, especially in cases where the tragic event occurs
during exercise [78]; in similar cases, death may mimic SCD and only a complete
autopsy with a full histological and immunohistochemical investigation may disclose
the exact cause of death.

- Airway obstruction. Another important cause of nc-SD is hypoxia secondary to
pulmonary processes, including small and large airway obstruction (bronchospasm,
aspiration, foreign body, edema). Treating the cause of hypoxia/hypoxemia must
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be done quickly because this is one of the potentially reversible causes of cardiac
arrest [79]. Proper oxygenation and ventilation are key to restoring adequate amounts
of oxygen into the system and negating lethal cardiac rhythm [80]. It is important to
note that accidental aspiration of an element into the airways is a widespread clinical
scenario among children under 3 years old, and it represents the leading cause of
infantile death [81].

2.3. Central Nervous System

Among the nc-SDs, an important category is the imbalance of the autonomic nervous
system control of the cardiovascular system. For these reasons, several neurological
conditions, such as stroke, epileptic attacks and brain trauma, drugs, and catecholamine
toxicity, may be related to SD [82].

Stroke represents the first cause of SD in this category; it is possible to distinguish
three kinds of stroke:

- Intracerebral hemorrhage (ICH) secondary to hypertension or other causes. ICH
represents about 10% of strokes. Hypertension is the most important risk factor in
order to determine the risk for ICH: for example, Roberts et al. described two cases
who died from non-traumatic ICH [83]. Moreover, in a recent study, Verdecchia et al.
remarked its value as an independent prognostic marker for SD in the long-term [84].

- Brain infarction secondary to atherosclerosis or embolism. Moreover, a strong positive
relationship exists between decreased heart rate variability (HRV) and SD [85]. Brain
infarction is implicated in causing diminished HRV and is strictly associated with
symptomatic carotid disease [86].

- Subarachnoid hemorrhage (SAH), secondary to ruptured berry aneurysm or other
causes. It represents about 5% of stroke, and smoking, high blood pressure, increasing
age, and possibly female sex are independent risk factors for SAH [87].

Other than stroke causes include:

- Bacterial meningitis: despite advances in clinical care, it remains a severe disease with
a high risk of complications that may lead to SD [88];

- Epilepsy: it is named sudden unexpected death in epilepsy (SUDEP), referring to
the sudden and unexpected death of an epileptic patient with no other health issues
during normal activity. The exact cause of SUDEP has not been established yet;
however, it is assumed to be caused by multiple organ failure [89];

- Brain tumor: even if it represents a rare event, an undiagnosed primary brain tumor
may be considered a risk factor for SD. For example, Riezzo et al. described three
cases of SD due to glioblastoma [90].

2.4. Abdominal Causes

The abdominal region could be involved in the generation of SD. Indeed, even if these
causes are a less common cause of SD when compared to other conditions, they are equally
important [91,92]. Particularly, the prevalent cause of death involving the abdominal region
is massive bleeding into the peritoneal cavity or gastrointestinal tract: it could be linked to
different diseases such as duodenal ulcer, gastric ulcer, ulcerative colitis or diverticulitis,
malignancy, ruptured ectopic pregnancy, and ruptured viscus for the presence of bowels
(e.g., ovarian cysts) [93–95].

Moreover, nc-SD involving the abdominal region could be generated by other diseases
such as acute liver failure [96] or acute pancreatitis [97].

2.5. Endocrine System

Even if rare, endocrine diseases should be closely related to nc-SD. Notably, when
other causes are excluded, this tragic event may be related to different pathological statuses
such as adrenal insufficiency (although infrequent, it may occur in individuals treated for
other critical conditions where impairment of corticoadrenal function often happen) [98,99],
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diabetic coma [100], severe hypothyroidism (myxedema) [101], parathyroid crisis [102,103],
thymoma [104], etc.

2.6. Iatrogenic

The cases of nc-SD could be related to iatrogenic causes. In particular, even if it is
frequently under-evaluated, it could be generated by problems related to prescription
drugs [105]. Other causes may be related to the sudden withdrawal of steroids or other
drugs. SD represents a complication of other tragic events related to medical errors, such
as anesthesia or mismatched blood transfusion [106].

2.7. Miscellaneous

The so-defined miscellaneous category includes drug abuse: it could be related both
to the assumption of controlled or uncontrolled substances [107]. In the first case, it is
related to the assumption of legal drugs but with errors in the assumption (principally in
older people) or voluntary wrong assumption (self-poisoning or for doping purposes), i.e.,
the use/abuse of anabolic-androgenic steroids (AAS). To date, AASs are frequently used
not only to treat both hormonal diseases and other pathologies characterized by muscle
loss, but by young people (athletes or individuals) to improve both physical appearance
and performance [108,109]. AAS use/abuse is strictly related to the improved risk for
SD [110,111].

In the other case, it is related to the assumption of drugs for “recreational” pur-
poses [112]. For example, cocaine in its various forms could be closely related to fatal
cardiac arrhythmia, microvascular injury, and acute myocardial ischemia due to coronary
vasospasm are the most important causes of cocaine-related SDs. The cardiotoxicity of
cocaine is not limited to massive doses of the drug, and underlying heart disease is not
a prerequisite for cocaine-related cardiac deaths. Moreover, cocaine is associated with
many health complications, including gastrointestinal ischemia/infarction and hemorrhage.
For this reason, its assumption may generate SD [113]. Other recreational drugs such as
heroin [114], marijuana [115], potent synthetic cannabinoids [116], as well as psychotropic
drugs consumed by young people [117] may be related to SDs. Moreover, the proportion
of users of recreational drugs was unexpectedly high, even more prevalent than other
cardiovascular risk factors. Toxic effects could play an important role as triggers of SD,
particularly in young people.

Other miscellaneous nc-SDs could be generated by anaphylaxis or bacteremic shocks,
shock from dread, fright or emotion (vagal inhibition), sickle cell crisis, alcoholism, etc. [118,119].

2.8. Indeterminate

This category is reserved for those cases in which the cause of death remains in doubt
even after an exhaustive study. Notably, to date, although the progress in the diagnostic
fields, several deaths have been classified with the term ‘unascertained’: this should be
reserved for circumstances where the cause and manner of death remain undetermined
after autopsy [120].

3. Discussion

The mission of the forensic pathologist is to establish the exact cause of death. As
previously described, in the case of SD, it represents a very complex task, although the
scientific community has published professional guidelines, book chapters, and many
scientific publications on this issue.

In the definition of SD, it is important to clarify the meaning of the term “unexplained”:
indeed, in common forensic practice, a “death” is defined “unexplained” only after an
adequate post-mortem investigation. Obviously, from a forensic point of view, autopsy
findings should be carefully evaluated as well as the crime scene investigation with the
relative circumstances and the medical history of the victim. Even if the cause of death could
remain unanswered after a thorough forensic investigation, from the medical standpoint
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it represents a critical situation with dangerous clinical implications. Particularly, SD
potentially leaves family members at risk. In this scenario, the scientific community should
improve efforts to define good practices in the case of SD. In this way, we suggest a practical
forensic workflow that should be applied in every case of SD (Figure 2).
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When an SD occurs, several steps should be conducted by the forensic pathologist
in order to ascertain the exact cause of death. Obviously, the first two steps that should
be performed with greater attention are the external examination and the crime scene
investigation (C.S.I.). In the same manner, it is important to collect all information about
the anamnesis and/or medical records of the victim. In this regard, several important
data should be collected, such as age, gender, occupation, and lifestyle of the victim; the
circumstances of death, past medical history, the presence of previous cardiovascular
interventions, possible prescription of therapeutical drugs, family cardiac history, possible
data collected during the rescue intervention (ECG tracking, serological data, etc.). In all
cases, an autopsy should be considered mandatory in order to ascertain the exact cause
of death. Before autopsy, the pathologist should collect numerous data from the external
examination of the body: it is important to establish body dimensions (weight and height),
checking for any dysmorphic features, skin, hair, or skeletal abnormalities, including
the presence of a pacemaker or other external interventions (recent intravenous access,
intubation, defibrillation, etc.). It is mandatory that all external and internal injuries should
be described and photographed. Based on literature data [9], the forensic pathologist is able
to directly determine a conclusive cause of death after macroscopic evaluation (positive
macroscopic autopsy) in about 65% of cases (green signal), while it remains undefined in
the other cases with the so-called “inconclusive autopsy” (negative macroscopic autopsy),
indicated with the red signal in the flowchart.

In the cases with a negative macroscopic autopsy, further investigations are needed,
applying the so-called molecular autopsy to explain the cause of death. As summarized
in this graph, in cases of SD, it should be considered mandatory to perform the so-called
“molecular autopsy”, meaning the application of molecular techniques to the post-mortem
investigation. As summarized in the workflow, the samples collected during a standard
autopsy protocol (fresh and/or fixed samples, for example, to perform toxicological and
Microscopic Analysis) are used applying molecular techniques to identify hereditary
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diseases.In this context, it is important to stress the role of post-mortem imaging: several
recent publications have reported the pivotal roles of computed tomography (CT) and
magnetic resonance imaging (MRI) in order to identify different organ damage before the
autopsy [121–123]. The usefulness of traditional X-ray images and post-mortem computed
tomography (PMCT) is useful in visualizing calcified plaques, hemopericardium, and
valves, and in identifying and locating cardiovascular devices [124,125]. Moreover, by
means of a radiological investigation, different heart abnormalities can be highlighted [126].
As recently reported, modern radiological methods, such as multiple detector computed
tomography (MDCT), MDCT-angiography, and cardiac MRI have been introduced into
post-mortem practice for the investigation of SD, including cases of SCD [127]. A recent
retrospective study studied the role of forensic post-mortem CT in order to define the cause
of death, especially in cases of acute heart insufficiency or respiratory failure [128].

In the same way, a toxicological investigation plays a pivotal role in excluding the
presence of exogenous substances that could be strictly related to SDs. Clinical and forensic
toxicology represent two disciplines involving the quantification of xenobiotics in different
biological and non-biological samples in order to define the diagnosis, treatment, prognosis
and prevention of poisonings and to identify causes or contributory causes of death in
cases of fatal intoxications [129]. The samples that could be collected to perform the
toxicological investigation are: peripheral venous blood, vitreous humor, hair, urine, bile,
pericardial/cerebrospinal fluids, and gastric contents. In a recent cohort study, Bjune
et al. [130] reported that SCD victims with positive post-mortem toxicological findings
showed polypharmacy assumption, showing this condition may play a proarrhythmic role
in these cases. In 2019 Rippoll et al. reported that out of 101 enrolled SD cases, 52 showed
positive toxicological findings. Ethanol was the most used substance, followed by legal
drugs (meaning therapeutic drugs) and drugs of abuse. In general, the most used toxic
substances are illegal drugs (especially cocaine), ethanol, tobacco, doping substances, and
therapeutic drugs in not-recommended dosages [131]. Many prescribed drugs or illicit
substances exert their adverse effects, both acute and chronic, on heart tissues: for these
reasons, toxicological data are strictly related to the histopathological alterations of heart
tissue [108,132–135].

As previously described, SD could represent the first manifestation of an unknown
inherited cardiac disease. In similar cases, by applying genetic testing, it could be possible
to discover the causality, with the identification of family member carriers, adopting
preventive strategies [136,137]. Despite the fact that molecular autopsy is recommended in
the guidelines for post-mortem investigation of SD, this is rarely performed, maybe because
of the necessity to have a specialist laboratory [2,138]. Indeed, it is usually performed in
cases of research projects, performing the analysis of the most prevalent genes associated
with channelopathies (such as KCNQ1, KCNH2, SCN5A, and others), excluding other
important candidate genes [18,139–144]. Moreover, in a recent article by Marey et al. [145],
the pivotal role of post-mortem molecular testing in the strategy of family care after SD
is remarked, particularly in suspected cardiomyopathy, since genetic findings provide
additional useful information for relatives, which are beyond a conventional autopsy. In
the last few years, the development of next-generation sequencing (NGS), which represents
high-throughput genetic technology, has allowed the investigation of many candidate
genes, reducing the bias of untested genomic regions [146]. The main problem related
to NGS technologies is the necessity of ultra-specialist personnel and the costs. Indeed,
to date, only a few studies have been performed proving the efficacy of this molecular
approach in cases of SD [147–149]. In order to perform a molecular investigation, it should
be mandatory to sample the victim’s body with different specimens, such as blood or other
fresh tissues: indeed, the gold standard for molecular genetic testing is EDTA blood or
fresh frozen tissue (heart, liver, and spleen) [150]. As summarized in Figure 2, formalin
fixation and paraffin embedding (FFPE) of tissues are not recommended for molecular
investigations, even if in the last few years technologies have improved the results obtained
using these materials. Obviously, these samples are very important in order to perform
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histological and immunohistochemical investigations. These techniques are commonly
used to highlight tissue damage; moreover, in SD cases, they should be used to identify
different organ damage and/or the etiology in the myocarditis generated by different
external agents, such as viral or bacterial infection: for example, the molecular techniques
are the gold standard methods to diagnose viral myocarditis [151–154]. Identification of
hereditary diseases is very important to extend the genetic analysis to members of the
family of the deceased subject. An extensive, multigenerational family history offers the
potential to improve every aspect of care: from establishing a diagnosis, to developing a
genetic testing approach, to interpreting genetic test results, to continuously assessing the
risk of SCD. Family history reconstruction could be considered not simply a static account
of deaths and pre-existing diagnoses, but an ongoing dynamic process that incorporates
new and valuable insights from family medical records, clinical cardiology assessments,
genetic testing, and visual analysis of the deceased’s family tree [155].

In light of these data, following the suggested flowchart step-by-step, the forensic
pathologist will be able to apply all the indications of the scientific community to real cases.
Particularly, the data discussed in this narrative review suggest that autopsy should be
considered mandatory in cases of SD. In this way, it will be possible to answer all questions
relative to a SD: such as the death may be attributable to cardiac disease or to other causes,
the nature of the cardiac disease (defining whether the mechanism was arrhythmic or
mechanical), whether the condition causing SD may be inherited (with the subsequent
genetic counseling), the assumption of toxic or illicit drugs, the presence of trauma, and
other unnatural causes.

4. Conclusions

Based on this review, it should be stated that a Coroner’s post-mortem must be carried
out in all cases in which SD occurs if the cause of death is unknown; obviously, in similar
cases, the relative medical certificate of cause of death will not be forthcoming. Although
forensic investigations may determine the cause of death in most cases, about 19% of cases
remain unsolved, requiring further investigation. The molecular autopsy, thanks to modern
technologies such as NGS, may help identify the cause of death in a large percentage of
unsolved cases. The identification of new risk markers of SD remains one of the most
important research fields for the scientific community [85]. For these reasons, a multi-
disciplinary working group of cardiologists, forensic experts, pathologists, intensive care
specialists, geneticists, molecular biologists, and toxicologists is required [156]. Indeed, all
clinical and forensic disciplines should build bridges between themselves [129]. Increasing
relationships are improving the growth, reliability and the robustness of both kinds of
laboratories.

In this context, it is interesting to report the experience of the Swiss Society of Legal
Medicine, which in 2015 created a multidisciplinary working group composed of clin-
ical and molecular geneticists together with cardiologists, in the hope of harmonizing
the approach to the investigation of SCD [138]. This idea is strongly recommended in
the guidelines for autopsy investigation of sudden cardiac death: the authors suggested
their adoption throughout Europe with the aim of improving the standards of autopsy
practice; moreover, they suggest the development of regional multidisciplinary networks
of cardiologists, geneticists, and pathologists to collect more useful information [2]. Molec-
ular medicine represents an important tool to improve the quality of death investigations,
providing a new lens to better define the exact cause of death improving traditional meth-
ods [157]. Indeed, it is important to stress the key role that the medico-legal investigation
has in SD investigations, not only in order to identify the exact cause of death but to indicate
prevention in family members: high-resolution variant interpretation provides diagnostic
accuracy and healthcare efficiency [158]. The autopsy report should conclude with a clear
clinicopathological summary of the major positive findings and their relationship to the
cause of death. Indeed, considering the importance of the genetic substrate, particularly in
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the case of SCD, the identification of mutations of lethal and inheritable cardiomyopathies
and cardiac channelopathies can be applied in healthcare management.

Finally, it is important to remark that several causes of death remain unexplained after
careful macroscopic, microscopic, and laboratory analyses: in this context, it should be
considered mandatory to improve the research activity in this particular field, facilitating
the identification of novel causes, and emerging patterns of diseases, causing SCD. In
this way, each country should generate a multidisciplinary expert network to allow the
interchange of knowledge in order to reduce “unexplained” deaths. Moreover, as recently
suggested by Paratz et al. [159], another advisable action that could be adopted is the use
of comprehensive multisource surveillance SCD registries that, even while they are not
currently widespread, remain an appropriate method.
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Abstract: Primary cerebral tumors rarely provoke sudden death. The incidence is often under-
estimated with reported frequencies in the range of 0.02 to 2.1% in medicolegal autopsy series.
Furthermore, primary cerebral melanoma is an uncommon neoplasm. It represents approximately
1% of all melanoma cases and 0.07% of all brain tumors. This neoplasm is very aggressive, and
its annual incidence is about 1 in 10 million people. In the present study, a 20-year-old male was
admitted to hospital with vomiting, headache, paresthesia and aggressive behavior. A computed
tomography (CT) scan of the head was performed showing a hyperdense nodule in the right parietal
lobe with inflammation of the Silvian fissure. A complete autopsy was performed 48 h after death.
A blackish material was displayed on the skull base, and posterior fossa. Microscopic examination
diagnosed primary brain melanoma. A systematic review of the literature was also performed
where no previous analogous cases were found. The forensic pathologist rarely encounters primary
cerebral melanoma, and for these reasons, it seemed appropriate to describe this case as presenting
aspecific clinical symptoms and leading to sudden unexpected death. Histopathological observations
are reported and discussed to explain this surprising sudden death caused by a primary cerebral
melanoma.

Keywords: primary cerebral melanoma; sudden death; clinical signs; pathological observations

1. Introduction

Sudden unexpected death due to a primary nervous neoplasm is not frequent in
medico-legal activity [1] because the incidence of undiagnosed primary central nervous
system tumors has decreased with the emergence of advanced neuroimaging and other
improved diagnostic techniques. Occasionally, the forensic pathologist can encounter a
cerebral neoplasm that had been undiagnosed or not suspected prior to death. Eberhart
et al. [2] observed 11 cases of primary central nervous system tumors resulting in sudden
death over a period of 20 years (1980 to 1999). Glioblastomas [3–6], oligodendragliomas [7],
astrocitomas [8], ependymomas [9], extramedullary plasmacytomas [10], colloid cysts of
third ventricle [11,12] and meningiomas [13], are reported in the literature to cause sudden
death with vague or short-term symptoms and limited healthcare access. Current studies
of sudden death from brain tumors concern glioblastoma multiforme or astrocytomas. In
the present study, a systematic review of sudden death and brain tumors from 1980 to
2021 was conducted, and it was concluded that although articles had been analyzed over
a period of 40 years, there are still few articles today that report this type of death. We
found only one case of sudden death associated with melanoma brain metastases [14] and
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it seemed appropriate to describe the histopathological manifestations of this surprising
case of sudden death due to primary cerebral melanoma. Glitza [15], in an autopsy series,
identified up 80% of patients with melanoma with metastatic involvement of the central
nervous system (CNS); however, while the cerebral metastases of melanoma are often
observed, primary cerebral melanoma is very rare. Several histogenetic theories on the
origin of meningeal melanocytes have been put forward [16]. It has been postulated that
during embryogenesis, leptomeningeal melanocytes coming from the multipotential cells
of the neural crest can develop into mesodermal and neural elements. Primary cerebral
melanomas develop once melanocytes become neoplastic.

The aim of this study was to present a case report and a systematic review of this
rare pathology, in order to improve the overall knowledge of forensic pathologists on
sudden death from brain tumors, especially in the case of cerebral melanoma. A complete
autopsy, comparing radiological findings and histological presentation, could provide a
comprehensive overview of such sudden deaths.

2. Materials and Methods
2.1. Case Description

A 20-year-old male was admitted to hospital with vomiting and headache; he was a
cannabis user and cigarette smoker (40 cigarettes a day). He referred paresthesia in the
upper limbs, psychomotor agitation and aggressive behavior. The neurological examination
pointed out a palpebral ptosis and a right eye ophthalmoplegia including paralysis of the
left facial nerve. A CT scan of the brain was performed and showed a hyperdense nodule
in the right parietal lobe and along the Sylvian fissure, the leptomeningeal spaces were
described as affected by an inflammatory process (Figure 1). Fifteen minutes after the CT
scan, he died. The study of the medical record and the sudden onset of symptoms defined
death as “sudden”. The accuracy of the autopsy examination, the histological investigation
(H&E and immunohistochemistry), attributed his death to a rare form of primary cerebral
melanoma.
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2.2. Autopsy Findings

A complete autopsy was performed 48 h after death. External examination revealed
abrasions on the hands and the upper limbs. The autopsy revealed the dura was full of
clots. The brain weighed 1550 g and was diffusely swollen. In the subarachnoid space of
the fronto-parietal lobes and along the interhemispheric cleavage of the parietal left lobe,
some nodular blackish rounded soft formations with blood were observed. Moreover, in
the temporal and parietal lobes, similar formations were present (Figure 2). A soft and
blackish mass (4.5 × 7 cm) enveloped the brain stem and was spreading to the inferior
temporal poles and to the cerebellar lobes. There was no herniation of the temporal lobe,
unci or cerebellar tonsils. The section of the brain revealed on edematous soft parenchyma.
Blackish soft material present in subarachnoid space of the fronto-parietal right lobe
invaded the cerebral cortex. The brain ventricles were filled with blood. From the dorsal
face of the brain stem, striae of blackish material invaded the nervous tissue (Figure 3).
Blackish material was also present along the venous sinus of the skull base and in the
posterior fossa (Figure 4). The internal examination of the other organs was unmarkable.
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2.3. Histological Analysis

During the autopsy, brain samples were collected that were fixed in 10% buffered
formalin. After washing, the water was removed, and they were embedded in paraffin. The
obtained blocks were cut (4 µm thickness), using a microtome (Dako, Glostrup, Denmark),
sectioned, and stored at room temperature. Sections were stained with Hematoxylin
and Eosin (H&E) and Von Gieson’s method. The immunohistochemical analysis of the
samples was performed through antimelanoma-antibody (HMB45+), Melan A-antibody,
CD3-antibody, CD20+-antibody, PenCK-antibody, Ki67+, as suggested by Tosaka et al. [17]
for the diagnosis of primary leptomeningeal melanoma. Sections were observed using a
Zeiss Axioplan light microscope (Carl Zeiss, Oberkochen, Germany). Subsequently, images
were obtained using a Zeiss AxioCam MRc5 digital camera (Carl Zeiss, Oberkochen,
Germany). In the present study, the microscopic examination of the brain showed, on the
right parietal lobe and in brain-stem tissues, many atypical and pleomorphic cells with
voluminous discolored nuclei and melanin-pigment in the cytoplasm. These cells were
arranged like a “cordon” or irregularly like a “vortex”. Moreover, a vascular proliferation
and spotty hemorrhages were also observed. In the cerebral cortex tissues, edema and
ischemic dark neurons, and near them, a lymphocytic and macrophage reaction were seen.
The leptomeningeal arteriolar vessels showed clots, partially reorganized. Around them,
we observed many pleomorphic and atypical cells with melanin pigment in the cytoplasm
(Figure 5).
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Figure 5. Histological findings. (a) neoplastic voluminous cells with melanin in the cerebral tissue
(E.E. 60×); (b) neoplastic cell population: numerous, voluminous melanoblasts with marked nuclear
pleiomorphism; (c) neoplastic cells with melanic pigment antimelanoma-antibody (HMB45 + 200×);
(d) neoplastic cell population near a small cerebral artery (E.E. 200×).

3. Systematic Review

A systematic review was conducted according to the PRISMA guidelines [18].
Pubmed and Google Scholar were used as search engines from 1 January 1980 to

1 February 2021 to evaluate the association between sudden death and brain tumor. meSH
was used for the following words: (sudden death) AND (primary cerebral tumor).

3.1. Inclusion and Exclusion Criteria

The following exclusion criteria were used: (1) review, (2) articles not in English, (3) an-
imal studies, (4) abstract, (5) editorial, (6) poster, and (7) communications at conferences.
The inclusion criteria were as follows: (1) Original Article, (2) Case Report, and (3) Articles
in English.

3.2. Quality Assessment and Data Extraction

A.M. and A.P. initially evaluated all the articles, evaluating the title, the abstract, and
the whole text. Once, P.G. and M.E. reanalyzed the articles chosen independently. In cases
of conflicting opinions between the articles, they were submitted to G.V.

3.3. Characteristics of Eligible Studies

A total of 388 articles were collected (66 from PubMed and 322 from Google Scholar).
Of them, 27 duplicates were removed. A total of 339 articles did not meet the inclusion
criteria. In conclusion, 22 articles were included in the present systematic review (Figure 6).
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Figure 6. Flow diagram illustrating included and excluded studies in this systematic review.

4. Results

Most of the studies were case reports (n. 16), some cases series (n. 4), and a few original
articles (n. 2). Most of the tumors related to sudden death were matched with glioblastoma
multiform or astrocytomas in the different world health organization (WHO) grades. Other
tumors related to sudden death were oligodendrogliomas, gliomas, adenomas, and colloid
cysts. The most frequent autopsy findings were cerebral edema, solid tumor mass, and
hemorrhagic infarction of surrounding tissue. The most frequent cause of death was due
to intracranial hypertension from the tumor; sometimes it was due to hemorrhage caused
by the tumor (especially in cases of glioblastoma multiform); only one case was due to
respiratory arrest due to the location of the tumor near the center of breathing control
(Table 1).
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5. Discussion

Sudden death due to brain tumors has a low incidence and is often underestimated [18].
This systematic review highlights that currently there is no study with a large number of
cases of sudden death from brain tumors. Furthermore, most of the case reports report
glioblastoma multiforme. This case report is the first to focus on sudden death from cerebral
melanoma and it is important that forensic pathologists recognize this cause of sudden
death.

Primary cerebral melanoma is a very uncommon neoplasm derived from melanocytes
present in the leptomeninges. This pathology, first described by Virchow [32], is very
rare, with an annual incidence of approximately 1 in 10 million people [33] and represents
about 1% of all melanoma cases and 0.07% of all brain tumors [34]. Indeed, many studies
have demonstrated that in central nervous systems (CNS) metastases of melanoma are
also frequently present because the melanoma has a high risk of spreading to CNSs. The
melanoma cells, in fact, share with vascular cells numerous cell surface molecules; they are
highly angiogenic and possess a higher degree of “stemness” than other solid tumors [15].
According to Hayword [35], we can identify a primary cerebral melanoma when the
following occur: (a) no malignant melanoma outside the CNS; (b) non-malignant neoplasm
in other parts of the CNS; (c) histological validation of melanoma.

Age is also an additional factor to distinguish a primary cerebral melanoma from
metastatic melanoma. Primary cerebral melanoma develops primarily in patients under
50 years of age and rarely metastasize to other organs. Metastatic melanomas develop
mainly in the elderly, have a rapid clinical course and multiple intracerebral diffusion [36].
In the presented case, no other melanomas were detected at the clinical and forensic
examinations of the body; a solitary blackish mass (4 × 7 cm) was observed around
the brain stem. Leptomeningeal blackish soft rounded formations in the fronto-parietal
lobes were observed and the patient was under 50 years old. The histological observations
confirmed, with the immunohistochemical analysis, the diagnosis of melanoma. In addition
to the blackish mass observed around the brain stem, we also observed in the subarachnoid
space in the right parietal lobe some rounded blackish nodules invading the nervous
tissue. We interpreted these modifications as the primitive cerebral melanoma located
in the brain stem subarachnoid space, where we found a blackish mass at autopsy. The
meningeal vessels of the left parietal lobe were thrombosed and around these vessels
we observed many atypical pleomorphic cells with cytoplasmatic melanin pigment; the
neoplasm had probably first developed from the leptomeningeal space around the brain
stem, and after, spread to the subarachnoid space of the left parietal lobe. In fact, it
should be borne in mind also that melanocytes far outnumber leptomeninges of the
skull base and cervical cord [37,38] and the most common locations of primary cerebral
melanoma are the anterolateral face of the spinal cord and the postero-lateral face of the
brain stem [39]. In agreement with this author, primary cerebral melanoma was observed
also in the posterior fossa in the cerebellopontine angle [40,41] and Arantes [42] reported
13 cases of primary malignant melanoma derived from the pineal body. Greco Castro [43]
observed this neoplasm in the temporal lobe near the Sylvian fissure and Quillo-Olvera [44]
reported that the primary cerebral melanoma can be found frequently in the cerebral lobe
(53.1%) in the posterior fossa (17.3%) and pineal region (13.6%). We believe that primary
cerebral melanoma may occur in any leptomeningeal location, although our reported case
is in agreement with the observations of Troya-Castilla. The clinical manifestations are
generally non-specific, related to an increased cerebral pressure, or cerebral hemorrhages,
or a neurological dysfunction and the early diagnosis of this neoplasm is a very difficult
challenge for clinicians [45–48]. The aggressive behavior, the vague symptoms, and the
unspecific neuroimaging make the prognosis of this tumor very difficult [49]. Several
studies [50,51] reported a survival of ~4 months from diagnosis of cerebral nervous system
melanoma, and once the cancer spreads to the leptomeninges, the overall median survival
is generally only 10 weeks [52,53]. In our case, two months after the first symptoms,
the patient died. The patient had a history of drug addiction, presenting psychomotor
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agitation and aggressive behavior, as can be observed in many cerebral neoplasms [54–57].
Morais described a case of delirium in a patient with brain melanoma metastases [58] and
other authors reported headache and diplopia in a 27-year-old man affected by primary
meningeal melanocytoma in the anterior cranial fossa [59]. However, we can ascribe the
first presented symptoms (headache and vomit) to increased intracranial pressure, probably
due to the increased neoplastic mass in the posterior fossa and a subarachnoid hemorrhage.
However, the symptoms observed before death (paralysis of the III and VIII cranial nerve)
clearly showed a suffering brain stem. The involvement of this important brain structure
also explains the sudden death due to an alteration of the hypothalamic cardiovascular
regulatory centers. It is well-known that stimulation of the hypothalamus can lead to
anatomic cardiovascular disturbances and cardiac arrest [60,61].

6. Conclusions

The surprising case of sudden death stresses the need for a careful analysis in all
patients with psychiatric disorders or no-specific neurological signs, especially when
these manifestations show-up unexpectedly in a healthy person. Despite the fact that
modern genetic [62–64], radiological [65–67], and therapeutic treatments [68–73] have
revolutionized the approach to primary cerebral melanoma, autopsy can still provide a
useful support in determining the exact location, diffusion, and histological pattern of this
neoplasm, and the cause of death. In human beings, melanocyte exists in the uvea, cerebral
parenchyma, leptomeninges, and mucous membranes. Primary cerebral melanoma is rare
and has an estimated incidence of 0.005 cases per 100,000 and develops in around 1% of all
melanoma cases. Brain melanoma metastasis is much more common than primary brain
melanoma. Primary brain melanomas originate from melanocytes of the leptomeninges and
histopathologically show strongly pigmented cells with prominent nucleoli [74]. Through
this systematic review, the present case is the first described in literature in which a primary
brain melanoma caused a sudden death. It is, therefore, of crucial importance to report this
case to the scientific community.
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Abstract: Anaphylaxis is a life-threatening or fatal clinical emergency characterized by rapid onset,
and death may be sudden. The margin of certainty about the diagnosis of anaphylactic death is not
well established. The application of immunohistochemical techniques combined with the evaluation
of blood tryptase concentrations opened up a new field of investigation into anaphylactic death.
The present study investigated eleven autopsy cases of anaphylactic death, carried out between 2005
and 2017, by the Departments of Forensic Pathology of the Universities of Foggia and Catania (Italy).
An analysis of the medical records was carried out in all autopsies. Seven autopsies were carried
out on males and four on females. Of the eleven cases, one showed a history of asthma, one of food
ingestion, two of oral administration of medications, six did not refer any allergy history, and one
subject was unknown. All cases (100%) showed pulmonary congestion and edema; 7/11 (64%) of
the cases had pharyngeal/laryngeal edema and mucus plugging in the airway; only one case (9%)
had a skin reaction that was found during external examination. Serum tryptase concentration was
measured in ten cases, and the mean value was 133.5 µg/L ± 177.9. The immunohistochemical
examination using an anti-tryptase antibody on samples from the lungs, pharynx/larynx, and skin
site of medication injection showed that all cases (100%) were strongly immunopositive for anti-
tryptase antibody staining on lung samples; three cases (30%) were strongly immunopositive for
anti-tryptase antibody staining on pharyngeal/laryngeal samples; and eight cases (80%) were strongly
immunopositive for anti-tryptase antibody staining on skin samples. We conclude that a typical
clinical history, blood tryptase level >40 µg/L, and strongly positive anti-tryptase antibody staining
in the immunohistochemical investigation may represent reliable parameters in the determination of
anaphylactic death with the accuracy needed for forensic purposes.

Keywords: anaphylactic death; diagnostic workflow; immunohistochemical investigation; blood
tryptase level

1. Introduction

The term anaphylaxis was introduced in 1902 by Portier and Richet [1], and it refers
to a serious, generalized or systemic, allergic or hypersensitivity reaction [2]. It can be a
life-threatening or fatal clinical emergency with airway and circulatory impairments [3–6].
It is usually associated with skin and mucosal alterations (widespread hives, pruritus,
and swollen lips/tongue/uvula) and gastrointestinal disorders (vomiting, diarrhea, and ab-
dominal cramps) [7,8]. In particular, anaphylaxis is due to a systemic reaction mediated
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by vasoactive amines, released from mast cells, and basophils sensitized by immunoglob-
ulin E (IgE) [7,9–12]. Conversely, anaphylactic shock (AS) is an anaphylactic reaction
characterized by critical organ hypoperfusion after exposure to a previously encountered
antigen [11,12]. The incidence and prevalence of anaphylaxis are difficult to establish.
However, the incidence ranges from 1.5 to 7.9 per 100,000 person-years, but there has
been an increase in admissions with anaphylaxis over the last two decades [3]. Moreover,
the prevalence is 0.3% in the European population [3]. According to Chaudhuri et al. [13],
the incidence of anaphylaxis in the United States ranged from 1.21% to 15.04% in the
population. Furthermore, the risk of severe anaphylaxis has been estimated to be 1–3 per
10,000 person-years, while the risk of death due to anaphylactic shock is about 1–3 per
million per year. Food and medications are responsible for most anaphylaxis reactions.
However, virtually any agent capable of directly or indirectly activating mast cells or ba-
sophils can cause this syndrome [9–18]. Food is the cause of anaphylaxis in children most of
the time, and drugs are major causes in adults, and are also the most frequent cause of ana-
phylaxis in hospitalized patients [12,19–22]. A higher frequency of anaphylaxis has been
shown in adult females to food and non-steroidal anti-inflammatory drugs (NSAIDs) [8,12].
The common drugs responsible for anaphylaxis reactions are antibiotics, muscle relaxants,
non-steroidal anti-inflammatory drugs, and radioactive contrast media [8,13]. Risk factors
for severe anaphylaxis with hospitalization are old age combined with comorbidities such
as cardiovascular disease (CVD) and chronic obstructive pulmonary disease [14,15,22–26].

Tryptase is an abundant secretory granule-derived serine proteinase contained in
mast cells. The tryptase enzyme is the only protein that is specific for human mast cells,
and tryptase plasma levels reflect the clinical severity of anaphylaxis. Elevated levels of
serum tryptase occur in both anaphylaxis and anaphylactic reactions, but a negative test
does not exclude anaphylaxis [27].

In this study, an investigation of the serum tryptase levels combined with the immuno-
histochemical expression of tryptase in specimens from the lungs, glottis, and skin (site of
medication injection) in eleven autopsy cases was performed to clarify and discuss their
significance in anaphylactic death.

2. Materials and Methods
2.1. Sample Collection

A retrospective analysis of the autopsy records of the Departments of Forensic Pathol-
ogy of the University of Foggia and Catania (Italy), was carried out between 2005 and 2017.
From the analysis of death scene investigations and autopsy reports, together with the
information gathered from the police, eleven cases of anaphylactic death origin were se-
lected. Cases with weak or missing information about the manner of death were excluded.
Decomposed bodies were also excluded from the study. All procedures performed in this
study were in accordance with the ethical standards of the institution and with the 1964
Helsinki Declaration and its later amendments or comparable ethical standards. Informed
consent was obtained from all relatives.

The deceased were four men and seven women, ranging in age from 16 to 69 years
(average: 47 years ± 17.69). In all cases of anaphylactic death, sections of lungs, glottis and
the skin site of medication injection were collected. Eleven cases were selected as controls.
These included the following cases: seven cases of sudden cardiac death and four cases
of fatal motor vehicle crashes. All control cases were selected for their negative clinical
histories for manifestations of asthma or allergies. All autopsies were performed within
four days after death was determined, and all cadavers were stored at −4 ◦C.

2.2. Histological Analysis

A routine microscopic histopathological study was performed using hematoxylin–
eosin (H&E) staining. Specimens from the lungs, glottis and skin were fixed in 10%
buffered formalin, as previously described [28]. After an overnight wash, specimens were
dehydrated in graded ethanol, cleared in xylene and paraffin-embedded. Tissue paraffin
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blocks were then cut (4 µm thickness) using a microtome and sections were mounted on
silane-coated slides (Dako, Glostrup, Denmark) and stored at room temperature. Sections
then were stained with H&E and observed using a Zeiss Axioplan light microscope (Carl
Zeiss, Oberkochen, Germany) for morphological examination. Finally, representative
micrographs were captured using a Zeiss AxioCam MRc5 digital camera (Carl Zeiss,
Oberkochen, Germany).

2.3. Immunohistochemical Staining

Immunohistochemical investigation of samples from the lungs, glottis and skin was
performed using anti-tryptase antibodies. For the immunohistochemical analysis, spec-
imens were processed as previously described [28,29]. In particular, sections were de-
waxed in xylene, rehydrated with graded ethanol and then incubated for 20 min in 0.3%
H2O2/methanol solution to block endogenous peroxidase activity. After rinsing for 20 min
with phosphate buffered saline (PBS), slides were pre-treated to facilitate antigen retrieval
and to increase membrane permeability to antibodies using a microwave oven (750 W)
(5 min × 3) in capped polypropylene slide-holders with citrate buffer (10 mM citric acid,
0.05% Tween 20, pH 6.0; Bio-Optica, Milan, Italy) and then incubated overnight at 4 ◦C
with anti-tryptase monoclonal antibodies (Agilent Dako, Copenhagen, Denmark) diluted
1:100 in PBS. The detection system used was the LSAB+ kit (Dako, Copenhagen, Den-
mark) incubated for 10 min at room temperature, a refined avidin–biotin technique in
which a biotinylated secondary antibody reacts with several peroxidase-conjugated strep-
tavidin molecules. The positive reaction was visualized by 3,3-diaminobenzidine (DAB)
peroxidation (DAB substrate Chromogen System; Dako) according to standard meth-
ods [30]. The sections were counterstained with Mayer’s hematoxylin (Histolab Products
AB, Göteborg, Sweden) mounted in GVA (Zymed Laboratories, San Francisco, CA, USA).
The sections were observed and photographed as described above.

2.4. Evaluation of Immunohistochemistry (IHC)

The anti-tryptase immunoreaction was identified as either negative or positive. Im-
munohistochemical positive staining was defined by the presence of brown chromogen
detected on the edge of the hematoxylin-stained cell nucleus, distributed within the cyto-
plasm or in the membrane via evaluation by light microscopy. Positive controls consisted
of tissue specimens with known antigenic positivity. Sections treated with PBS without
any primary antibody served as negative controls. Seven fields of about 600,000 µm2,
randomly selected from each section, were considered for morphometric and densitometric
analysis. The percentage of the areas (morphometric analysis) stained with anti-tryptase
antibody was expressed as % positive dark brown pixels of the analyzed fields. Moreover,
the levels (high/low) of staining intensity of positive areas (densitometric analysis) were
expressed as densitometric count (pixel2) of positive dark brown pixels in the analyzed
fields. These parameters were calculated using software for image acquisition (AxioVision
Release 4.8.2-SP2 Software, Carl Zeiss Microscopy GmbH, Jena, Germany). Data are ex-
pressed as mean ± standard deviation (SD). Digital micrographs were taken and fitted as
previously described. The samples were also examined with a confocal microscope, and a
three-dimensional reconstruction was performed (True Confocal Scanner, Leica TCS SPE).

2.5. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7.0 (GraphPad Software,
Inc., La Jolla, CA, USA). The Shapiro–Wilk normality test was used for the calculation of
the distribution of the samples. Unpaired t-tests were used for the comparison between the
levels of tryptase staining intensity of positive areas (pixel2) of cases of anaphylactic death
and controls. p-values of less than 0.05 (p < 0.05) were considered significantly different.
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2.6. Serum Tryptase Assay

Samples of femoral blood were obtained via a transcutaneous femoral approach
(from the femoral artery) in eleven post-mortem examinations, of which all subsequently
underwent full autopsy. Serum was derived from whole blood by centrifugation, decanted
into plastic test-tubes and stored at −80 ◦C. Samples were shipped on ice to the Industrial
Bio-Test (IBT) Reference Laboratory (Florence, Italy) for analysis. Information regarding
the cause of death was hidden from the reference laboratory performing the assays. Serum
tryptase levels were determined using a competitive immunofluorescent enzyme assay
with monoclonal anti-human tryptase antibodies against both the A and B structural types
of tryptase. These antibodies were incubated with a serum aliquot; the sample was washed,
and enzyme-labelled anti-tryptase was added, followed by incubation. The sample was
washed a second time, the developer was added, and the fluorescence in the aliquot was
measured. The amount of fluorescence given off by the sample was directly proportional
to the concentration of tryptase in the sample. Through a radioimmunoassay method,
which only detected the β form of the tryptase molecule. Eleven cases were selected as
controls. These included the following cases: seven cases of sudden cardiac death and four
cases of death after motor vehicle crashes.

3. Results

Table 1 shows the clinical history of all selected cases, the cause of the anaphylactic
reaction, and the interval between the onset of symptoms and death. According to the
results shown in Table 1, 72.7% of our cases did not have a history of allergy; only 1/11
had a history of asthma and celiac disease; 5/11 (45.4%) died within 1 h, and 6/11 (54.6%)
within 1 min. The causes of anaphylaxis were medications (6/11), injected contrast medium
(3/11), food (1/11), and latex (1/11).

Table 1. The circumstantial data of the selected cases.

Case Report History of Allergy Time to Death Cause

Case 1 Unknown Within 1 h Medications
Case 2 Unknown Within 1 min Medications
Case 3 Drugs Within 1 min Medications
Case 4 Unknown Within 1 min Contrast medium injected
Case 5 Asthma, celiac disease Within 1 min Food
Case 6 Unknown Within 1 min Contrast medium injected
Case 7 Food Within 1 h Latex
Case 8 Unknown Within 1 h Medications
Case 9 Unknown Within 1 h Medications
Case 10 Unknown Within 1 h Medications
Case 11 Unknown Within 1 min Contrast medium injected

The post-mortem diagnosis was based on: (1) the circumstantial evidence, including
the history of exposure to a likely allergen prior to death and clinical presentation; (2) post-
mortem findings suggesting an anaphylactic reaction, such as laryngeal edema, mucous
plugging in the airways, erythematous skin rash and edema, eosinophilia in the mucosa
and submucosa of the respiratory and the gastrointestinal tracts, and marked pulmonary
congestion and edema; (3) toxicology test of serum concentrations of tryptase in femoral
blood samples (from the femoral artery); (4) histological examination of all the organs
using H&E; and (5) immunohistochemical examination for anti-tryptase antibody staining.
The standard upper limit of total serum tryptase level has been established and was set at
40 µg/L in the Office of the Departments of Forensic Pathology.

The cases were analyzed regarding: (1) circumstantial evidence, including history
of exposure; (2) post-mortem examination findings, including histological study and
toxicology testing; and (3) cause of death. The data that were analyzed were extracted from
the police investigation report, medical records, interviews of the victim’s family members
and reports by forensic pathologists or investigators, and forensic autopsy protocols.
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On the basis of these results, a new workflow as a useful tool in anaphylaxis deaths
was elaborated.

3.1. Autopsy Findings

All cases showed pulmonary swelling and edema during autopsy. Macroscopic
examination during the autopsies revealed that 64% of the cases had pharyngeal/laryngeal
edema and mucus plugging in the airways. Only one case (9%) had a skin reaction that was
found during the external examination. The results of toxicological analyses performed
on ante- and post-mortem samples (blood and urine) were negative for alcohol, drugs
and medications.

3.2. Histological and Immunohistochemical Analysis

All cases displayed pulmonary congestion and edema during the histological examina-
tion. The glottis was sampled in six cases, and the skin was sampled in eight (only in cases
of transdermal administration of medication). An immunohistochemical examination of
anti-tryptase antibody staining on lung samples was performed in ten autopsies, glottis in
six, and skin site of injected medications in eight. All cases showed strong immunopositiv-
ity for anti-tryptase antibody staining on lung samples (10/10), on pharyngeal/laryngeal
samples (7/7), and on skin samples (8/8) (Table 2). Samples from the lung, skin site
of injected medications and glottis showed a strong and diffuse anti-tryptase immuno-
labeling. In particular, in lung specimens, anti-tryptase was found in mast cells of the
connective interstitium and bronchiolar structure (Figure 1a). The skin site of medication
administration also showed strong mast cell antibody immunolabelling in the connective
derma (Figure 1b). Moreover, the glottis of these cadavers exhibited an overexpression
of anti-tryptase antibody staining scattered in the laminar connective tissue at the vocal
fold level (Figure 1c). The Shapiro–Wilk normality test showed that the level of tryptase
staining intensity of positive areas (pixel2) in cases of anaphylactic death and controls
differs significantly from a normal distribution. As shown in Figure 2, the level of tryptase
staining intensity revealed that in the tissue of cadavers who had died from anaphylactic
shock the tryptase immunostaining level was much higher compared to controls (p < 0.05).
In particular, these results of tryptase immunostaining were confirmed in lung tissue
(Figure 2a), skin tissue (Figure 2b), and glottis tissue (Figure 2c). Figure 3a summarizes
the histological results (H&E), while in the other quadrants, the anti-tryptase immuno-
histochemical staining results are shown (Figure 3b–d). Figure 4 shows the anti-tryptase
immunohistochemical results in lung samples by confocal laser scanning microscopy or
with a light microscope (Figure 4a–d).
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Table 2. Concentration of total serum tryptase, autopsy findings and histological examination. H&E: hematoxylin–eosin;
IHC: immunohistochemistry.

Case Report Tryptase Level in Blood (µg/L) Autopsy Findings Histological Examination

Case 1 136.5 Pulmonary congestion and edema Pulmonary edema (H&E)
Lung IHC not available

Case 2 130
Pulmonary congestion and edema Pulmonary edema (H&E)
Mucous plugging in the airways Lung + skin from medication injection site + glottis (IHC)

Glottis edema

Case 3 200
Pulmonary congestion and edema Pulmonary edema (H&E)
Mucous plugging in the airways Lung + skin from medication injection site (IHC)

Case 4 640
Pulmonary congestion and edema Pulmonary edema (H&E)
Mucous plugging in the airways Lung (IHC)

Glottis edema

Case 5 41.4
Pulmonary congestion and edema Pulmonary edema (H&E)
Mucous plugging in the airways Lung (IHC)

Case 6 290
Pulmonary congestion and edema Pulmonary edema (H&E)
Mucous plugging in the airways Lung + skin from medication injection site (IHC)

Glottis edema

Case 7 133

Skin reaction Pulmonary edema (H&E)
Pulmonary congestion and edema Lung + skin from medication injection site + glottis (IHC)
Mucous plugging in the airways

Glottis edema

Case 8 160
Pulmonary congestion and edema Pulmonary edema (H&E)
Mucous plugging in the airways Lung + skin from medication injection site + glottis (IHC)

Glottis edema

Case 9 40.5
Pulmonary congestion and edema Pulmonary edema (H&E)
Mucous plugging in the airways Lung + skin from medication injection site + glottis (IHC)

Glottis edema

Case 10 83.6
Pulmonary congestion and edema Pulmonary edema (H&E)
Mucous plugging in the airways Lung + skin from medication injection site + glottis (IHC)

Glottis edema

Case 11 89.6
Pulmonary congestion and edema Pulmonary edema (H&E)
Mucous plugging in the airways Lung + skin from medication injection site + glottis (IHC)

Pharyngeal/laryngeal edema
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Figure 1. (a) Lung specimens from a cadaver who had died of anaphylactic shock; anti-tryptase
antibody staining is strongly expressed in mast cells (black arrows) in the peribronchial interstitium.
The insert shows the immunostaining software image analysis of Figure 1a, in which a highly
immunostained area (red color) was detected (magnification: 20×; scale bar: 5 µm). (b) Skin
specimens of the gluteus where medication administration occurred from a cadaver who had died of
anaphylactic shock; anti-tryptase immunolocalization (black arrows) was demonstrated in the derma
of the medication injection site. The insert shows the immunostaining software image analysis of
Figure 1b, in which a highly immunostained area (red color) was detected (magnification: 20×; scale
bar: 5 µm). (c) Glottis specimens of a cadaver who had died of anaphylactic shock showed strong
anti-tryptase immunoexpression in mast cells (black arrows). The insert shows the immunostaining
software image analysis of Figure 1c, in which a highly immunostained area (red color) was detected
(magnification: 20×; scale bar: 5 µm).
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Figure 2. Comparison of the densitometric analysis (pixel2) of the tryptase immunostained area expressed by positive, dark
brown pixels in the analyzed fields for: (a) lung tissues (n = 10) of cadavers who had died of anaphylactic shock vs. controls
(ctrl); (b) skin tissue (n = 8) of cadavers who had died of anaphylactic shock vs. ctrl; (c) glottis tissue (n = 7) of cadavers who
had died of anaphylactic shock vs. ctrl. Data are presented as mean ± standard deviation (SD) (p < 0.05).

Figure 3. (a) H&E examination of lung samples shows capillary congestion and severe alveolar edema (amplification: 20×;
scale bar: 5 µm). (b) IHC examination of lung samples with strong anti-tryptase immunopositivity (magnification: 40×;
scale bar: 5 µm). (c) IHC examination of pharyngeal samples with strong anti-tryptase immunopositivity (magnification:
40×; scale bar: 5 µm). (d) IHC examination of skin samples with strong anti-tryptase immunopositivity (magnification:
20×; scale bar: 5 µm.
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Figure 4. Comparison of anti-tryptase antibody reaction between confocal laser scanning microscopy (a,c) and light
microscopy (b,d) shows strong anti-tryptase immunopositivity in: (a,b) lung tissue; (c,d) pharyngeal tissue. Magnification:
40×; scale bar: 5 µm.

3.3. Serum Tryptase Analysis

Routine toxicology tests were performed in all eleven autopsies. Serum tryptase
analysis ranged from 40.5 µg/L to 640 µg/L, and the mean value was 133.5 µg/L ± 177.9.

Table 2 shows a summary of total serum tryptase, autopsy findings, and histological
examinations. All cases showed pulmonary congestion and edema during autopsy and the
histological examination.

4. Discussion

Today, there is no specific forensic workflow in cases of death from anaphylactic shock.
A systematic approach would allow forensic pathologists to arrive at a confident diagnosis
of death from anaphylactic shock. Through a retrospective analysis of eleven deaths from
anaphylactic shock, the aim of this study was to propose a new forensic workflow, leading
to a more accurate diagnosis.

The present study shows that a typical clinical history, high levels of serum tryptase
(>40 µg/L), and strong positivity for anti-tryptase antibody staining are highly suggestive
for establishing the diagnosis of anaphylactic death.

Anaphylaxis is a life-threatening syndrome [3–6]. The anaphylactic reaction is mostly
triggered by food and drugs, but it may be provoked by any agent capable of activating
mast cells or basophils [9,24]. In the UK, about half of the 20 fatal reactions recorded each
year due to anaphylactic shock are iatrogenic; the rest are caused by food ingestion or insect
venom. Respiratory or cardiac arrest occurs within 30 min for food, 15 min for venom,
and 5 min for iatrogenic reactions [30]. A history of exposure to anaphylactic stimuli and
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clinical features such as hypotension are important to identify death from anaphylactic
shock [31].

Several epidemiologic and experimental studies [9,28,32–46] have underlined the
importance of immunohistochemical analyses and the concentrations of serum tryptase;
however, based on the literature, this article is the first study that combines the two
parameters for a specific diagnosis of anaphylactic death.

This study showed that the symptoms of the anaphylactic reaction occurred within
one hour (Table 1): one minute in the case of injected contrast medium reaction, in cases
of anaphylaxis during anesthesia, the shock occurred within one minute; in cases of
medication, anaphylaxis shock occurred both within one minute (60%) and within one
hour (40%). These results are in agreement with previous studies [3–6].

The autopsy procedure has to be careful, with an accurate external examination,
searching for injection sites of stinging or biting invertebrates, as well as blood, vitreous,
and urine collection. It is essential to examine the stomach contents, above all in suspected
cases of anaphylactic shock from food [47]. Autopsy findings, such as the formation of
mucus plugs, congestion and intra alveolar hemorrhages, and congestion and edema of
major organs, are not exhaustive or specific for the diagnosis of fatal anaphylaxis [37].
Immunohistochemical analysis using anti-tryptase antibodies is also not exhaustive for the
diagnosis of death from anaphylactic shock [48–50].

According to Turillazzi et al. [39], in all cases, the larynx and pharynx were opened
with forceps following the posterior median line and the glottis was observed; the sides
were stretched outward to study the mucosa. Then, following the Ghon technique, abdom-
inal organs were removed using the bloc method, taking care to preserve the integrity of
vascular structures. All autopsies showed pulmonary congestion and edema of the lungs.
When squeezing the lungs, in all cases, an abundant, reddish-colored liquid was observed.
Macroscopic examination during the autopsies showed glottis edema and mucus plugging
in the airways in 64% of cases. Only one case had a skin reaction that was found during
the external examination.

In our study, the results of the histological and immunohistochemical analyses showed
generalized stasis with areas of acute pulmonary emphysema in all autopsies, and in
deaths of subjects over 40 years old, eosinophilic cross-bands ranging from segments of
hypercontracted to coagulated sarcomeres in heart samples. The immunohistochemical
examination of anti-tryptase antibody staining on samples from the lungs, glottis, and skin
of medication injection sites revealed strong positivity for anti-tryptase antibody staining
for all sampling sites in all cases. In particular, in lung specimens, anti-tryptase was
found in mast cells of the connective interstitium and bronchiolar structure. Skin sites
of medication administration also showed strong mast cell antibody immunolabelling
in the connective derma. Moreover, the glottis of these cadavers exhibited a high level
of anti-tryptase antibody staining scattered in the laminar connective tissue at the vocal
fold level.

According to the guidelines on autopsy practice for suspected acute anaphylaxis of
the Royal College of Pathologists [49], serum tryptase samples should always be collected,
even if an autopsy is performed days or even weeks after death. Despite an average
serum tryptase concentration, anaphylactic death cannot be completely excluded. Different
sampling techniques can impact post-mortem tryptase levels [49,51]. A recent study
demonstrated that the level of tryptase is significantly lower in samples collected via
transcutaneous aspiration compared with femoral/external iliac vein samples [38]. In fact,
for post-mortem tryptase analysis, a sample from a clamped femoral/external iliac vein
should be defined as the gold standard [38,52,53]. There are doubts about the variability of
serum tryptase by post-mortem interval (PMI). Mast cells present in the respiratory tract
and heart and post-mortem cell lysis might influence the release of tryptase; for this reason,
peripheral blood (i.e., femoral blood) is preferable to central blood [49,53]. After death,
mast cell tryptase is very stable with a long half-life, and it could be measured up to four
days after death [49].
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There are four different tryptases (α, β, γ, and δ), but only the α and β form are
medically necessary; during an anaphylaxis reaction, they are released by mast cells [10].
Tryptase has proinflammatory effects such as the promotion of tissue edema and remod-
eling, chemokine secretion, and neutrophil recruitment [10]. The tryptase level can be
increased by cell autolysis or liquefaction [54]. Higher values of tryptase serum have
also been found in other types of death, such as sudden infant death syndrome (SIDS),
amniotic fluid embolism, and heroin-related deaths [53–59]. β-tryptase is a more reliable
indicator of acute mast cell activation. It is emitted at the same time as histamine, but the
release is slower, making this marker more suitable for post-mortem investigation [60].
In 1998, Edison et al. [51] proposed that the cut-off level of tryptase should be 10 µg/L.
Subsequently, in 2007, Edston et al. [45] modified the value to over 20 (44.5 µg/L) in femoral
samples. In 2011, Mayer et al. [44] recommended a cut-off level over 45 µg/L. In 2014,
McLean-Tooke et al. [30] modified the cut-off level to 110 µg/L in aortic samples. Finally, in
2017, Xiao et al. [48] established a cut-off level of 43 µg/L using femoral samples. There are
few studies on the change in the cut-off of tryptase levels in cases of cardiac blood samples.
However, it is easy to consider that the cut-off is the same as for aortic sampling (110 µg/L)
with the same reliable margin (sensitivity of 80% and specificity of 92.1%). According to
Tse et al. [42], sensitivity reaches 100% when the cut-off of tryptase is between 11.4 and 30
(µg/L), but specificity is low; specificity reaches 100% when the cut-off is above 70 (µg/L).
In the case of aortic blood samples, the cut-off is 110 µg/L (sensitivity 80% and specificity
92.1%) [30,37].

In this retrospective analysis, tryptase serum determination was performed as part of
all autopsies (11/11). The concentration ranged from 40.5 µg/L to 640 µg/L with a median
of 133.5 µg/L ± 177.9. All autopsies were performed within four days after death and all
cadavers were stored at −4 ◦C; this did not change the validity of the test. In fact, storing a
corpse at −4 ◦C after death does not affect tryptase levels, as has been shown by previous
studies. Sravan et al. [50] performed autopsies three days after death with storage at 4 ◦C.
Edston et al. [45] published their study in which the mean time between death and autopsy
was 3.861days. Tse [42] reported two cases in which there was an analysis of tryptase levels
at three days and six days after death.

The combination of anamnestic information, autopsy findings, tryptase serum deter-
mination, and immunohistochemical testing can help to make a diagnosis of anaphylactic
reaction as the cause of death in patients who died suddenly with unspecific symptoms.

The post-mortem diagnosis of anaphylactic shock is a challenge, and it is often
achieved by exclusion. A limitation of this study is the small sample size of the anal-
ysis. In this regard, we suggest future studies to confirm our observations.

A sampling of serum tryptase is mandatory [49]. However, a literature review re-
vealed that there are many doubts about its cut-off, sampling site (central or peripheral),
and changes during the post-mortem interval (PMI). Histological and immunohistochemi-
cal investigation, through the use of the confocal microscope, help in the diagnosis. The re-
sults of the present study suggest that through the use of the blood tryptase concentration,
together with the immunohistochemical investigation for anti-tryptase antibody staining
in samples from the lung, glottis, and skin (at the site of administration of medications
and contrast medium), it is possible to realize a very reliable diagnostic workflow of
anaphylactic death (Figure 5). In fact, previous studies reported in the literature [61–68]
have not clearly expressed how to establish a specific diagnosis of anaphylactic death.
This diagnostic workflow should be used to establish an anaphylactic reaction as the cause
of death with a large margin of certainty.
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Figure 5. Proposed workflow to detect anaphylactic shock in fatal cases. In red text the goal of the flow chart.
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Abstract: In recent years many studies have highlighted the great potential of microbial analysis in
human identification for forensic purposes, with important differences in microbial community com-
position and function across different people and locations, showing a certain degree of uncertainty.
Therefore, further studies are necessary to enable forensic scientists to evaluate the risk of microbial
transfer and recovery from various items and to further critically evaluate the suitability of current
human DNA recovery protocols for human microbial profiling for identification purposes. While the
establishment and development of microbiome research biobanks for clinical applications is already
very structured, the development of studies on the applicability of microbiome biobanks for forensic
purposes is still in its infancy. The creation of large population microbiome biobanks, specifically
dedicated to forensic human identification, could be worthwhile. This could also be useful to increase
the practical applications of forensic microbiology for identification purposes, given that this type
of evidence is currently absent from most real casework investigations and judicial proceedings
in courts.

Keywords: microbiome; human identification; biobank; forensic

1. Introduction

A biobank is a facility that stores biological material, i.e., tissues and liquids of a living
organism—human, animal, plant or microorganism, and collected data, through activities
ranging from collection to distribution.

Research biobanks are thus collections of biological material linked with donor data, in
particular with clinical and epidemiological data, which can be used for a variety of research
projects. The creation of biobanks is closely linked to the development of individualized or
personalized medicine [1].

The priority objective of personalized medicine is to produce more effective and
better adapted therapies for the patient by linking a huge amount of genomic data with
individual health data (diseases, therapies, etc.) and other personal data (e.g., on lifestyle,
eating habits, physical activity, income, etc.) [2]. This evolution, made possible by devel-
opments in genetic analysis and bioinformatics, has for some years been considered a
revolution in medicine [3,4]. Public biobanks belong to, or operate on behalf of, public
institutions, notably university hospitals, and are financed by the state. In general, they can
be distinguished between tissue banks of the pathology units of universities and central
hospitals and national biobanks such as those in the United Kingdom [5], Taiwan [6], or
Estonia [7]. Public biobanks are not for profit and operate in the spirit of public service for
research, while private biobanks are primarily composed of collections of samples and data
collected by pharmaceutical companies and clinical research organizations and essentially
come from clinical studies. Small biotech and life sciences companies also set up sample
collections for specific research projects. There are private biobanks that pursue commercial
purposes and provide their samples and data for a fee to researchers or other companies,
which offer direct-to-consumer tests and whose residual samples are withheld, subject to
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participants’ consent, for research purposes [8]. Currently, there are also private–public
partnership models in which private investors participate in public biobanks or create and
manage biobanks together with public operators [9–11].

For research, it is essential that access to samples and data stored in biobanks is simple
and open. Indeed, large quantities of samples and data are required in order to obtain
statistically relevant results. It is therefore important that biobanks collaborate across
borders and provide data in standardized formats so that they can be compared [12]. Over
the years, platforms and networks have emerged that provide researchers with information
on the collections and data of the various biobanks, facilitate their access, and eventually
link collections together [13].

The benefits of a biobank depend entirely on the research projects for which the
samples and data are made available. The overall benefit of the donated samples or of the
residual part of samples and the respective data corresponds hypothetically to the scientific
value and practical importance of all the research projects for which these samples are used.
The overall benefit cannot be determined in concrete terms, but only described in a very
abstract way by defining the research areas or typology of research projects on which a
biobank is focused. This means that potential donors should be informed about the type of
research project supported (purpose of the biobank) and about the project selection process,
so that they can evaluate the potential usefulness of a donation [14].

2. The Challenge of Human Microbiome Research

The study of the human microbiome, the genetic heritage of the bacterial communities
present within the human body, has always been considered a difficult task [15]. Microbiota
are defined as the population of microorganisms (bacteria, fungi, protozoa, and viruses)
that colonize an environment in a given time. The microbiome is the totality of the genetic
heritage expressed by the microbiota. Every living organism has its own genome and its
own genetic heritage; the microbiome is the genome of the microbiota, the genetic heritage
of the whole complex of microorganisms present in the organism [16]. The complex
structure in which the microbial communities are organized represents an obstacle to
traditional in vitro culture, and the sequencing of the microbiome is problematic due to
the enormous amount of data to be managed. However, with the development of recent
high-throughput sequencing techniques, remarkable progress has been made in the study
of the microbiome. It has thus emerged that the microbiome plays a central role, but this
is still to be defined in the state of human health, in its metabolism, and in its interaction
with drugs.

The microbiome is now considered an essential component of the human biological
system [17]. Dynamic, plastic, and variable in the various anatomical sites, during the
different stages of life, and in relation to endogenous and exogenous factors, it would
seem to play a key role even in numerous clinical conditions [18]. Hence there is a need to
deepen our knowledge of a world not yet fully explored insofar as the analysis of microbial
communities can represent a useful diagnostic and therapeutic tool [19].

The research conducted in this area is based on the pursuit of different objectives, from
the study of the composition and functional properties of the microbiome to its complex
dynamics and its interaction with the organism that hosts it [20,21].

Most of the studies published on the microbiome concern the gut microbiome since it
is probably the richest one [22] from a biodiversity standpoint.

The creation of microbiome biobanks can promote research with the purpose of adding
a fundamental contribution to the understanding of the relationship between microbiota
and diseases [23].

Characterizing and studying the human microbiome means analyzing the genetic
material of the microbiota and, to this end, there are two common steps to follow: the first
step consists of processing the biological samples and extracting the DNA, while it is later
sequenced in order to find the order of the nucleic bases along the DNA chain.
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In recent years, there have been rapid advances in molecular sequencing and com-
putational techniques. The spread of application of next-generation sequencing (NGS) or
high-throughput sequencing (HTS), has incredibly improved the amount of sequencing
data that may also be available for forensic purposes. Using NGS to sequence total DNA
obtained from a sample allows the sequencing of the whole genome of a given microorgan-
ism and the examination of whole communities of microbes, thus obtaining an overview of
the resident microbial population.

The main advantages of next-generation sequencing techniques in order to obtain
microbiome profiles from samples and individuals are the high levels of parallelism (hun-
dreds of millions of sequential reads in parallel) and the low costs for the production of the
DNA sequences [24]. The identification of the taxonomic membership of the components of
microbial communities is also of fundamental importance in the study of the microbiome.
For this purpose, comparisons are made between the reads and a database that catalogs
the association between a certain genome and a particular taxonomic level.

For decades, microbiology has been almost entirely culture-dependent and early stud-
ies of the human microbiome involved the culturing of the microbes. Prior to the advent
of NGS technologies, only a limited set of information about the human microbiome was
available. Nowadays, there are two approaches that are most frequently used in human
microbiome research: amplicon sequencing, which relies on sequencing of taxonomic
marker genes (usually 16S ribosomal RNA (rRNA) genes) for bacteria and archaea and
metagenomic shotgun sequencing, which simultaneously captures all genetic material,
providing sequence information on a randomly picked set of DNA fragments extracted
from the sample [25]. The 16S rRNA gene, which encodes the small subunit of the bacte-
rial ribosome, is characterized by species-specific variable regions, which are useful for
identifying phylogenetic relationships, and highly similar sequences are grouped into
operational taxonomic units (OTUs). The assignment of sequences to OTUs is referred
to as binning, performed by one of the following methods: unsupervised clustering of
similar sequences, phylogenetic models embedding mutation rates and evolutionary re-
lationships, and supervised methods that assign sequences to taxonomic bins based on
labeled training data [26]. The bacterial community can be described in terms of which
OTUs are represented, their relative abundance, and/or their phylogenetic relationships.
The second culture-independent method is metagenomic shotgun sequencing, which si-
multaneously captures all the genetic material of a sample, providing sequence information
on a randomly selected set of DNA fragments, sequencing all microbial genomes within a
sample. The information obtained with this method can be used similarly to a 16S rRNA
amplicon sequence to identify which taxa are present and the relative abundance of each,
and analyze the functional potential of the microbial community. Using this approach,
the possibility of detecting species or strain-specific markers is greatly reduced because
the larger the genome(s) characterized, the less read depth would be obtained for any
particular site [27].

3. The Human Microbiome for Forensic Identification Purposes

While the establishment and development of micobiome research biobanks for clinical
applications is already very structured, the development of studies on the applicability of
microbiome biobanks for forensic purposes is still in its infancy.

Since the beginning of the 1990s it has been thought that the possibility of typing the
genome of bacteria with PCR techniques could be a valid tool to be applied in the forensic
field and later, in the 2000s, with the birth of bioterrorism, the applications of forensic
microbiology started becoming more established and widespread [28]. An increasing
number of scientific contributions have, in the last few years, suggested that in some cases
the determination of microbial profiles can be used as forensic evidence or, alternatively, as
a complementary element to more traditional forensic evidence [29–31].

Several studies have suggested that an individual can be identified based on profiles
of autochthonous microbes that permanently colonize his/her body [32,33]. However, the
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level of accuracy in identifying a subject decreases as the number of comparison individuals
increases since individuals who share the same environment or the same lifestyles could
also share the same microbial patterns [34,35].

Since human identification is a comparative analysis, the microbial trace should
be compared with a reference sample constituted of site-related microbial communities
in order to be linked to the person who left it behind. In the past few years, several
studies have focused on stability in the human microbiome over time [36]. The literature
published in this field over the past few years has ascertained clearly enough that microbial
communities, although personalized, vary systematically across body sites and time, with
intrapersonal differences over time being smaller than interpersonal ones, showing such a
high degree of spatial and temporal variability that the degree and nature of this variability
can constitute in and of itself an important parameter that is useful in distinguishing
individuals from one another [37–41]. It is paramount to make the effort to organically
synthesize all results achieved until now and to implement the number of participants to
this type of study. Therefore, the observations of the available literature warrant further
studies to enable forensic scientists to evaluate the risk of microbial transfer and recovery
from various items and to further critically evaluate the suitability of current human DNA
recovery protocols for microbial profiling, or establish new protocols to prevent microbial
transfer and contamination of forensic evidence [42,43].

Therefore, in order to increase knowledge in this fascinating, and relatively new,
field of application of forensic microbiology, the creation of large population microbiome
biobanks, specifically dedicated to forensic human identification, could be worthwhile.
This could also be useful in increasing the practical applications of forensic microbiology
for identification purposes, given that this type of evidence is currently absent from most
real casework investigations and judicial proceedings in courts.

4. Identity and Forensic Identification

Although personhood and identity have never been simple concepts, as we learn
more about ourselves as an amalgam of us and the microbes that live on us and within us,
we will rethink our concepts of personal identity and normalcy. Our understanding of the
human microbiome and its interaction with the human body also has implications for how
we conceptualize personal identity. If we consider that each individual’s microbiome is
unique, then the microbiome may be incorporated into how we define ourselves as people,
and thus it would be important to clarify whether it is possible to identify a person through
his/her microbiome.

The concepts of identification and therefore identity are crucial in forensics, since
forensic sciences are commonly aimed at identifying people, toxic substances, and objects.
It is abundantly clear that each individual is characterized by physical and biological
particularities that distinguish him/her from any other individual and even make him/her
unique and unrepeatable within the human species. These differentiations are all the more
important the greater the demographic development of the human community of reference,
much more so when the community itself becomes a civil society and therefore subject to a
legal order. In this case, physical identification corresponds to legal identification, virtually
reconstructed, according to two-way reference models relating to the anthropomorphic
characteristics and the assignment of personal details, as recognized by the particular legal
system that has jurisdiction over the person in question. In the case of Western societies, for
example, they would include the name, date of birth, place of birth, citizenship, sex, and
some other traits that characterize the individual. If such legal characterizations did not
exist, it is easy to understand how any legal relationship and, from a sociological point of
view, any type of relationship between individuals would fail, lacking the certainty of the
interlocutor’s identifiability. The term identity derives from the medieval term identicus,
which in turn is of Latin derivation, with the meaning of “the same”.

When referring to personal identity, we talk about how to understand and explain
how a person can remain the same despite the physical, psychological, existential changes
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he/she goes through throughout his/her life. The concept of identity in a more scientific
sense is made clearer by resorting to the principle of absolute identity, according to which
everything is identical to itself and can only be itself. This means that identity is the
quality of a thing that makes it the only one and differentiates itself from everything else.
At this point, it is normal to ask how it is possible to make a comparison between two
individualities if, by definition, the principle of absolute identity prevents us from doing
so: the answer is given to us by the principle of relative identity, i.e., the possibility of
comparison existing between two terms of comparison which, although being an expression
of two distinct individualities (in an absolute sense), can also be considered identical to
each other, as ways of being of the same reality.

It is clear that the identity we are now talking about in the forensic field is not to be
understood as absolute, but rather relative. In fact, what we are dealing with is nothing
other than the comparison between two distinct absolute individualities (think of two
genetic profiles to be compared, one of which belongs to a certain person) that are ex-
pressions of the same reality [44]. This can be considered the core difference between
classification (placing an object in a defined category) and identification (the recognition
of uniqueness—that something is one of a kind). Therefore, the term identification refers
to the technical-scientific activity aimed at establishing the identity of any material and,
in the case of personal identification, the identity of a person. Identity in itself encom-
passes two concepts: the comparison between two terms and the resulting judgment. No
individual can be identified with another; that is, being him/herself and at the same time
another subject; it is only itself and is identical to itself only in the instant in which it is
observed. An individualization can be viewed as a special case of identification, where
the restricted class is populated by only one object. Definitions of individualization in the
forensic literature (e.g., fingerprint, footwear marks, or tool marks) systematically refer
to the capability of pointing to the right source to the exclusion of all others (objects or
persons) [45]. Hence, by default, the size of the population of relevant sources considered
at the outset of the examination is systematically set to its maximum, regardless of the
specific circumstances of the case. We call this the Earth population paradigm. In that
paradigm, the individualization conclusion cannot be reached in a deductive manner, but
is de facto probabilistic in nature.

5. Human Microbiome Biobanking for Forensic Research in Human Identification

Today, in forensic genetics, human identification is always performed following
specific investigative directives which involve observation of the proof, collection, analysis,
and scientific interpretation of the results. Once identified, the biological material is
collected, stored, and eventually characterized following specific procedures. Then, in
the laboratory, DNA is extracted and quantified. Current forensic methods typically rely
on targeting genetic markers to create genetic profiles to compare evidentiary items with
profiles generated from a reference sample from an individual. With this purpose, specific
DNA regions are targeted and amplified by PCR reaction using commercial kits that allow
multiplex amplification of specific sets (multiplex) of short tandem repeat (STR) markers,
insertion/deletion polymorphisms, or other markers useful for forensic aims. In some
cases when the evidentiary sample may be degraded or contain low amounts of DNA (i.e.,
low-copy number (LCN) DNA), high-copy number (HCN) markers (i.e., the mitochondrial
genome or hypervariable regions of the mitochondrial genome) are targeted.

Other HCN markers, such as skin microbiome genetic markers, may provide addi-
tional identifying genetic information that can be used independently or potentially in
conjunction with partial human forensic marker profiles [39].

Given that human identification is comparative in its nature, when using the mi-
crobiome for identification purposes, the microbial profile has to be compared with that
of a reference sample of interest in order to be linked to a specific person. In using the
microbiome for human identification, it should be considered that the microbiome varies
among different tissues and body sites and also over time, although the variability between
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individuals seems to be greater than the variability between different parts of the same
person’s body [42]. This degree of variability constitutes in itself an important element in
being able to distinguish the subjects from each other and, therefore, in considering the
determination of the microbiome as a useful technique, in association with other more
consolidated techniques, for personal identification in the forensic field [46].

The application of these new technologies consists of gaining information about the
microbiome profile of a wanted person from a trace itself. Its use could be especially useful
in investigative cases where there are no potential suspects and no match between the
evidence DNA sample under investigation and any genetic profiles entered, for example,
in criminal databases [47,48]. Through microbiome prediction starting from biological
samples found at the crime scene, probabilistic information may be acquired as to the
same characteristics of the sample donor, such as past exposures, visits to other countries,
predisposition to certain conditions, sexual practices, diet, and consumption of tobacco,
alcohol, and other drugs [49]. The combination of these elements, therefore, narrows the
circle of possible perpetrators and facilitates investigations, adding qualitative information
that should be integrated with other investigative elements [50].

Having tens of thousands of samples stored in dedicated forensic biobanks to be used
for forensic studies would allow us to achieve very important objectives. In particular,
the first aspect to be addressed is the quantification of diversity of intra-subject species, in
order to characterize the microbiome and evaluate its variability in different populations,
within the subjects, regardless of their state of health. Secondly, it would be essential
to establish the inter-subject variability of the microbiome, quantifying the differences
between the bacterial communities of different subjects, considering various environmental
factors. Finally, the differences between the microbiome of different subjects, with different
lifestyles, could be quantified, in order to evaluate the reliability of the prediction on the
lifestyles of those who left a trace starting from the analysis of the microbiome [51].

The creation of this type of “forensic microbiome biobank” would undoubtedly allow
for the improvement of technologies for the isolation and analysis of bacterial organisms,
the development of a set of sequences of reference microbial genome and the develop-
ment of new tools for computational analysis and new technologies for sequencing (to
be associated with those already in use in many forensic laboratories), which permit the
examining of the genome of bacterial communities since the creation of numerous and
complex data sets always requires new analysis tools. Above all, given the fact that no
standardized technique is available for the purpose of microbiome forensic profiling, it
is important to obtain comparable data from different studies. Therefore, the definition
of shared objectives, strategies, and protocols in this area represents a precious and ir-
replaceable opportunity to enrich, compare, and consolidate skills, creating a constantly
updated heritage for researchers and forensic scientists [52]. To reach this goal, it is neces-
sary that the institution of biobanks of samples and data also contains reference databases
categorized by, for example, type of sample, individual age, race, habits, and ethnicity in
order to detect the possibility of determining a “core microbiome” among human subjects.
Furthermore, the institutionalization of this type of research within dedicated biobanks
may allow for the establishment of one or more centers for the coordination and analysis
of data, which manages the processed and unprocessed data, coordinates the analyses and
establishes a portal through which it is possible to give international visibility to projects
and support international relations. Moreover, thanks to these structures, resources can be
widely available and accessible to the scientific community.

It is also important to have facilities that allow biological material to be stored in the
best way to ensure the reproducibility and comparability of research results—above all,
because the goal should be to have analytical standards, reference databases, and predictive
methods to be applied in concrete cases of judicial investigation. The essential standards
are represented by the horizontal requirements for the infrastructure, the competence of
the staff of a biobank, the quality management system (QMS), the equipment, the quality
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control (QC), and the procedures for the management, sample processing, and storage,
including method validation and verification.

In the case of microbiome forensic biobanks, samples will be obtained through non-
invasive or minimally invasive means, for example, including skin/brushes, oral swabs,
saliva samples, nasal swabs, vaginal swabs, and self-collected fecal samples. Moreover,
leftover materials collected during endoscopies to collect the gut microbiome may add
a minimal additional risk to conducting this type of research [53]. Because the risks of
most human microbiome research and biobanks are often negligible, they involve only the
lowest measure of “minimal risk” as defined in many regulations. Rhodes et al. propose a
new conception and category of risk, that is “de minimis risk”, to appropriately describe
the risks in the context of human microbiome research. As they explained, “it entails a
degree of risk so low that harms are nominal and unlikely” [54]. However, as we gain
a greater understanding of variation in the microbiota that inhabit different parts of the
body, as well as the advantages of deep versus minimally invasive sampling, sampling
techniques and associated risk–benefit assessments may change.

The establishment of this type of biobank, due to the very delicate nature of the activi-
ties connected to it, should also meet certain regulatory requirements and quality standards
that guarantee its correct functioning, impartiality, the presence of all the requirements,
and the protection of donors’ personal data. The ethical issues and logistical challenges
arising with the use of microbiome biobanks vary with the nature of the research. From a
general point of view, we can assume that these are similar to the many concerns raised by
other types of biobanks.

The social, ethical, and political concerns and issues pertaining to microbiome iden-
tification in forensics are situated within the intersection of civil rights, science, and gov-
ernance. They are intimately linked to the constitution of new and wider groups of
populations as “microbiome suspects”. Such concerns include, but are not limited to,
privacy, surveillance, ideological and scientific interpretation of such evidence, and the
scientific reliability of microbiome identification, as well as the potential misuse and abuse
of criminal investigations. However, the fact that human microbiome research samples also
contain human DNA raises concerns about privacy and confidentiality, since these samples
can be analyzed in ways that are identifiable. In this respect, we suggest that human
microbiome research samples should be treated by biobanks with the same safeguards
in terms of privacy and confidentiality as any other human tissue samples or identifying
sources of information.

6. Conclusions

The possibility of using the human microbiome as a means of personal identification
undoubtedly represents a fascinating and innovative field of research. The establishment
of dedicated biobanks for the development of research in this area would allow for the
obtaining of reproducible and robust results to allow these techniques to be used in the very
near future, even in real criminal cases. Applying new technologies or considering new
applications of technologies that have already been consolidated in the forensic and judicial
field means proceeding on two tracks: on the one hand, research, to update knowledge;
and on the other, to keep in consideration the regulatory and ethical aspects.
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Abstract: Although data and research on the topic are lacking, the phenomenon of feigned homici-
dality in short-term hospitalization appears to have increased in recent years. Inpatient psychiatrists
not only assess the seriousness of homicidal threats, but also whether such threats are authentic.
However, specific literature and diagnostic manuals provide virtually no clinical guidance for this.
The authors present two case examples of homicidality feigned for self-serving purposes that had
little to do with hostility against the would-be victim. They recommend an approach to assessment
that first takes any threat of homicide seriously, and involves an attempt to assess the seriousness of
the threat and risk of harm. Secondly, if feigned homicidality is suspected, clinicians can methodically
assess for this using criterion that have been applied to the assessment of malingering.

Keywords: homicidal; case series; malingering; feigned; threat; risk assessment; psychiatric evaluation

1. Introduction

The professional literature on assessment of a patient’s verbal threat to kill concerns
a determination as to whether the homicidal statement is only a fantasy, not likely to be
carried out, or a serious intention with a realistic potential for a lethal or injurious outcome.
Not usually included in such discussions is a third possibility: the verbal statement is
made to achieve a self-serving but non-homicidal goal. In many cases, the possibility of
feigned homicidality must be considered together with fantasized and planned homicide
when assessing risk. Without research and scientific literature on feigned homicidality, the
clinician is faced with a daunting task when a patient threatens to kill another person.

Sixty years ago, it would have been rare for anyone to threaten to kill another person
simply to gain hospital access. Times were different. Involuntary hospitalization in a
mental facility could extend for months or years. Homelessness of the mentally ill was
limited, and addiction to street drugs was not as prevalent. In recent years, increasing
reference is made to the patient who achieves hospitalization for “three hots and a cot”,
rather than for psychiatric treatment of symptoms of mental illness [1]. Without mentioning
feigned homicidality specifically, literature on malingering recognizes hospitalization as a
goal in some cases. However, feigned homicidality seems to be becoming a more frequent
strategy for gaining hospitalization for various reasons.

Patients often have alternative motives for entering hospitals, such as the motive
to detoxify comfortably from addicting drugs, to seek sedative medications, to obtain
lodging that is more comfortable than a homeless shelter, or to avoid jail detainment.
Intended escape from destructive conditions and circumstances is a positive motivation
that is adaptive and supportive of mental health. Once detoxified, the addicted patient
no longer claims suicidal or homicidal thoughts and may even admit to having fabricated
such thoughts in order to gain hospitalization. Within a few days, they are eager to return
to the situation from which they came without considering rehabilitative measures.

In this article, we present two cases of feigned homicidal ideations to gain access to
hospital. We then discuss the recommended evaluation of verbal threat, assessment of risk,
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differentiation from pseudologia fantastica, and approach towards cases with suspected
feigning of homicidal ideation. We hope that the cases and the discussion provide the reader
with an understanding of how such cases may present at different stages of mental health
treatment in a hospital, and when feigned homicidality is suspected, how the providers
can perform a reasonable assessment to establish a diagnosis and treatment plan. We use
two unrelated cases as examples. Both cases are discussed at length below, and their main
findings are later summarized in Table 1.

Table 1. Summary of pertinent findings in the two cases that point towards a possibility of feigned
homicidal ideations.

CASE 1 CASE 2

History of substance abuse and legal problems History of substance abuse

Vague symptoms Symptoms changed based on circumstances

Uncooperative with detailed examination Lack of clear plan, means, or history of violence

Story changing over time Inconsistencies in history

Medical examination did not match history Irritable when confronted with inconsistencies

Collateral information from family contradicted
patient’s story

Collateral information from significant other
confirmed that they were feigning psychiatric

symptoms

Clear motive to stay inside the hospital and avoid
legal consequences during the time of stay

Clear motive to feign symptoms to avoid
homelessness and gain a place to stay

2. Case Examples
2.1. CASE I

Mr. A was a Caucasian man in his forties with a history of chronic medical conditions
and multiple emergency room (ER) visits for chest pain and alcohol intoxication. He was
homeless and unemployed, having recently lost his job as a cook. He had no documented
past psychiatric history. He was brought to the ER by emergency medical services after
complaining of chest pain and possible overdose. Mr. A reported to the ER physician
that he was having suicidal ideation and planned to drink excess amounts of alcohol,
hang himself, or shoot himself with a gun, which he said he did not possess. The patient
presented symptoms of depressed mood, hopelessness, helplessness, and decreased interest
in things as well as decreased sleep. He reported a pending DUI charge, regular alcohol
use with blackouts, buildup of tolerance, and withdrawal tremors. He denied symptoms
consistent with mania. He denied hearing voices or having visions and showed no signs of
response to internal stimuli.

The patient had hypertension, bilateral upper extremity neuropathy, COPD, and
angina. He also reported a history of a stroke 6 years earlier, which led to loss of function
in his right arm and left leg. Per neurology consultation, this stroke was very unlikely, and
the patient had no current stroke-related deficits.

On the mental status examination, he was hostile and irritable during the interview.
He described his mood as “very sad at this point”. Thought content included suicidal
ideation with a method. He denied experiencing voices or visions. He was alert and
oriented to place and time and appeared to have medical decision-making capacity, but he
refused to cooperate with the mini-mental status exam.

On the first day after admission, the patient said he slept poorly; however, the nurses
reported that he had slept for 8 h. He showed no withdrawal symptoms. He continued to
express suicidal ideation without any plan. He denied having homicidal thoughts towards
anyone. On the second day, he was angry over the food, the nurses, other patients, the
medical students, and at the unit in general. He did not attend any of the group therapy
sessions, was aggressive during interviews, and reported his mood to be “terrible”. He
also started complaining of voices telling him to hurt himself; however, he was never seen
responding to internal stimuli.
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Over the next few days, the patient continued to report suicidal ideation with various
methods, ranging from hanging to not having a method. He became more social and
attended some groups. During one interview, he revealed that he had homicidal ideation
towards five individuals outside the hospital, but he declined to provide any information
about them. He displayed narcissistic traits, especially when criticizing the hospital food,
often saying “I can cook around these fools”. He described his desire to work in a fancy
restaurant one day, which was inconsistent with his talk of abruptly bringing about his
own death.

When asked for consent to talk to his family, he said that he would allow his doctors
to talk to his brother, but only after he talked with him first. Immediately after sharing
that his brother was an important government employee, he described elaborate revenge
fantasies towards three individuals, who he said had wronged him in the past. One of
the individuals was a previous employer, the other individual was his ex- girlfriend’s
mother, who he said he wanted to torture and strangle. This was to retaliate for causing
him and his girlfriend to break up. The third individual used to be his best friend, but
then this man impregnated his ex-girlfriend. He claimed that he thought this because he
knew his friend’s blood type and that of his own, and believed that the baby’s blood group
corresponded with that of his best friend and his ex-girlfriend’s, and therefore, that the
baby must have been fathered by the other man. There were two more people who the
patient said he had thoughts of killing, but he refused to tell his treatment team about them.
He exclaimed dramatically, “I will tell you when the time is right!” Over the next few days,
Mr. A attended all of the groups, ate all of his meals, and was cooperative with medication.

Mr. A spoke more about his “revenge plans”, which were very unrealistic and sounded
like a revenge fantasy movie. He said that he did not expect to get caught because he was
“just too good”. One of the authors spoke with Mr. A’s brother, who confirmed the patient’s
history of alcoholism. His brother was unsure about any “revenge plans” and could not
confirm any of the events that the patient described. However, he shared that his brother
had been emotionally hurt by his ex-girlfriend in the past, but he had not heard about
any paternity situation. His brother said that the patient had a good support system on
the outside and many family members; however, many of them have children, and they
did not want Mr. A around them when he was drunk. Once Mr. A becomes abstinent, he
would have their full support.

Mr. A then developed plans to enter an alcohol rehabilitation program close to home
so he could spend more time with his family. When asked again about homicidal thoughts,
he described them but was inconsistent and less detailed than before. He again talked
about his ex-girlfriend, but this time, he appeared to have forgotten what he had reported
to his treatment team a few days earlier and said that he was very depressed because
his ex-girlfriend had died in a car accident with the baby still inside of her. There were
several inconsistencies in his story, and his brother also confirmed that the ex-girlfriend was
still alive despite the patient having said that she died in a car accident. Other homicidal
thoughts continued to be vague, and he continued to alter the number of people he wanted
to kill. Citalopram and trazodone were discontinued and replaced with mirtazapine to
help with his chronically poor sleep, appetite, and mood. The patient placed a telephone
call and planned to go into rehabilitation.

A few days later, the patient asked the physician if he could have a doctor’s note
confirming his stay in the hospital with the exact dates of hospitalization. He said he needed
the note because he had missed two court cases that were scheduled two days following
admission, and that he was unable to attend them as a result of being in the hospital. He
added that this had nothing to do with the reason that he presented to the hospital.

The next day, the patient said his homicidal thoughts were only towards two peo-
ple. He was still irritable on the unit and complained about the food and other patients.
However, he was social with his peers, laughing, playing cards, and joking at times.
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As the time neared the patient’s rehabilitation intake date, he began to deny suicidal
ideations. He continued to express homicidal ideation, but these thoughts were assessed as
likely revenge fantasies or malingering given their inconsistencies and vagueness.

The patient was contacted by one of the authors 3 months after his discharge to see how
he was doing. He said that he was doing great and maintaining his sobriety. When asked
about his homicidal thoughts, the patient said, “That’s the furthest thing from my mind”.

The diagnosis of feigned homicidality was based on (1) inconsistent history over time;
(2) inconsistency between Mr. A’s account from that of his brother; (3) evidence of a clear
external incentive for hospitalization; (4) no clear plan for homicide or access to a weapon,
and; (5) lack of cooperation with the diagnostic assessment.

2.2. CASE 2

Mr. B was a 46-year-old African American divorced male, with a history of schizoaf-
fective disorder and hypertension, who presented to the ER with complaints of “hearing
voices and feeling suicidal and homicidal”. The patient told the ER physicians that he was
hearing voices telling him to jump off a bridge. He said that, one week before, on being
commanded by voices, he had jumped off the balcony from his second floor and suffered
minor knee abrasions. When the psychiatry resident interviewed Mr. B, he said that the
voices were telling him to jump off the roof of his two-story apartment (but he did not
mention the bridge). He said that he was hearing male voices telling him to hurt his sister
and kill her. He said that he was upset with his sister due to a will dispute, which arose
after the death of their mother 2 years previously. He alleged that his sister took money
from the inheritance to open a business, and that this incident had infuriated all of his
siblings. Mr. B stated that he did not see her on a regular basis, but knew where she lived
and how to reach her.

Mr. B reported several depressive symptoms including feeling depressed, poor sleep,
poor appetite, 15 lbs. weight loss, feelings of loneliness, hopelessness, anger at God for
taking away his mother, poor concentration, and lack of interest in pleasurable activities.
He also reported feeling nervous. He reported feeling paranoid that “people are out there
to get me”.

Mr. B reported that he had been previously diagnosed with schizophrenia, bipolar
disorder and schizoaffective disorder. He stated that he first started hearing voices at the
age of 32 years, after the death of his father. He had been taking antipsychotics off and on
for the past several years. Previous psychiatric hospitalization revealed the diagnoses of
cannabis abuse, cocaine abuse, and substance-induced mood and psychotic disorders. The
patient reported having had multiple psychiatric hospitalizations in the past, including one
in the same hospital as the current presentation. He reported to have made one suicide
attempt 4 years earlier by overdosing on his medications “because the voices told me to do
so” (he did not report any suicide attempt 1 week previously).

The patient reported being treated with oral as well as long-acting risperidone injec-
tion during his previous hospital stay, along with sertraline and trazodone. These were
confirmed in the medical records obtained from another facility.

Mr. B admitted to smoking a pack of cigarettes daily, drinking 12 beers a day, smoking
a bag of marijuana daily, and using cocaine occasionally. Mr. B said that he lived by himself
in an apartment. He did not work and received financial assistance from the state for his
disability, i.e., schizophrenia and bipolar disorder.

From previous hospitalization records, the patient had been admitted to this hospital
with complaints of hearing voices that told him to kill himself in the context of recent use
of alcohol, cocaine, and marijuana 2 months before this presentation. The next day, when it
was discovered that a female patient on the unit was related to him, the patient was told
that he had to be transferred to another hospital. At this point, the patient became upset
and said that he was not hearing voices anymore, nor was he feeling suicidal or homicidal
and did not want to go to another hospital.
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Mr. B said that he was no longer hearing voices, but he continued to feel suicidal as
well as homicidal (against his sister). He denied having any means with which he could
kill her, and this was the only factor that prevented him from killing her. When questioned
regarding the possible consequences of killing his sister, Mr. B responded that he was
confident that he would not go to jail because his entire family would support him in his
act. When gently confronted with the idea that his family support may have little to do
with the legal accountability of his behavior, he became irritable, and the conversation
could not be pursued further. His affect remained flat throughout this interview.

On the second day of hospitalization, Mr. B was seen to be out and about on the unit,
interacting with peers and staff members and attending all group therapy sessions, but
continuing to express homicidal ideation.

On the third day, the patient’s homicide risk was assessed using the method suggested
by Borum and Reddy [2]. (1) Attitudes: The patient did not have any history of prior
violence. His family history did not support violence. He continued to pray. (2) Capacity:
He denied having considered a method of homicide, so capacity could not be adequately
assessed. He said, however, that he was going to move to Florida (from the Midwest) to
remove himself from his sister, which would decrease opportunity/capacity. (3) Threats:
Although Mr. B had complained to his sister and her coworker in the past about her stealing
the money from their inheritance, he denied having threatened her, having been physically
aggressive towards her, or having done anything to prepare to harm her. (4) Intent: He
denied current intent. (5) Others: He said that his family may support him if he killed
her, as they were also angry at her for stealing, but he did not feel that they would join
him or encourage him in doing so. (6) Noncompliance: He appeared to be compliant with
risk reduction measures. Additionally, he denied access to a weapon. He provided his
physician verbal permission to contact his sister. He finally said that he did not want to
kill her. From this assessment, the final impression was that the risk of violence was low
and that his physicians did not have sufficient reason to either notify police or pursue
involuntary hospitalization. After his sister was contacted and notified by the resident
about his expressed feelings and violent thoughts, Mr. B was discharged from the hospital
to enter a substance abuse inpatient rehabilitation facility.

After the patient’s discharge, some of his belongings were discovered in the possession
of the female patient on the unit. When she was confronted, she confessed that she was Mr.
B’s “significant other” (with a different last name) and they had arrived in the ER together
but had not disclosed their relationship (as they had not been allowed to stay together on
the same unit during their previous visit to this hospital). Moreover, they had decided to
simultaneously feign similar psychiatric symptoms of hearing voices and feeling suicidal
and homicidal to gain admission because they were homeless and needed a place to stay for
a week. This confession provided a rare confirmation of the suspicion that the symptoms
of homicidality were feigned for external incentive. In retrospect, the Borum factors proved
to be helpful in accurately evaluating low risk of harm in this case.

Homicide risk assessment supported feigned homicidality based upon the follow-
ing. (1) The patient was known to feign similar symptoms for a clear external incentive
(housing) during the previous two visits; (2) he was currently experiencing an acute need
for housing; (3) he had not been compliant with his medications for several months but
had not “relapsed” until 3 days previously; (4) Mr. B denied knowing the female patient,
with whom he had presented to the same ER during his past two visits; (5) the patient
did not have easy access to a weapon; (6) the patient had planned to move to Florida
after 2 weeks; and (7) he was not experiencing acute psychotic symptoms. The homicide
risk was assessed to be low, and the patient was discharged from the ER after medical
stabilization for hypertension.

3. Discussion

The cases highlight several important clinical points towards the assessment of feigned
homicidality. Keeping these two cases in mind, we would now like to discuss how to
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differentiate feigned homicidality from pseudologia fantastica, how to evaluate a verbal
threat, how to assess homicidal risk, and eventually how to conduct further assessment
when feigned homicidality is suspected We then discuss the duty to protect and the use of
a multidisciplinary approach in the management of such cases.

3.1. Differentiating Feigned Homicidality from Pseudologia Fantastica

Today, pseudologia fantastica is not to be found in the DSM 5 [3], although factitious
disorder is, earlier known as Munchausen’s Syndrome. The original story of Van Mun-
chausen was of a legendary baron who told fanciful false episodes of adventure. Kraepelin
referred to Munchausen when describing psychological processes of “hunter traits”, which
he considered within the realm of normalcy. Delbruck [4] was the first to use the term
“pseudologia fantastica” in 1891 and describe it as a phenomenon that is observed in
normal, characterologically disturbed, as well as mentally ill individuals. It exists on a
continuum between lying with full awareness of the statement’s untruths and delusions
where the unreality of the belief is not appreciated. In pseudologia fantastica, the subject’s
vulnerability to self-deceit from his own falsehoods can vary and fluctuate.

In summarizing the features of pseudologia fantastica from the literature, Birch and
colleagues [5] list “excessive, impulsive lying” that usually begins in adolescence and
then persists. The lies are fanciful, easily shown to be falsehoods, and are self-destructive.
Motives are internal such as wishful fantasy, and not externally motivated, such as to
gain materially or avoid punishment. Pseudologia fantastica involves impaired reality
adherence but not to the degree found in delusions. More recently, Thom et al. [6] described
the phenomenon of pseudologia fantastica as a state of chronic lying/storytelling that is
dramatic, seeking admiration or sympathy, and out of proportion to the obvious benefit.

3.2. Evaluating the Verbal Threat

Regardless of whether a homicidal threat is initially thought to be idle or serious,
feigned or authentic, it should be assessed. Not many years after the California Supreme
Court’s Tarasoff ruling in 1976 [7], Appelbaum [8] provided a three-step approach for
dealing with homicidal threats that remains today as prudent guidance. Although the
screening is derived from early Tarasoff-like case laws, this three-step approach seems
self-evident in its practicality for any clinical risk assessment including the risk of suicide
assessment: (1) Gather data that are relevant to the assessment of dangerousness. (2) Based
upon this data, make a determination of dangerousness and select a course of action and
(3) implement this plan. By case examples, Appelbaum illustrates how clinicians overreact
and issue unnecessary warnings following insufficient assessment of the threat. Here, it
is suggested additionally that assessment informs the action to be taken not only by a
methodical determination of the patient’s level of seriousness and dynamics of the risk, but
also by determining whether the threat is authentic or feigned. Whether a verbal threat of
homicide is feigned is also relevant to its seriousness.

In theory, as with risk assessments in general, probability predictions that a homicidal
threat will be carried out should be more comprehensive than just to answer forced,
dichotomous questions such as whether to hospitalize or whether to issue protective
warnings [9]. To address such protective actions to be taken, the assessment of the risk,
whether associated with a verbal threat or not, should incorporate four inquiries [8]: (1) Is
the patient dangerous to others? (2) Is the danger due to serious mental illness? (3) Is the
danger imminent? and (4) Are potential victims of the danger reasonably identifiable? The
present discussion focuses only on those patients who would be hospitalized either because
the danger is due to serious mental illness in need of intensive treatment, or the danger is
imminent and no less restrictive means of protection are available.

Whenever practical, it is helpful to explain to the patient at the beginning of the
clinician–patient relationship the terms of confidentiality, including the possible exception
of protective warnings. Assessment of the potential for externally directed violence should
then proceed along with the assessment of the potential for self-harm and suicide. Family
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members, previous treatment providers, and other collateral sources should be contacted
where doubt exists about the seriousness of an expressed threat [6]. As with the assessment
for suicide, any initial threat of homicide is taken seriously and evaluated accordingly, even
when the clinician suspects that the threat is feigned.

3.3. Assessment of Risk

With the realization that research on assessing the seriousness of homicidal threats
is much less developed than research on the risk of aggressive behavior in general, the
clinician can usefully apply the guidelines provided by Borum and Reddy [2] for assessing
the seriousness of the risk of homicide. Practical, methodical, and literature-based, the
Borum and Reddy factors are summarized with the acronym ACTION: (1) Does the patient
hold Attitudes that support violence as a method to deal with the interpersonal conflict?
(2) Does he have the Capacity to carry out the threat? There are several components to
capacity: availability of the intended victim, availability of means (e.g., weapon), and
physical capacity as well as mental capacity. (3) Has he already crossed Thresholds in the
direction of violating the victim’s autonomy and privacy or of preparing to act violently
against the victim (e.g., stalking, verbal threats, inappropriately accosting the victim at
the victim’s place of employment)? (4) Does the patient have a serious Intent behind
the threat? Is it conditional and will only be carried under specific conditions that are
not yet in place? (5) Do the attitudes and reactions of significant Others support violent
responses? Conversely, do family members and close friends favor non-violent approaches
to interpersonal problems? (6) And finally, is the patient Non-compliant with attempts
at risk reduction, such as following treatment recommendations, helping to identify and
contact the victim (if a protective warning is indicated), and neutralization of firearms. The
reverse, or absence of the Borum factors, can be considered as potentially protective against
enactment of the threat. Ultimately, the determination of high, medium, and low risk for
violence following a verbal threat of homicide is a matter of clinical judgment, and not
numerically quantitative.

3.4. Assessment of Feigned Homicidality

If the suspicion of feigned homicidality persists even after the homicidal threat has
been assessed, it should be further explored. Psychiatrists need more than just a gut feeling
to determine if the patient is lying. Psychiatrists must be aware of their countertransference
while conducting further assessment. Guidelines for malingering can be useful in this
regard, with malingering being “the intentional production of false or grossly exaggerated
physical or psychological symptoms, motivated by external incentives such as avoiding
military duty, avoiding work, obtaining financial compensation, evading criminal prose-
cution or obtaining drugs” [3]. The clinician is challenged with a dearth of professional
literature on the assessment of feigned homicidality and by the patient’s disinclination to
explicitly share his motivation for malingering, which would of course defeat the purpose.

Methods for the assessment of malingering in general should be useful in detecting
feigned homicidality [1]: namely, inconsistencies (1) in the patient’s self-reports of homi-
cidal thoughts (threats); (2) between what the patient reports and what others observe
and report; (3) in observations concerning the “symptoms” themselves, in this case the
patient’s potential for homicide; (4) between the patients’ self-report and performance on
psychological tests (or mental status exam); and (5) in the patient’s report of homicidal
threats or thoughts and how actual threats with serious intent are manifested. The task is
challenged by the fact that the patient only needs to express homicidal ideations to arouse
concern; he need not necessarily malinger a complex condition such as psychosis.

The guidelines proposed by Borum and Reddy [2] are useful in the assessment of
risk of homicidality. As in the case of Mr. B, they proved useful in highlighting the
discrepancies in his history and the assessment of the overall risk. Moreover, due to safety
concerns, it is often difficult to entertain the possibility of feigning symptoms when the risk
of homicidality is assessed to be high. However, when the risk is determined to be low, the
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third dimension, i.e., feigning of homicidality can be further explored, as highlighted in
the case of Mr. B. Although it is not always possible to gain knowledge of the potential
incentives, an active search may prove to be useful. The areas that may assist in the
determination of malingering include (1) a thorough history from the patient—it may even
be helpful to periodically reassess the patient and be cognizant of any discrepancies in
the narration over time; (2) thorough collateral information—this can prove to be very
helpful, especially when obtained from multiple sources; refusal to provide any collateral
source and lack of cooperation during the diagnostic or treatment process may also point
towards an ulterior motive; (3) an active inquiry regarding the pertinent motives—financial
constraints, lack of housing, and legal issues are especially prevalent in certain areas; and
(4) legal inquiry—certain states provide an easy to access legal history of their clients, which
may disclose any legal matter that the patient might try to avoid or delay by staying in
the hospital.

3.5. A Multi-Disciplinary Approach

Cases with possible legal implications should involve a multidisciplinary approach
to minimize risk and improve quality of assessment and management. Obtaining health
records from other medical facilities, reviewing prior medical records, and obtaining
collateral information from family members can yield vital sources of information in such
cases. Ruling out possible medical issues or lies, such as was done in the Case 1 example
above, can provide useful pieces of information in support of malingering. Medical
providers may need to involve the ethics committee of the hospital, or consult with the
legal department if they are unsure about addressing the legal aspects in these cases, such
as in the context of duty to warn, and possible implications of discharging such a patient
from the emergency room.

3.6. Duty to Protect

In the landmark ruling of Tarasoff v. The Regents of University of California [7], the
court ruled that therapists need to take reasonable actions to protect potential victims of
possible harm from their dangerous patients. When a patient makes a verbal threat against
an identifiable victim, and the provider assesses such threat to be credible, the provider
is directed to warn potential victims, inform the authorities, and/or take other necessary
action to protect the life of potential victims [10]. Different states in the U.S. have adopted
different standards in this area. While some states recommend a duty to warn potential
victims, other states recommend a duty to take all necessary steps in addition to warning
potential victims, to save lives. Some U.S. states mandate while others merely permit a
breach of patient–provider confidentiality to carry out the established duty to warn/protect.
While duty to warn is an accepted exception to confidentiality in most countries, only
recently has it gained a legal precedent or background in other developed countries. [11]

4. Conclusions

We summarize the recommended steps for the evaluation and management of feigned
homicidality in Table 2.

With the use of two case examples, we highlighted the assessment and management
of feigned homicidality with an emphasis on the risk of verbal threat, assessment of the
seriousness of the risk, differentiation from pseudologia fantastica, understanding duty to
protect, and using a multidisciplinary approach.

We propose the addition of the assessment of malingering to the risk assessment
for homicidality, especially in cases where there are enough reasons to suspect it. For
example, a thorough screening for inconsistencies in the narration and presentation as well
as potential external incentives for feigning homicidal symptoms may be included while
using Borum and Reddy factors (expanding the acronym to ACTION). Other scales may be
developed to include this dimension of homicidality.
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Table 2. Steps recommended towards the evaluation and management of feigned homicidality.

Inquiries for the evaluation of the verbal threat

Is the patient dangerous to others?
Is the danger due to serious mental illness?

Is the danger imminent?
Are potential victims reasonably identifiable?

Assessing the seriousness of the risk
of homicide
(ACTION)

Attitude that supports violence
Capacity to carry out the threat

Threshold crossed towards violence
Intent is serious

Others in life support violent responses
Non-compliant with risk reduction methods

Differentiation from pseudologia fantastica

Pseudologia fantastica manifests as excessive
and impulsive lying that is fanciful, done to

seek attention or sympathy, and out of
proportion to the motive

Assessment of malingering (feigning)
when suspected

Locate inconsistencies in the narrative using

a. thorough history
b. Thorough collateral information
c. Active inquiry regarding pertinent mo-

tives
d. Legal inquiry

Multidisciplinary approach
Consider consultation with ethics committees,

legal counsel, and other specialists as
warranted.

Duty to Protect Take reasonable steps as recommended by the
guidelines in that specific jurisdiction
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Abstract: Glycophorins are an important group of red blood cell (RBC) transmembrane proteins.
Monoclonal antibodies against GPA are employed in immunohistochemical staining during post-
mortem examination: Through this method, it is possible to point out the RBC presence in tissues.
This experimental study aims to investigate anti-GPA immunohistochemical staining in order to
evaluate the vitality of the lesion from corpses in different decomposition state. Six cases were
selected, analyzing autopsies’ documentation performed by the Institute of Legal Medicine of Rome
in 2010–2018: four samples of fractured bones and three samples of soft tissues. For the control
case, the fracture region of the femur was sampled. The results of the present study confirm the
preliminary results of other studies, remarking the importance of the GPA immunohistochemical
staining to highlight signs of survival. Moreover, this study suggests that the use of this technique
should be routinely applied in cases of corpses with advanced putrefaction phenomena, even when
the radiological investigation is performed, the macroscopic investigation is inconclusive, the H&E
staining is not reliable. This experimental application demonstrated that the use of monoclonal
antibody anti-human GPA on bone fractures and soft tissues could be important to verify whether
the lesion is vital or not.

Keywords: forensic pathology; glycophorin A investigation; vitality

1. Introduction

Glycophorin (GP) A, GPB, GPC, and GPD are an important group of red blood cell
(RBC) transmembrane proteins, described for the first time by Fairbanks et al. [1]. The
four varieties of glycophorin represent approximately 2% of the total red blood cells
(RBC) membrane protein: among the others, the predominant RBC glycophorin is GPA
(glycophorin A—0.5 million copies per RBC). These proteins are characterized by a high
content of sialic acid, giving a negative surface charge to the RBC [2]. For this reason,
glycophorins play a pivotal role in controlling several essential functions such as the
interactions both with vascular endothelium and with other blood cells. Moreover, GPA
and B characterize the antigenic determinants, respectively, for the MN and Ss blood groups.
Although the molecular function of GPA remains not fully understood, several studies
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demonstrate that it interacts with band 3, the significant erythrocytes membrane-spanning
protein [3].

On the other hand, as red cell antigens, GPA can act as a binding site for specific anti-
bodies. Monoclonal antibodies against glycophorin A (GPA), indeed, are frequently used
in immunophenotypic studies for the identification of erythroid precursors in hematologic
disorders. In the forensic field, the anti-human glycophorin A (GPA) monoclonal antibodies
are commonly used in human blood detection, identifying red blood cell membrane anti-
gen [4]. Moreover, monoclonal antibodies anti-GPA can be used in immunohistochemical
staining at post-mortem examination to point out RBC presence in tissues [5]. Thus, if in
non-putrefied corpses, the macroscopic evidence of hemorrhagic tissue infiltration is com-
monly considered a macroscopic sign of the viability of a lesion, research using anti-GPA
antibodies could allow the differential diagnosis between ante-mortem and post-mortem
lesions. This differentiation, indeed, is just as important as the identification of the exact
cause of death, remaining the most notable challenge for the forensic pathologist. In this
scenario, the definition of the vitality of skin and bone injuries is inscribed. For example,
from a macroscopic perspective, it is well-known that the red-purplish coloration of a cut
or bruise in fresh skin is indicative of its vitality. In more difficult cases, the microscopic
investigation can be performed even just to confirm the macroscopic data [6]. Contrariwise,
in the case of decomposed corpses, histological and immunohistochemical investigation
can be considered mandatory: the transformative phenomena could mask or conceal the
signs of traumatic injuries [7–10]. As previously described, a large number of immuno-
histochemical staining is frequently used in order to establish the vitality in skin lesions,
such as anti-α-1 chymotrypsin, anti-fibronectin, anti-TGF-α and TGF-ß1, anti-inflammatory
cytokines, anti-TNFα, anti-adhesion molecules, and anti-tryptase [11–19]. However, these
antibodies show reactivity on well-preserved tissues, while their use remains uncertain
when the post -mortem examination is performed in decomposed corpses or in human
skeletal remains. Nevertheless, in the forensic field, the application on human bones of the
immunohistochemical staining through the GPA antibody is not completely investigated.

In this setting, this experimental study aims to investigate anti-GPA antibody im-
munohistochemical staining in order to evaluate the vitality both of soft tissue injuries
and bone fractures sampled from corpses in advanced decomposition state. Moreover, a
comparison, between the hematoxylin-eosin (H&E) staining and anti-human GPA antibody
immunohistochemistry technique, is also provided in the present manuscript to evaluate
their potential in identifying “vital” processes in putrefied soft-tissue-free bone and in
soft tissues.

2. Materials and Methods

All cases were collected among the documentation of all autopsies performed by the
Institute of Legal Medicine of Rome from 2010 to 2018 (about 1500 autopsies). Six cases
were selected on the following criteria: unnatural death, traumatic blunt injuries, body
conservation status (almost chromatic phase of putrefaction and no macrofauna-related
lesions), estimated post-mortem interval. Three cases were selected as control cases, dealing
with a subject who died from drowning with a femur fracture occurred in the post-mortem
period, during the translation operations, and two experimentally produced injuries (skin
and soft tissues surrounding laryngeal area). The main characteristics of each case were
summarized in Table 1.
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Table 1. The main characteristics of the selected case. PMCT: Post-mortem computed tomography; PMI: Post-mortem
interval; CTL: Control.

Case
(Tissue) Sex and Age Type of Offence PMCT State Estimated PMI

1
(cranial)

F
57 year Homicide Yes Later stage of

Putrefaction 65 days

2
(vertebral)

M
30 year Accident No Later stage of

Putrefaction 70 days

3
(mandible)

F
39 year Homicide No Early stage of

Putrefaction 2 days

4
(larynx)

F
46 year Homicide No Later stage of

Putrefaction 181 days

5
(neck and rib)

F
37 year Homicide Yes Later stage of

Putrefaction 85 days

6
(retina)

F
3 months Homicide No Early stage of

Putrefaction 7 days

CTL 1 F
9 year Accidental Yes Later stage of

Putrefaction 187 days

CTL 2 M
29 year Experimental Yes Early stage of

Putrefaction 15 days

CTL 3 M
52 year Experimental No Later stage of

Putrefaction 45 days

For the purposes of this experimental study, the following tissues were sampled.
Case 1 dealt with a 57-year-old woman who died after a failed tentative of sexual

assault. Several fractures were found affecting the cranial region. The external marginal
area of the occipital fracture was sampled.

Case 2 concerned a 30-year-old male who died from other than traumatic causes.
During the autopsy, a complete fracture of vertebral D4 was detected, whose sample
was taken.

Case 3 was about a 39-year-old woman who died from acute cardio-respiratory
insufficiency due to induced asphyxiation. Different injuries were found on the head. For
the present study, a mandible fragment was sampled in the correspondence of the fracture.

Case 4 described the case of a 46-year-old woman who died from acute cardio-
respiratory insufficiency from strangulation. Soft tissue surrounding laryngeal fracture
was sampled.

Case 5 regarded a 37-year-old woman who died for homicidal violent mechanical
asphyxiation; for this study, two tissues were collected: one sample from the II right rib,
which was found fractured, and the other one from the neck skin, where signs of external
compression were found.

Case 6 described the case of a three-month-old female, who died from cardiovascular
arrest subsequent to massive brain edema, following a head injury. Considered the presence
of bilateral retinal hemorrhages, the right retina tissue was sampled for the purposes of
this study.

Finally, three cases were enrolled as negative controls: the case of a nine-year-old
female, who died from drowning (Control 1). The corpse was exhumed six months after
the burial. Before the autopsy a PMCT was performed, resulting negative for any injury.
However, a femur-displaced fracture occurred in the post-mortem period, during the
translation operations to the autopsy room. The lesions used as negative control of neck
skin (Control 2) and tracheal soft tissues (Control 3) were experimentally produced.

At the end of the case selection, the following tissues were analyzed: four samples of
fractured bones (cranium, vertebra, mandible, and rib) and three samples of different soft
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tissues (soft tissue of larynx, neck skin, and retina). Moreover, the fractured region of the
femur (Control 1) was used as negative control case of bone injuries, while neck skin and
tracheal soft tissues were used as negative control of soft tissue lesions.

Score rank, used in the present study to evaluate the force of immunohistochemical
staining with anti-body anti-GPA, lied in a range from “negative” (marked as “−”) to
“positive” (indicated with “+”).

In all cases, local prosecutors ordered autopsies to be performed to clarify the exact
cause of death.

For all selected cases, H&E staining and anti-human GPA antibody immunohisto-
chemistry investigation were performed both to establish RBC presence as vitality sign. In
the present study, these stainings were performed on bones and on soft tissues for cases
number 1, 2, 3, and 5. In case 4, the soft tissue of larynx was tested, while in case 6, the
staining was performed in the retina.

On all sample collected during autopsy, 4 µm-thick paraffin-embedded sections were
cut and stained with H&E staining following the standard protocol [20]. Staining with
H&E was qualitatively classified as “reliable” (++), “not reliable” (–), and “not univocal”
(+-), based on RBC morphologic identifiability.

In addition, anti-human GPA antibody immunohistochemistry investigation was
performed using antibodies anti-glycophorin A (Santa Cruz Biotechnology, Inc., Dallas, TX,
USA). The paraffin sections were mounted on slides covered with 3-aminopropyltriethoxysilane
(Fluka, Buchs, Switzerland). Pre-treatment was necessary to facilitate antigen retrieval
and to increase membrane permeability to antibodies anti-glycophorin A boiling 0.25 M
EDTA buffer, at 20 ◦C. The primary antibody was applied in 1:500 ratio for glycophorin
A and incubated for 120 min at 20 ◦C. The detection system utilized was the LSAB+ kit
(Dako, Copenhagen, Denmark), a refined avidin-biotin technique in which a biotinylated
secondary antibody reacts with several peroxidase-conjugated streptavidin molecules. The
sections were counterstained with Mayer’s haematoxylin, dehydrated, cover slipped, and
observed in a Leica DM4000B optical microscope (Leica, Cambridge, UK).

3. Results

In the present study, six cases were selected: five women and one male. In four
cases, the corpses were found in advanced decomposition state (cases numbered 1, 2, 4,
and 5). The histological investigations were very complex, considering the post-mortem
transformative processes. Contrariwise, the corpses were in early stage of putrefaction,
characterized by discoloration of the abdomen up to marbling phenomena in cases 3 and 6.

3.1. Macroscopic Analysis

The macroscopic analysis did not allow ascertaining the exact cause of death; for this
reason, the microscopic investigation was performed. Concerning the cause of death, in
three cases, the asphyxiation was defined as the manner of death (cases numbered 3, 4, and
5); in two cases (cases numbered 1 and 6), the cranial trauma was identified as the decisive
damage. Finally, in case numbered 2, the victim died from acute cardio-respiratory distress;
the death was not related to direct trauma.

3.2. Hemorrhagic Infiltration

Hemorrhagic infiltration was not identified at macroscopical analysis in the cases
characterized by the transformative phenomena. Consequently, it was necessary to analyze
and collect soft tissues and bone samples, performing the microscopic investigation. The
results are summarized in Table 2.
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Table 2. The main results of the histological and immunoistochemical examination.

Case H&E Glycophorin

1 (cranial) No Reliable Positive on cranial fracture
2 (vertebral) No Reliable Positive on vertebral fracture
3 (mandible) Reliable Positive on mandible fracture

4 (larynx) Not Univocal Positive on soft tissue of larynx
5 (neck and rib) No Reliable Positive on wrinkle neck and rib

6 (retina) Reliable Positive on retina
CTL (different tissues) Reliable Negative on post-mortem fracture

H&E investigations were performed in order to highlight the RBC presence micro-
scopically (Figure 1). In cases, numbers 1, 2, 4, and 5, hemorrhagic infiltrations were not
found. Results were influenced by the postmortem transformative processes of tissues
and bones.
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In cases 3 and 6, hemorrhagic infiltrations were macroscopically detected near the
mandible fracture (case 3) and on the retinal tissue (case 6); moreover, these findings were
also confirmed with the H&E analysis, highlighting the presence of RBC.
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3.3. Anti-Human GPA

The anti-human GPA antibody immunohistochemistry investigation was performed
in all cases in order to establish the RBC presence and to evaluate the sign of vitality in the
detected lesions (Figure 2). Even if this technique confirmed the presence of the RBC in all
sampled tissues, it was considered fundamental to determine the exact cause of death in
four of the six cases selected.
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Figure 2. Immunohistochemical staining with anti-human GPA antibody: positivity at the margin
of occipital bone fracture from case 1 (A); positivity at the stump of the mandible fracture from
case 3 (B); positivity in the context of soft tissues surrounding laryngeal fracture from case 4 (C);
positivity in dermis of neck skin from case 5 (D); positivity in the contest of soft tissues surrounding
rib fracture from case 5 (E); positivity of the retinal sample from case 6 (F).

In case 1, the corpse was found in an advanced stage of decomposition and putre-
faction. No radiological evidence of fracture was diagnosed; moreover, no macroscopical
hemorrhagic infiltration was observed at pericranial soft tissue examination. However,
a cranial linear compound fracture was found during the autopsy. H&E staining was
not significant. Therefore, no evidence allows establishing if the fracture was caused by
ante-mortem or post-mortem injury.

The GPA immunohistochemical investigation highlighted the presence of erythrocytes
in the context of tissue cytoarchitecture, suggesting that the cranial fracture was vital, in
accordance with the suspect’s declaration.
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In cases 2 and 4, the corpses were found with advanced putrefactive phenomena. In
both cases, no PMCT was performed. A vertebral fracture was found in case 2; in case 4, a
suspicious area near the soft tissue of larynx was sampled. No hemorrhagic infiltration was
noticed macroscopically in the two corpses, no unique interpretation was concluded after
H&E staining examination. For these reasons, the immunohistochemistry was performed,
confirming the presence of RBC, as the vitality of the lesion.

In case 5, the post-mortem decomposition was detected. PMCT and H&E investiga-
tions were performed, even if no important evidence was collected in order to establish
the exact cause of death. The anti-GPA antibody research on the neck skin sampled was
performed in order to obtain data about the lesion, resulting positive. The presence of
erythrocytes allows confirming that the injury occurred when the victim was alive.

Contrariwise, in cases 3 and 6, the corpses presented only early decomposition stages.
No PMTC was performed. Hemorrhagic infiltration was detected both at macroscopical
and microscopical (H&E staining) investigation. The immunohistochemical anti-GPA anal-
ysis was positive, supporting other evidence about the ante-mortem origin of the injury.

Finally, the control cases were performed on different tissues (Figure 3), produced
during the translation operations to the autopsy room. No reaction to the GPA immunohis-
tochemical analysis was described.

Healthcare 2021, 9, x  7 of 10 
 

 

ti-GPA analysis was positive, supporting other evidence about the ante-mortem origin of 
the injury. 

Finally, the control cases were performed on different tissues (Figure 3), produced 
during the translation operations to the autopsy room. No reaction to the GPA immuno-
histochemical analysis was described. 

 
Figure 3. Negative immunohistochemical staining with anti-human GPA antibody for different 
tissues: Femur ((A), H&E; (B), immunostaining with anti-human GPA antibody); (C) Skin; (D) Soft 
tissues surrounding laryngeal area. 

4. Discussion 
Glycophorin is an integral membrane protein on the plasma membrane of erythro-

cytes. Monoclonal antibodies against glycophorin A are frequently used in clinical med-
icine for the identification of erythroid precursors in hematologic disorders [21]; moreo-
ver, this immunohistochemical staining can be used in forensic pathology for the identi-
fication of RBC in bone and tissue. According to the literature, to date, forensic applica-
tion of the GPA immunohistochemical technique in order to evaluate the vitality of a 
wound is not quite investigated. As described by Cattaneo et al., the presence of clots and 
red blood cell residues on the fractured margins can be considered strongly indicative of 
vital reaction [6]. 

However, in this study, anti-glycophorin A analysis was performed on bones (cases 
number 1, 2 3, and 5) and on soft tissues sampled in corpses found in different postmor-
tem period: This technique was applied on the soft tissue of larynx in case 4, on wrinkle 
neck in case 5, and on the retina in case 6. 

Technical difficulties were described in handling decomposed bodies, considering 
the presence of artifactual alteration of tissue structure and microscopic features [22]. In 
the discussed study, hemorrhagic infiltration is not macroscopically evident in decom-
posed corpses (cases 1, 2, 4, and 5). Nevertheless, at the macroscopical examination, it 
was possible to observe the presence of hemorrhagic infiltration on the mandible fracture 
(case 3) and in the retinal tissue (case 6). It is essential to note that the bodies sampled in 
cases 3 and 6 were well preserved: In these cases, it was simple to detect hemorrhagic 
infiltration during autopsies. 

Although it is likely that more information may be gleaned from fresh bodies in 
perfectly preserved states, decomposed bodies may reveal significant anatomical and 
pathological features that enable both the cause and manner of death to be established. 

Even if it is well described that histopathology techniques can be used in the identi-
fication of the vitality of lesions in preserved tissue, the efficacy of these techniques in 

Figure 3. Negative immunohistochemical staining with anti-human GPA antibody for different
tissues: Femur ((A), H&E; (B), immunostaining with anti-human GPA antibody); (C) Skin; (D) Soft
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4. Discussion

Glycophorin is an integral membrane protein on the plasma membrane of erythrocytes.
Monoclonal antibodies against glycophorin A are frequently used in clinical medicine for
the identification of erythroid precursors in hematologic disorders [21]; moreover, this
immunohistochemical staining can be used in forensic pathology for the identification of
RBC in bone and tissue. According to the literature, to date, forensic application of the
GPA immunohistochemical technique in order to evaluate the vitality of a wound is not
quite investigated. As described by Cattaneo et al., the presence of clots and red blood cell
residues on the fractured margins can be considered strongly indicative of vital reaction [6].
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However, in this study, anti-glycophorin A analysis was performed on bones (cases
number 1, 2 3, and 5) and on soft tissues sampled in corpses found in different postmortem
period: This technique was applied on the soft tissue of larynx in case 4, on wrinkle neck in
case 5, and on the retina in case 6.

Technical difficulties were described in handling decomposed bodies, considering the
presence of artifactual alteration of tissue structure and microscopic features [22]. In the
discussed study, hemorrhagic infiltration is not macroscopically evident in decomposed
corpses (cases 1, 2, 4, and 5). Nevertheless, at the macroscopical examination, it was possible
to observe the presence of hemorrhagic infiltration on the mandible fracture (case 3) and
in the retinal tissue (case 6). It is essential to note that the bodies sampled in cases 3 and
6 were well preserved: In these cases, it was simple to detect hemorrhagic infiltration
during autopsies.

Although it is likely that more information may be gleaned from fresh bodies in
perfectly preserved states, decomposed bodies may reveal significant anatomical and
pathological features that enable both the cause and manner of death to be established.

Even if it is well described that histopathology techniques can be used in the iden-
tification of the vitality of lesions in preserved tissue, the efficacy of these techniques in
putrefied tissue is not demonstrated. In the present study, H&E investigation was not
reliable in cases numbered 1, 2, 4, and 5: Considering that the corpses were recovered in
the 5th stage of human decomposition process, it was impossible to define the presence of
hemorrhagic infiltration. On the other hand, this technique was able to demonstrate the
presence of RBC in the tissues sampled from cases number 3 and 6 (early stage of human
decomposition process).

The immunohistochemical investigation was performed in all cases, showing inter-
esting results. Monoclonal antibodies against GPA resulted positive in all analyzed cases,
indicating the presence of RBC and demonstrating the vitality at the moment of the lesion.
Indeed, the results in the control case were negative.

The discussed data confirmed that the histopathological investigation should be
combined with the immunohistochemical examination: Indeed, evaluating the vitality of
an injury, immunohistochemical diagnosis can provide reliable information [23]. Mainly,
this study highlighted the importance of the GPA technique both on bones and on soft
tissue in order to collect information on RBC presence, collecting information about the
vitality of the lesion.

Bone fracture is described as a complete or incomplete disruption of bone tissue conti-
nuity: When it occurs during the life, the fracture triggers a regular tissue reaction [24–26].
Although fracture healing depends on the age of the individual and their nutritional status,
age does not play an important role once adulthood has been reached [27]. The histological
finding can demonstrate particular features in fractures following blast trauma [28]. Macro-
scopic morphological patterns of bone fracture are routinely used in forensic pathology
and anthropology to distinguish between ante-mortem, peri-mortem, and postmortem
injuries. Based on macroscopic and microscopic findings, it is possible to classify the
fracture, avoiding inaccuracy [29]. Indeed, even if the presence of erythrocytes does not
prove the vitality of the reaction, it could be used as a marker of bleeding to suggest another
confirmative investigation on the vitality of injuries.

According to this experimental study, the glycophorin analysis is very important in
corpses found in advanced decomposition state. Particularly, it could be very helpful
when there is no evidence of hemorrhagic infiltrations, both at macroscopical analysis and
histological investigation.

Even if in forensic pathology the use of the anti-GPA immunohistochemical staining
remains controversial, according to the presented results, this immunohistochemical tech-
nique can be considered very useful both on bone structures and on soft tissues, particularly
when the corpses have been found in an advanced state of decomposition. A negative
result suggests the absence of erythrocytes in the sampled tissue: This means that the lesion
could be related to post mortem trauma. On the contrary, a positive result can suggest the
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presence of erythrocytes in the tissue, ascertain that the lesion on bone and/or on soft tissue
has been generated by pre or perimortem trauma. In a recent study, it was described the
usability for forensic purposes of the immunochemical staining in corpses with different
conservation status [30], as confirmed by this study. In addition, the presented results are
in line with Taborelli at al.’s [5] research article on glycophorin A, as a good marker to
orient diagnosis of vitality thanks to the high resistance at different PMI. Moreover, this
study showed that this immunohistochemical investigation is able to keep its diagnostic
reliability in different types of tissue. Therefore, this methodological approach should
be routinely applied in corpses with advanced putrefaction phenomena, even when the
radiological investigation is performed, the macroscopic investigation is inconclusive, and
the H&E staining is not reliable. Agreeing with observation of Cappella et al. [31], this
study confirms that searching for bleeding or tissue reactions in fragmented bones or in
tissues with advanced taphonomy is useful to reach a diagnosis of ante-mortem or post-
mortem injury. Considering the statement of the same authors, we argue that simultaneous
application of histological and immuno-histochemical methods searching for inflammatory
markers and hemorrhaging joined with research of bone reaction activity is useful to reach
a sustainable diagnosis of vitality.

5. Conclusions

In conclusion, though certainly not conclusive, this experimental application demon-
strated that the use of monoclonal antibody anti-human GPA on bone fractures as well as
soft tissues could be important to verify whether the lesion is vital or not.
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Abstract: Phorate is a systemic organophosphorus pesticide (OP) that acts by inhibiting cholinesterases.
Recent studies have reported that long-term low/moderate exposure to OP could be correlated with
impaired cardiovascular and pulmonary function and other neurological effects. A 70-year-old
farmer died after an intention ingestion of a granular powder mixed with water. He was employed
on a farm for over 50 years producing fruit and vegetables, and for about 20 years, he had also
applied pesticides. In the last 15 years, he used phorate predominantly. The Phorate concentration
detected in gastric contents was 3.29 µg/mL. Chronic exposure to phorate is experimentally studied
by histopathological changes observed in the kidney. In the light of current literature, our case
confirms that there is an association between renal damage and chronic exposure to phorate in a
subject exposed for years to the pesticide. Autopsies and toxicological analyses play a key role in the
reconstruction of the dynamics, including the cause of the death.

Keywords: phorate; acute toxicity; chronic toxicity; histopathological kidney; toxicological examina-
tion

1. Introduction

Phorate (IUPAC name: O,O-diethyl S-[(ethylsulfanyl)methyl] phosphorodithioate;
CAS Number: 298-02-2) is a systemic organophosphorus pesticide (OP) that acts by inhibit-
ing cholinesterases, which are the enzymes involved in transmitting nerve impulses [1].
Phorate is highly toxic to birds, fish, and mammals (male rat oral LD50 for the metabolite
phorate oxon = 0.88 mg/kg) [2], and accidental human exposure, resulting in death in
some instances, has been reported [3].

The self-poisoning of organophosphorus pesticide is a major clinical and public health
problem across many rural regions. Some studies have highlighted higher suicide rates
among farmers than the general population [4–6]. Some reviews pointed out higher
suicide rates among farmers than any other occupational group in the United Kingdom
and in Australia [7–9]. In contrast, applicators in Italy had a lower rate of accidents and
suicide [10]. In fact, Parrón et al. [11] showed a suicide rate in certain areas of Spain
where there was greater use of phorate [12], and ecological and case studies suggested an
association between organophosphate pesticide (OP) use and suicide [13].

The Agricultural Health Study (AHS) is a large, prospective cohort study of private
pesticide applicators (mostly farmers), designed to study associations between cancer and
other chronic diseases and farm-related exposures [14]. Pesticides are associated with the
following cancer: lung cancer [15,16], pancreatic cancer [17], colon and rectal cancer [18,19]
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all lymphohematopoietic cancers [20] leukemia [21], Non-Hodgkin lymphoma [22], multi-
ple myeloma [23], bladder cancer [24] brain cancer and melanoma [25,26].

In humans, chronic exposure to phorate has been shown to cause a reduced acetyl-
cholinesterase (AChE) activity in both blood plasma and the brain [27]. Its mechanism of
action consists in the inhibition of AChE activity by phosphorylating the serine hydroxyl
group of the substrate-binding domain [28]. In cases where there is an accumulation
of acetylcholine (ACh), the “cholinergic syndrome” can develop, which causes an over-
stimulation of nicotinic, muscarinic, and central ACh receptors; at the level of the central
nervous system (CNS), this causes different effects such as headache, drowsiness, dizziness,
confusion, blurred vision, slurred speech, ataxia, coma, and convulsions, until there is a
block of the respiratory center [29–31]. Recent studies have highlighted that long-term
low/moderate exposure to OP could be correlated with impaired neurobehavioral function
or other neurological effects [32,33], while the studies have reported higher suicide rates
among farmers who used it than in the general population [34,35]. Other investigations
on the chronic toxicity of OP have shown kidney damage in animal models mediated by
several mechanisms such as damage to the cell membrane and proteins through oxidative
stress induced by the generation of free oxygen radicals, functional disturbances related
to plasma membrane injury, cellular DNA damage, and activation of apoptosis-related
p53 [35–43]. In the present study, we report a case of suicide carried out through the high
ingestion of phorate of an agricultural worker exposed to phorate, at low doses, for several
years. However, there is no evidence for an association between nephrotoxicity and chronic
long-term exposure to low levels of phorate exposure in humans in the literature. Through
this case report and a systematic review of animal and human models, this study aims to
correlate kidney damage with chronic exposure to pesticide and phorate in the subjects
exposed for years to the pesticide and dead after an intentional ingestion of phorate.

2. Materials and Methods
2.1. Case Description

A 70-year-old farmer was found disoriented and sweaty by his daughter. The man
had been drinking a granular powder mixed with water. She immediately alerted the
emergency services, but the man suddenly collapsed during transport to the emergency
department. Despite resuscitation maneuvers, he died. He had been a farmer for over
50 years producing fruit and vegetables, and for about 20 years, he had used phorate. In
the last nine years, he had used predominantly phorate twice/month, for 6–7 working
h/day from March to July. From his medical records, compiled by his family doctor, it
appears that the worker had had a history of depression for 10 years that had been treated
pharmacologically with a specialist prescription.

No ethical committee was required. Written informed consent was obtained from
the relatives.

2.2. Autopsy Findings

A complete autopsy was performed 48 h after death. External examination of the
body showed a robust physique (height 165 cm, weight 81 kg), with hypostasis on the
upper half of the body (head, neck, superior thorax, and upper limbs). The autopsy
revealed the heart with a regular shape, weight 470 g, and measured 12 × 9.5 × 6.8 cm; the
coronary arteries were healthy with a right dominance. The myocardium and the valvular
apparatus were normal. The analysis of the respiratory system was performed through
the removal of the heart-lung block. The larynx was edematous; the lung parenchyma
appeared increased in volume, heavy (left 430 g, right lung 500 g), the consistency was
emphysematous during palpation with congestion and petechiae. The esophagus walls had
a brownish coloration; the stomach contained 100 mL of brown liquid, which was sampled
(see Figure 1a). Organs taken during the autopsy showed evident signs of diffused visceral
congestion. The organ specimens were fixed in 10% buffered formalin and embedded in
paraffin. Microscopy with hematoxylin-eosin staining was performed: the brain showed
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intraparenchymal haemorrhages, perineuronal and perivasal oedema. The lungs displayed
subpleural and endoalveolar haemorrhages, massive endoalveolar edema, and scattered
bronchopneumonia outbreaks; there was an infiltrate of peribronchiolar lymphocytes and
neutrophils were detected in the lungs and laryngeal mucosa.
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Specimens of biological fluids (blood, urine, and gastric contents) taken during the
autopsy were frozen (−20 ◦C). Sections of tissue were set up with hematoxylin and eosin
for histological examination.

2.3. Poisoning

To determine what the subject had ingested, gastric contents were collected at the
time of autopsy and stored at −20 ◦C, and 1 mL of samples was analyzed, after liq-
uid/liquid extraction, by gas chromatography–mass spectrometry (GC–MS) analysis (sin-
gle quadrupole).

2.4. Chronic Exposure Assessment

In the absence of chronic pre-mortem exposure data, the subject’s kidney sections, after
H&E staining, were observed to detect the presence of damage due to chronic exposure to
phorate to verify if there had been an extended exposure during life.

2.5. Systematic Review

In accordance with the PRISMA statement a systematic review was performed [16].
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2.6. Literature Search

SCOPUS, Medline (using PubMed as the search engine), Embase, and Web of Sciences
databases were searched up to 30 September 2020 for the association of toxic phorate
exposure with suicide and histopathological kidney changes in humans as the primary
outcome.

MeSH was used with the following entry terms: “Phorate” AND “death”; “Phorate”
AND “suicide”; “Phorate” AND “kidney”. A search of the identified manuscripts was
then made for inclusion suitability in this systematic review, and the research papers of
significance were collected and reviewed.

2.7. Inclusion and Exclusion Criteria

The following criteria were used: (1) Studies that evaluated the correlation between
Phorate and death (suicide, kidney damage, animals and humans). The following exclusion
criteria were then used: (2) animal studies, (3) original articles in non-English language;
and (4) editorials, posters, abstracts.

For duplicate studies, the article with detailed information was included.

2.8. Quality Assessment and Data Extraction

Two reviewers, A.M. and C.L. processed articles independently. The title, abstract,
and full text of each potentially pertinent study was reviewed. Through the consultation
and debate of additional reviewer V.R., any divergence on the eligibility of the studies
was determined. The following information was extracted and organized from all suitable
papers: authors, year of publication, the nationality of subjects, and study characteristics.

2.9. Characteristics of Eligible Studies

After a search of the scientific literature by reviewers, a total of 15 documents
were collected.

Two were excluded after a subsequent review of the title and abstract, and 5 studies
were ruled out after a review of the manuscript. In conclusion, 8 studies satisfied totally
the inclusion criteria and were included in the systematic review. A flowchart depicting
the choice of studies is shown in Figure 2.
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A summary of the details of the included research papers is reported in Table 1.
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Table 1. Characteristics of eligible studies (animals and humans).

Reference Study Design Target Exposure Intervention/Outcome Main Findings

Khatiwada et al.,
2012 [3] case report

n.2 women:
(1) 30-year-old
(2) 80-year-old

acute

unintentional ingestion of
phorate granules
mistaken for food

(sesame seeds)

30-year-old woman dead on
arrival at the emergency
department; 80-year-old
woman survived after

resuscitation procedures.

Peter et al., 2008
[44] case report 30-year-old female acute

impulsively swallowed
50 mL of phorate after a

family dispute

survived after hospital
treatment.

Qi et al., 2017 [45] prospective,
observational

rats;
urine analysis Chronic

rats were given a
mixture of four op

pesticides (dimethoate,
acephate, dichlorvos, and

phorate) for 90 days.

Alteration of kidney
function, modification of

DNAwith alteration of the
metabolism of fatty acids,
energy and sex hormones,

antioxidant defense system.

Du et al., 2014 [46] prospective,
observational

rats;
the plasma was

analyzed
chronic

mixture of four op
pesticides (dimethoate,

acephate, dichlorvos, and
phorate) for 24 weeks

kidney damage of tubular
cell, granular and vascular

degeneration.

Sun et al., 2012 [47] prospective,
observational

rats;
metabonomics

evaluation of urine by
uplc-ms;

long-term
and low-level exposure

chronic

phorate daily in drinking
water at low doses of 0.05,
0.15 or 0.45 mg/kg body
weight (bw) for 24 weeks

consecutively

kidney damage: the levels of
creatinine (cr) and urea

nitrogen (bun) were
significantly elevated in the
high-dose group, indicating

kidney damage after
exposure to phorate.

Li et al., 2016 [48] prospective,
observational

rats;
the authors examined
the effect of quercetina

chronic

mixture of four
organophosphates

(dichlorvos, acephate,
dimethoate and phorate)

for 90 days

kidney damage:
histopathological

examination showed
extensive cell vacuolar

denaturation and
desquamation of the

epithelial lining of the
tubules; renal damage by

impairing the reabsorption
capacity of the proximal

tubules and by decreasing
glomerular filtration rate.

Mohssen 2001 [49] prospective,
observational rats chronic

subchronic inhalation of
the recommended field

dose of phorate
(20 kg/ha).

kidney damage: impairment
of glomerular function and

tubular damage with mild to
severe multifocal cloudy and

hydropic degeneration
(edema) with necrosis in

kidney tubules.

Saquib et al., 2012
[50]

prospective,
observational rats chronic

14 days of varying oral
doses of phorate of 0.046,

0.092 or 0.184 mg

kidney damage: infiltration
of leukocytes in the

bowman’s space with
dilated blood vessels, and

renal necrosis.

2.10. Outcomes of Eligible Studies

From the eight studies, only two were carried out on humans; both were case reports
of acute exposure.

Peter et al. [44] reported a case of a 30-year-old woman who, after a family dispute,
swallowed 50 mL of phorate. She survived after gastric lavage. Khatiwada et al. [3] reported
a case of a 30-year-old woman and her 80-year-old grandmother who unintentionally
ingested phorate granules mistaken for food (sesame seeds). The 30-year-old woman
was pronounced dead on arrival at the emergency department; the 80-year-old woman
survived after resuscitation procedures.

The other six studies were conducted on animals and related chronic exposure to
phorate. The experiments were conducted on rats that were given only phorate or with
other pesticides for a period from a minimum of 14 days to a maximum of 24 weeks
consecutively. Due to chronic exposure, these rats showed kidney and DNA damage.
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3. Results

In our case, phorate concentration detected in the gastric contents was 3.29 µg/mL
(see Figure 1b).

According to the macroscopic and microscopic findings, the cause of death was
attributed to respiratory failure with pulmonary dysfunction due to an acute cholinergic
crisis. The larynx was edematous; the lung parenchyma appeared increased in volume,
and the consistency was emphysematous during palpation. The esophagus walls had a
brownish coloration; the stomach contained 100 mL of brown liquid, which was sampled.
Histological examination of the lungs revealed a generalized stasis; it was observed that
inside the lungs, the alveolar spaces were occupied by an eosinophilic proteinaceous
material and some hemosiderin-laden macrophages associated with passive congestion.
The use of a higher power microscope allowed us to see intra-alveolar edema and alveolar
capillaries’ engorgement.

The glomerulus exhibited hypercellularity (see Figure 3a). At certain places, leucocytic
infiltration was noticed. There was a deposition of eosin-positive material between the
tubules and degenerating tubules (see Figure 3b). A shrunken of the glomeruli were seen
in some areas. Thus more spaces between Bowman’s capsule and the glomerulus were
displayed (see Figure 3c). There was increased cellularity in the glomerulus (see Figure 3d),
tightly filling Bowman’s capsule, and dilated tubules were seen with the separation of
epithelial cells from the underlying basement membrane. The proximal and distal tubules
showed hypertrophy of epithelial cells with obliterated lumina.
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4. Discussion

In the case reported here, death followed fatal oral ingestion of phorate by a farmer
who had used phorate for about 20 years. He had used predominantly phorate twice per
month for 6–7 working h/day from March to July in the last nine years.

In the literature, there were never described fatal cases of accidental ingestion of
phorate. It was described a case after unintentional ingestion of phorate by a 30-year-old
woman in the literature. The woman confused phorate granules for sesame seeds, she
mixed it with pickle and rice and consumed it. She was taken to the hospital and, after
resuscitation, was transferred to the intensive care unit. She was extubated on the 17th day
and discharged on the 23rd day [3].

In another case report a 28-year-old woman, in India, after quarrelling with her family,
impulsively swallowed 50 mL of phorate. Immediately she lost consciousness and was
taken to hospital arriving about nine hours after her suicide attempt. After five days of
deep coma, the patient started to recover and was fully conscious by day 15 [44].

The reason behind the elevated risk of mood disorder in farming populations is unclear.
The neurotoxic effects of high-level acute poisoning are well known and involve inhibition
of the enzyme AChE, provoking changes in peripheral, autonomic, and CNS function
resulting in a group of physical, cognitive, and psychiatric symptoms. Nevertheless,
organophosphorus pesticide (OP) disrupts many other neurotransmitters, and some of
these are entailed in mood regulation, such as serotonin. This could clarify the connection
between pesticide exposure and mood disorders seen in earlier studies [39,40].

Compared to other occupational groups was reported that workers exposed to OP
had a high incidence of depression and anxiety [32,33], but, to the best of our knowledge,
our case is the first in which phorate was ingested intentionally.

Deaths from acute OP intoxication usually result from the depression of the CNS
respiratory system and respiratory failure caused by a combination of bronchoconstriction
and excessive respiratory secretions [41,42].

Chronic renal failure is one of the problems manifested in clinical follow-up of the
patients and causes an increase in OP intoxication mortality [43]. In this specific case, after
the exposition for several years to phorate, the patient developed depressive disorders,
and the postmortem histological findings showed chronic kidney damage.

A significant number of studies demonstrated that phorate induces structural DNA
modification with cellular damage in cultured human and animal cells [50,51]. The pro-
duction of reactive oxygen species (ROS) in the vicinity of the protein molecule and the
strong binding of phorate to the proteins induce the protein damage [52]. Several studies
confirmed the ROS generating capability of phorate both extracellularly and intracellularly,
with mitochondrial damage. In fact, the production of ROS induced mitochondrial damage,
which suggests phorate toxicity in exposed cells [53,54]. Damage to lysosomal membranes
is known to release lysosome protease into intracellular spaces, affecting neighboring cells,
and triggers cell death due to necrosis [55].

These structural cell alterations have been highlighted in the kidney, a target organ of
phorate as highlighted both in animal and human studies. In general acute renal failure is
due to the oxidative stress, where OP directly damages renal tubules and renal parenchyma,
and to the myoglobinuria caused by muscle fasciculation [56–58].

Chronic exposure to phorate is experimentally studied by histopathological changes
observed in the proximal renal tubules; similar changes were observed in experiments
conducted on animal and human models [33,34].

Qi et al. [46] investigated the protective effect of quercetin against the combined toxic
action induced by the mixture of four organophosphate pesticides (dimethoate, acephate,
dichlorvos, and phorate) given to the rats for 90 days, using metabonomics detected in rat
urine. The authors showed the toxicity induced by chronic exposure to low-level mixture
of OPs on the metabolism of fatty acids, energy and sex hormones, antioxidant defense
system, DNA damage, and kidney function.
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In a very similar study, Du et al. [46] in the plasma rats carried out a metabolomic
analysis of the combined toxic action of long-term low-level exposure to a mixture of four
organophosphate pesticides (dichlorvos, dimethoate, acephate, and Phorate) given for
24 weeks. The results highlighted that the mixture of OP pesticides induced oxidative
stress, renal dysfunction, disturbed the metabolism of lipids and amino acids, and the
thyroid gland. Observational histopathological changes in the kidney are marked by renal
tubular epithelial cell swelling and granular degeneration, which were observed in the
low-dose group 12 weeks after treatment.

Histopathological changes in the kidney were seen in the high- and middle-dose
groups than those in the low-dose group 12 weeks after treatment. The main characteristic
findings were the renal tubular epithelial cell swelling, granular degeneration, and vacuolar
degeneration.

The same study was carried out by Sun et al. [47], analyzing the urine of rats investi-
gating the toxic effect of long-term and low-level exposure to phorate using a metabolomics
approach ultra-performance liquid chromatography-mass spectrometry (UPLC-MS). Male
Wistar rats were administered low doses of 0.05, 0.15, or 0.45 mg/kg body weight (BW)
phorate daily through water for 24 weeks consecutively. The levels of creatinine (CR) and
urea nitrogen (BUN) were significantly elevated in the high-dose group, indicating kidney
damage after exposure to phorate.

Li et al. [48] examined the effect of quercetin against a mixture of four organophos-
phates (dichlorvos, acephate, dimethoate, and phorate) inducing nephrotoxicity in rats,
given for 90 days. Similar to the previous studies, the histopathological examination per-
formed on the kidney sections (H&E method) showed extensive cell vacuolar denaturation
and desquamation of the epithelial lining of the tubules, renal damage by impairing the
reabsorption capacity of the proximal tubules, and by decreasing glomerular filtration rate.

Mohssen [49], in his study, evaluated biochemical (serum creatinine) and histopatho-
logical kidney alterations in male Swiss albino mice, Mus musculus, caused by subchronic
inhalation of the recommended field dose of Phorate (20 kg/ha). In particular, from the
second to twelfth week of exposure, the kidney, in the cortical tubules, showed at the
beginning widespread cloudy degeneration, with a few foci of hydropic degeneration until
the blockage of the lumen by necrotic cells. In the interstitial spaces, red blood cells and
macrophages were present in the first weeks, with an increase of the chronic inflammatory
infiltrate associated with foci of hemorrhage in the cortex. Kidney damage is caused by
the ability of phorate to induce inflammation-inducing the formation of reactive oxygen,
damage to the mitochondria, damage to the cell membrane and proteins, including en-
zymes, which finally result in loss of membrane fluidity and function. These alterations
are associated with an early injury to cellular membranes after exposure to different toxins
that induce plasma membrane injury disturbances.

Moreover, phorate exhibits cellular DNA damage and activation of apoptosis-related
p53, caspase 3 and 9 genes, inducing the generation of intracellular ROS that induce
reduced activities of the antioxidant enzymes catalase (CAT), glutathione (GSH) and lipid
peroxidation (LPO), which were observed in the kidney of rats exposed to phorate [36].
Male Wistar rats exposed to phorate at varying oral doses of 0.046, 0.092, or 0.184 mg
phorate/kg BW for 14 days showed, after histological investigations of tissues, changes in
kidney function such as renal blood flow, concentrating substances, and biotransformation
of the parent compounds make this tissue sensitive to a variety of toxins. The greater
Bowman’s space showed with infiltration of renal parenchyma by inflammatory leukocytes,
dilated blood vessels, and renal necrosis; similar results were shown by Mohssen [49].

5. Conclusions

Through this case and the data reported in the literature, the authors want to point out
that: (a) the use of OP and phorate should be limited in time because increases symptoms
of psychological distress, including suicidal thoughts; (b) the OP, particularly after the
prolonged exposition, have a toxic effect on the kidney that is histologically notable; (c)
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in this case, the cause of death was attributed to respiratory failure with pulmonary dys-
function due to an acute cholinergic crisis; (d) phorate induces DNA structural alterations
and cellular damage in cultured human cells and in animal cells determining qualitative
changes in tissues in the kidney.

Moreover, since there are, to date, few reports of similar deaths, our report provides
useful information regarding this particular kind of death. All aspects of the forensic death
investigation triad -investigation (history), pathology, and laboratory results—are essential
and must be evaluated in context with one another. In this regard, the toxicological inves-
tigation was decisive, allowing us to identify the stomach’s substance and was analyzed
after liquid/liquid extraction by GC–MS analysis (single quadrupole).

Since extremely hazardous neurotoxic pesticides are still ordinally used in developing
countries, further research on mental health is crucial to make an important preventive
action by governmental and international bodies.
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Abstract: (1) Background: All deaths that occurred in a hospital of Southern Italy (“San Giuseppe
Moscati” Hospital of Avellino) with medium jurisdiction (up to 425,000 citizens approximately)
in the period from 9 March to 4 May 2020 were analyzed. The primary endpoint of the study
was to analyze the causes of death in the period study. Secondary endpoints included: (1) the
assessment of overall mortality in the emergency period compared with the same period of the
past years (2018–2019) in the jurisdiction area; (2) the assessment of the amounts of deaths with
positive and negative reverse transcription-polymerase chain reaction (RT-PCR) of nasopharyngeal
and oropharyngeal swabs; (3) the frequency of clinical and radiological features consistent with
Covid-19 infection in negative RT-PCR cases. (2) Methods: Patients’ information and laboratory data
were collected through the computerized medical record system (My Hospital, Italy) used for the
clinical management of all referring patients. Epidemiological, clinical, and radiological data were
reviewed along with the results of nasopharyngeal and oropharyngeal swabs. (3) Results: From
9 March to 4 May 2020, 140 deaths (87 males, 53 females) from all causes occurred in total at “San
Giuseppe Moscati” Hospital, of which 32 deaths were Covid-19 related. (4) Conclusions: The excess
of mortality could be higher than the one reported in the official epidemiological surveys. False
negative cases can have a distorting effect on the assessment of the real mortality rate and the excess
mortality. Furthermore, many who died from Covid-19 were likely never tested or they had false
negative RT-PCR results. Other victims probably died from causes indirectly related to Covid-19.

Keywords: COVID-19; mortality; RT-PCR; chest computed tomography

1. Background

COVID-19 (coronavirus disease) is still a global health emergency [1,2]. It is a pneumo-
nia caused by a novel enveloped RNA betacoronavirus [3] that has currently been named
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [4]. This infection is charac-
terized most frequently by fever, dry cough, and dyspnea [5–8]. The symptoms of Covid-19
infection commonly appear after an incubation period of approximately 5.2 days [9]. How-
ever, the asymptomatic transmission is considered the Achilles’ heel of current strategies
to control the infection [10].

Actually, it is still extremely difficult to estimate the total number of infected peo-
ple, because asymptomatic patients with very mild symptoms might not be tested and,
therefore, not identified [11]. In fact, the gold standard for the diagnosis of Covid-19 is
by reverse transcription-polymerase chain reaction (RT-PCR) [12], but delay in the results
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can occur because of variability in the swabs processing [13]. The total positive rate of
RT-PCR for throat swab samples amounts to about 30% to 60% at initial evaluation due
to the limitations of sample collections and transportation and kit performance [12,14].
Therefore, negative nasopharyngeal and oropharyngeal swab does not rule out Covid-19
infection [15].

The chest computed tomography (CT) can have a relevant role in cases with negative
swabs. Chest CT scan shows peculiar features in almost all Covid-19 patients, including
ground-glass opacities (GGOs), multifocal patchy consolidation, and/or interstitial changes
with a peripheral distribution [16]. Chest radiological pattern was found to be useful in
confirming the Covid-19 diagnosis [17,18]. However, atypical or negative chest CT findings
do not exclude a Covid-19 infection, especially in the first three days, just because chest
imaging may also lead to both false-negative and false-positive results [19].

The purpose of this research study is to analyze all deaths that occurred in a hospital
of Southern Italy (“San Giuseppe Moscati” Hospital of Avellino) with medium jurisdiction
(up to 425,000 citizens, approximately) in the period from 9 March 2020 to 4 May 2020.
This is the period of pandemic lockdown in Italy during which the government imposed a
national quarantine, restricting the movement of the population except for necessity, work,
and health circumstances.

Avellino is located in the Campania region that was less affected by Covid-19 com-
pared with Lombardy region in Northern Italy [20]. However, the real amount of deaths
Covid-19 related could be even higher due to doubts raised about the magnitude of the
infectious disease on our small community. Although, at the beginning of May, the Campa-
nia region comprised 1.25% of all Covid-19 related deaths (336 out of 29,079 in total), the
Italian National Institute of Statistics (ISTAT) reports an excess mortality from coronavirus
pandemic of 26,350 deaths in March and 16,283 in April all over the country [21]. These
deaths are those above the average number of deaths that occurred in the previous years
from 2015 to 2019 in Italy. The excess mortality was mostly due to males in the age range
of 60–69 years (95%) followed soon after by those in the age range of 70–79 years (80%)
and in the age range of 80–89 (57%). According to the ISTAT report [21], in Italy, the excess
mortality from Covid-19 was approximately of 49.4% in March, 36.6% in April, and 3.9% in
May for territories with high risk of infection. The excess mortality of Southern Italy was
of 5.5% in March and 4.0% in April, which is relatively low if compared with the excess
mortality of Northern Italy (96.4% in March, 71.7% in April and 3.2% in May).

Secondary endpoints of the study are: (1) the assessment of overall mortality in the
emergency period compared with the same period of the past years (2018–2019) in the
jurisdiction area; (2) the assessment of the amounts of deaths with positive and negative
RT-PCR of nasopharyngeal and oropharyngeal swabs; (3) the frequency of clinical and
radiological features consistent with Covid-19 infection in negative RT-PCR cases.

2. Materials and Methods
2.1. Subjects and Subgroup Formation

From 9 March 2020 to 4 May 2020, 140 deaths (87 males, 53 females) from all causes
occurred in total at “San Giuseppe Moscati” Hospital, a 572-bed hospital located in Avellino
(Italy). Patients’ information and laboratory data were collected through the computerized
medical record system (My Hospital, Italy) used for the clinical management of all referring
patients. Epidemiological, clinical, and radiological data were reviewed along with the
results of nasopharyngeal and oropharyngeal swabs. The number of deaths at the “San
Giuseppe Moscati” Hospital has been compared with the overall mortality occurred in the
past years 2018–2019. No nosocomial outbreak of infection in the hospital was recorded
at the same time. Data collection and analysis were approved by the Medical Ethics
Committee of the “San Giuseppe Moscati” Hospital in accordance with international and
institutional ethics guidelines as well as Italian legislation dealing with data protection.
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2.2. Radiological Investigation

Image analysis was performed by one radiologist who was not aware of the RT-PCR
results. The epidemiological history and the clinical symptoms (fever and/or dry cough)
were the only data available for the radiologist. Radiological patterns of chest CT scan were
then classified as typical or atypical for Covid-19 according to international radiological
guidelines [13,22].

GGOs, particularly on peripheral and lower lobes, multifocal patchy consolidation, and
crazy paving, were considered typical Covid-19 radiological patterns [18]. Atypical CT find-
ings have included pleural or pericardial effusion, cavitation, and lymphadenopathies [23].

All CT images were obtained with CT systems (Siemens SOMATOM Sensation 16)
with patients in supine position. The main scanning parameters were as follows: tube
voltage, 100 kVp; automatic tube current modulation; tube current, 30–70 mAs; pitch,
0.99–1.22 mm; matrix, 5,123,512; slice thickness, 3 mm; and field of view, 350 mm 3350 mm.
All images were then reconstructed with a (16 slices) slice thickness of 0.625–1.250 mm
with the same increment.

2.3. Molecular Test

Among the 140 deaths, 108 nasopharyngeal and oropharyngeal swabs were carried
out in total. Most of the swabs were taken from patients admitted to the hospital, except in
9 cases, where the throat samples were collected soon after death and, in a single case, 24 h
after death. All the post mortem swabs gave negative RT-PCR results.

The RT-PCR assays were performed by using TaqMan One-Step RT-PCR Kits (Shang-
hai Huirui Biotechnology (Shanghai, China) or Shanghai BioGerm Medical Biotechnology
(Shanghai, China)), which have been approved for use by the China Food and Drug Ad-
ministration. The sensitivity of the RT-PCR diagnostic test has been reported to be 0.777
(95% CI: 0.715, 0.849), while the specificity was 0.988 (95% CI: 0.933, 1.000) with a conspic-
uous rate of false negative results, likely missing between 15% and 29% of patients with
Covid-19 [24].

Among the 108 throat swabs, 76 cases had negative RT-PCR for Covid-19 (study
group #1) and, in 32 deaths, RT-PCR were positive (study group #2). These 32 deaths were
considered to be cases suffering from Covid-19 because laboratory confirmation occurred
according to WHO criteria for the diagnosis of Covid-19 [2]. For the additional 32 deaths
out of 140 total, no swabs were performed, as the cause of death was something other than
Covid-19. These 32 deaths (study group #3) were excluded from the present survey, as the
cause of death was certainly something other than Covid-19. They were mostly natural
deaths due to diseases of the cardiovascular system (myocardial infarction, stroke, etc.) and
the nervous system (brain cancer, muscular dystrophy, etc.) and some traumatic deaths
due to traffic injuries, accidental falls, poisoning, etc.

Figure 1 reports the flow diagram depicting the study groups. Among the 76 cases
with negative RT-PCR results (sample study #1), 28 deaths (cohort #1.1) showed chest CT
features consistent with Covid-19 disease. In this cohort #1.1, the 10 post mortem swabs
are included. For 48 patients out of 76 (cohort #1.2), no chest CT was available.

2.4. Statistical Analysis

A statistical analysis was performed using the χ2 test to compare the typical CT
findings and the RT-PCR results in the study group. A p-value < 0.05 was considered
statistically significant.
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3. Results

In the national lockdown period, 32 deaths from coronavirus out of 53 occurred at the
“San Giuseppe Moscati” Hospital in Avellino (Italy).

In Figure 2, it is shown the excess mortality from Covid-19 in comparison with the
number of deaths reported in 2018 and 2019. According to the hospital register, the total
number of deaths reported in March and April 2020 was 66 and 68, respectively, against an
average of 34.5 cases that occurred at the same period in the previous years of 2018 and 2019.
Therefore, the excess mortality reported at the “San Giuseppe Moscati” Hospital of Avellino
was higher than the one observed in Campania but lower than that of the territories in the
Northern Italy at high risk of infection and mortality from coronavirus [21].

The present retrospective survey was performed on 140 fatal cases that occurred in
the “San Giuseppe Moscati” Hospital of Avellino from 9 March to 4 May 2020.

According to the International Classification of Disease (ICD-10), causes of death
involving the respiratory system were the most represented (61 cases out of 140) followed
soon after by those affecting the circulatory system (33 cases) and the nervous system
(13 cases). The distribution of causes of death is shown in Figure 3.

Victims were mostly males (87 out of 140 in total—62%) with an age range between
44 and 97 years old (mean age of 75 years, median age of 78 years). The cause of death in
patients with positive and negative RT-PCR results but associated with CT scan features
suggestive of Covid-19 (32 + 28 cases) was assessed as pneumonia in 60 cases out of
140 totally.

All 32 patients with positive RT-PCR (group #2) showed clinical and/or radiological
patterns consistent with Covid-19 disease and, therefore, these cases were confirmed as
Sars-CoV-2 related deaths. The main chest CT findings were represented by GGOs alone in
18 cases out of 32 (56%), multifocal patchy consolidations associated with GGOs in 4 deaths
(12%), and crazy paving associated with GGOs in 10 deaths (32%). Therefore, the GGOs
were found in all 32 victims (group #2). Most of these victims were males (25 out of 32)
with an age range between 55 and 94 (mean age of 75 years, median age of 73 years). All
the 32 victims (group #2) had comorbidity mostly represented by hypertension in 17 cases
out of 32 (53%) followed by cardiovascular diseases (12 patients out of 32—38%), chronic
obstructive pulmonary disease (COPD) in 9 cases (28%), and diabetes in 6 cases out of
32 (19%).
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Study group #1 (76 deaths with RT-PCR negative to Covid-19) was represented by
45 males and 31 females, with a mean age of 76 years (age distribution shown in Figure 4).
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Among these 76 negative cases, 28 deaths (cohort #1.1) presented clinical (fever, cough
or dyspnea) and radiological findings suggestive of Covid-19 (ground-glass, consolidation,
crazy paving), while in the remaining 48 deaths (cohort #1.2), no chest CT was available.
For all the 76 victims, the cause of death was assessed as something other than Covid-19,
although in most of the victims, severe diseases of respiratory and circulatory systems
occurred (58 out of 76). However, based on the negative results of the swabs, these diseases
were considered non-COVID-19 related.

The causes of deaths of 48 patients (cohort #1.2) with negative RT-PCR and no CT-
chest available nor clinical symptoms Covid-19 related were mainly due to diseases of
circulatory system (20 out of 48), respiratory system (10 out of 48), digestive system (2 out
of 48), neoplasms (7 out of 48), nervous system (1 out 48), infectious disease other than
coronavirus (3 out of 48), blunt trauma and other injuries (3 out of 48), and diseases of
genitourinary system (2 out of 48).

The retrospective survey of the 28 cases belonging to cohort #1.1 (deaths with negative
RT-PCR but with severe respiratory symptoms) raised initial doubts about the relationship
with Sars-CoV-2 mainly because of the typical imaging features of Covid-19 pneumonia
observed in chest CT. Therefore, a special focus has been performed on this cohort of
28 deaths (15 males, 13 females; median age 79 years, and age range between 65 and
87 years) with negative RT-PCR tests but with clinical and radiological imaging consistent
with Covid-19 infection. According to recommendations developed for cases with negative
RT-PCR but also suggestive clinical and radiological findings [13], second swabs were
taken in 18 patients out of 28 in total. They were collected mostly ante-mortem but also
post-mortem in 10 cases. All the RT-PCR results were again negative.

The main chest CT findings were represented by GGOs alone in 3 cases out of 28 (11%),
multifocal patchy consolidations associated with GGOs in 9 deaths (32%), and crazy paving
associated with GGOs in 16 deaths (57%). Therefore, GGOs were again the most common
radiological abnormalities found in all the 28 victims with negative RT-PCR (cohort #1.1),
although in 10 cases out of 28 in total (36%), they were associated with non-typical chest
CT findings such as pleural or pericardial effusion, cavitation, and lymphoadenopathies.
Statistically significant difference (p = 0.001, χ2 = 13.82, df = 2) was found in the comparison
between the RT-PCR results and typical findings (Table 1). Therefore, 18 cases out of 28 in
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total (64%) showing typical findings suggestive of Covid-19 could be potentially classified
as deaths from Sars-CoV2.

Table 1. Comparison between the reverse transcription-polymerase chain reaction (RT-PCR) results and typical CT findings. GGO:
ground-glass opacities.

RT-PCR Results GGOs GGOs + Crazy Paving GGOs + Multifocal Patchy
Consolidations p-Value

Positive RT-PCR,
n. 32 (53.3%) 18 (56%) 10 (32%) 4 (12%)

0.001
Negative RT-PCR,

n. 28 (46.7%) 3 (11%) 16 (57%) 9 (32%)

Total n. 60 (100%) 21 (35%) 26 (43.3%) 13 (21.7%)

Regarding the clinical findings that occurred among these 28 cases (cohort #1.1) with
negative RT-PCR, the most common symptom was dyspnea (64%). The average duration
of hospitalization was 8 days, and five patients (18%) were admitted to the intensive care
unit (ICU) and underwent invasive mechanical ventilation. All the victims had severe
comorbidity mostly represented by cardiovascular diseases in 15 out of 28 (54%), followed
by COPD in 10 cases out of 28 (35%) and hypertension and diabetes both in 9 cases out
of 28 (32%). The distribution of comorbidity among the 32 patients with positive RT-PCR
(study group #2) and the 28 victims with negative RT-PCR (cohort #1.1) is summarized in
Figure 5.
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4. Discussion

Case-fatality statistics in Italy are based on defining Covid-19 related deaths as those
that occurred in patients who test positive for SARS-Cov-2 via RT-PCR, independently from
preexisting diseases that may have caused death [25]. In our sample study, 32 deaths (study
group #1) out of 140 in total were assessed due to Covid-19 based on positive RT-PCR and
suggestive clinical and/or radiological findings. No causes of deaths other than Covid-19
occurred in this cohort of 32 Covid-19 deceased patients. The cause of death for 76 patients
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(study group #2) with negative RT-PCR was assessed as something other than Covid-19
and for 28 victims (cohort #1.1) who presented clinical and radiological findings consistent
with Covid-19 infection. They were considered deaths not Covid-19 related just because
they had negative RT-PCR results, even after a second swab taken in 18 patients out of 28
in total. The results of this retrospective survey suggest an underestimation of the effects of
the Covid-19 disease on the health of a medium community such as the Avellino’s one.

In this retrospective survey, the positive rate of RT-PCR assay was 30% (32 cases out
of 108 swabs in total), although previous studies performed on a large sample of patients
reported a greater sensibility ranging between 30 to 70% [12,14,26].

RT-PCR sensitivity depends mostly on the type of test and assay, the quality of
the throat swab, and the viral load [13]. RT-PCR testing can be influenced by sampling
operations, specimen source (upper or lower respiratory tract), sampling timing (different
period of disease development [14,27,28], and performance of detection kits [12]. Negative
results of nasopharyngeal and oropharyngeal swabs do not rule out Covid-19 disease for
sure [15]. It must be taken into account that swabs can also have insufficient stability and
relatively long processing time affecting RT-PCR results [12].

Therefore, false negative results of RT-PCR cannot be ignored. This could be the case
of the 28 victims with negative RT-PCR (cohort #1.1). Unfortunately, SARS-Cov-2 serology
was not currently available during the reference period of the first wave of the pandemic
outbreak. In fact, the serologic assays to detect antibodies against SARS-CoV-2 are of great
interest in cases of negative RT-PCR [29]. High levels of IgM and IgG can be detected from
the second week of symptom’s onset, since IgM can be positive from the fourth day and
IgG after 8 days. [30,31]. The accuracy of some serological tests is near 100% when samples
are taken 20 days after infection [31].

Due to the limitations of detection kits available, a Covid-19 disease for the 28 cases of
cohort #1.1 cannot be excluded, but the hypothesis that these deaths could be Covid-19
related is not evidence-based. According to literature [17,32], negative RT-PCR but typical
chest CT features can be highly suggestive of Covid-19, particularly in areas with high
prevalence of Covid-19. In fact, chest CT findings may be a more reliable, practical, and
rapid method to assess a Covid-19 disease [12] and could have a role especially in cases
with negative swabs. CT findings suggestive of Covid-19 were also observed in patients
with negative RT-PCR results along with specific clinical symptoms [12].

Small-scale studies have demonstrated that the current RT-PCR testing has limited
sensitivity [12], while chest CT may reveal pulmonary abnormalities consistent with Covid-
19 in patients with initial negative RT-PCR results [17,33,34].

According to international radiological guidelines [22], these radiological abnor-
malities are mostly represented by GGOs, particularly on peripheral and lower lobes
with/without crazy paving sign and multifocal patchy consolidation. They were found
to be a typical radiological pattern that could be used to diagnose Covid-19 infection in
patients with high clinical suspicion and negative initial RT-PCR [17,18]. CT abnormalities
suggesting Covid-19 infection have been observed in up to 29.4% of patients with initially
negative RT-PCR [26].

These radiological abnormalities are characterized by an increased lung opacity com-
monly found in Covid-19 related deaths, but they cannot be considered specific for Covid-
19, as they can be also associated with other viral and bacterial infections. Non-typical CT
findings have included pleural effusion, masses cavitation, and lymphadenopathies [23].
In fact, accumulation of pleural fluid is not a specific disease but the sign of underlying
pathology such as congestive failure, cancer, pulmonary embolism, and pneumonia due to
causes other than Covid-19 [35]. Pleural effusion can occur in Covid-19 related pneumonia
but it has been found to be uncommon in previous studies. It can be a possible radiological
finding observed with disease progression, reported in 3–4% of patients with Covid-19
pneumonia [36,37]. This is the reason why it has been classified as a non-typical CT find-
ing compared to GGOs and consolidation with peripheral distribution by international
radiological guidelines [13,22].
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In cohort #1.1, 18 cases out of 28 with negative RT-PCR showed typical CT findings
suggesting probable Covid-19 infection [18] compared to atypical CT findings for Covid-19
pneumonia observed in 10 cases. For these latter 10 cases, it is worth mentioning that
atypical chest CT findings do not exclude a Covid-19 infection, especially in the first three
days, just because chest imaging may also lead to both false-negative and false-positive
results [19].

According to the current state of the art, all the 28 patients with negative RT-PCR
(cohort #1.1) were classified to be suffering of pneumonia not COVID-19 related, although
clinical and radiological chest CT findings were suggestive for COVID-19 in 18 out 28 cases.
It is our opinion that diagnosis of COVID-19 cannot be excluded for these 18 victims
who tested negative for Covid-19. Serological platforms are actually very useful to reveal
infections based on the SARS-Cov-2-specific antibody responses, and they could be of help
for the Covid-19 diagnosis.

Therefore, the discrepancy between typical CT findings and RT-PCR results is not
new in literature [17,34,38], and it could be related to factors affecting the performance
of these investigations according to their sensitivity and timing of examinations [27].
Unfortunately, false-negative and false-positive results of RT-PCR and CT-scan can occur,
especially in the early stages of the disease, and they still need to be better identified
and investigated. In fact, RT-PCR allows the identification of the infection in the early
phase, even if there is a period of a few days, called the “window” period, where the
subject is negative [28,38]. False negative RT-PCR results can be related to inadequate viral
material (both quality and volume) at the time of specimen collection or technical issues
during nucleic acid extraction [28,34]. In a systematic review of 919 patients [39], CT scan
can also provide atypical findings, as the greatest severity of imaging has been reported
around 10 days after symptom onset in the early stage of the disease. Imaging features can
also vary depending on the disease stage during follow-up and timing of scanning, drug
interventions, immunity status, and patient’s age [17].

The novel coronavirus can be particularly harmful to people with pre-existing chronic
conditions, which are common, especially among the elderly. In fact, patients belonging to
cohort #1.1 had an age ranged between 65 to 87 years old with a median age of 79 years. A
similar median age (75 years) was found in patients with positive RT-PCR (study group #2)
with an age range between 55 and 94 years. Both study samples (group #2 and cohort #1.1)
showed severe comorbidity represented mostly by hypertension and other cardiovascular
diseases (chronic heart failure, dilatative cardiomyopathy secondary to myocardial infarc-
tion, atrial fibrillation, etc.), COPD, and diabetes. According to literature, these pre-existing
conditions are relatively common in Covid-19 related deaths, and they correlate with poor
clinical outcomes [4]. They may be serious risk factors for severe patients among which, in
particular, hypertension and other heart disease pathologies are usually found in elderly
population [40,41].

All causes of mortality can be interpreted as an approximation of the health status [20],
and the full implications of the COVID-19 pandemic will be understood when more
information on its pathogenesis and mechanisms of death is available. Due to the limited
information available, most issues related to the dynamics of the COVID-19 disease have
still significant uncertainties [42].

According to the definition for deaths due to COVID-19 provided by WHO in its
guidelines [43], “a death due to Covid-19 should be resulting from a clinically compatible
illness, in a probable or confirmed Covid-19 case, unless there is a clear alternative cause of
death not related to Covid-19”. Therefore, the cohort of 28 patients (cohort #1.1) suffering
of pneumonia but with inconclusive testing for SARS-Cov-2 could be considered at least
suspect cases, especially in cases with chest CT typical findings for COVID-19. Thus,
false negative multiple RT-PCR results can be diagnostically challenging [17]. It is our
suspect that Covid-19 mortality is currently underestimated due to the high rate of false
negatives in the population tested for Covid-19, the lack of sensitivity of RT-PCR specimens,
and factors affecting RT-PCR results (e.g., inappropriate sampling from upper or lower
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respiratory tract, inappropriate timing of sampling with a delay between administering
and processing the test, low performance of detection kits) [28]. It is also worth mentioning
that, in the early stage of disease, chest imaging can also provide atypical findings so that
international radiological guidelines from the Centers for Disease Control (CDC) [44], the
American College of Radiology (ACR) [45], and the British Society of Thoracic Imaging
(BSTI) [22] do not recommend CT scans to diagnose Covid-19.

5. Conclusions

This study has several limitations, including small samples size and the fact that
it focuses on deaths and not on all cases of Covid-19. However, according to literature,
doubts can be raised about the accuracy of confirmed case and death counts, indicating a
substantial underestimation of the magnitude of the burden of Covid-19 [20]. The excess
of mortality could be higher than the one reported in the official epidemiological surveys.
The true death rate from Covid-19 is strongly limited by the lack of reliable testing methods
and full knowledge of this disease [42]. False negative cases can have a distorting effect on
the assessment of real mortality rate and excess mortality. Furthermore, many who died
from Covid-19 were likely never tested or they had false negative RT-PCR results or false
negative chest imaging in the first three days. Other victims probably died from causes
indirectly related to Covid-19 [20] and in these cases, autopsy can represent a reliable tool
in the differential diagnosis [27].
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Abstract: Anabolic-androgenic steroids (AASs) are a large group of molecules including endoge-
nously produced androgens, such as testosterone, as well as synthetically manufactured derivatives.
AAS use is widespread due to their ability to improve muscle growth for aesthetic purposes and
athletes’ performance, minimizing androgenic effects. AAS use is very popular and 1–3% of US
inhabitants have been estimated to be AAS users. However, AASs have side effects, involving all
organs, tissues and body functions, especially long-term toxicity involving the cardiovascular system
and the reproductive system, thereby, their abuse is considered a public health issue. The aim of
the proposed review is to highlight the most recent evidence regarding the mechanisms of action
of AASs and their unwanted effects on organs and lifestyle, as well as suggesting that AAS misuse
and abuse lead to adverse effects in all body tissues and organs. Oxidative stress, apoptosis, and
protein synthesis alteration are common mechanisms involved in AAS-related damage in the whole
body. The cardiovascular system and the reproductive system are the most frequently involved
apparatuses. Epidemiology as well as the molecular and pathological mechanisms involved in the
neuropsychiatric side-effects of AAS abuse are still unclear, further research is needed in this field.
In addition, diagnostically reliable tests for AAS abuse should be standardized. In this regard, to
prevent the use of AASs, public health measures in all settings are crucial. These measures consist
of improved knowledge among healthcare workers, proper doping screening tests, educational
interventions, and updated legislation.

Keywords: AASs; anabolic androgenic steroids; organ damage; toxicity; injury; chronic administration

1. Introduction

Anabolic-androgenic steroids (AASs), commonly known as anabolic steroids, are a
large group of molecules including endogenously produced androgens, such as testos-
terone, as well as synthetically manufactured derivatives [1]. Testosterone, Nandrolone
Decanoate (ND), methandienone, and methenolol, are the most commonly abused an-
drogens [2]. AAS use is widespread due to their ability to improve muscle growth for
esthetic purposes and athletes’ performance, minimizing androgenic effects [3]. Indeed,
androgens are able to increase the size of muscle fibers as well as muscle strength, and
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while their use was initially restricted to professional bodybuilders, nowadays it has be-
come more popular among recreational athletes [4,5]. AAS anabolic properties have been
widely used for therapeutic purposes. Indeed, AASs had a role in the treatment of chronic
kidney disease and osteoporosis in postmenopausal women, as well as inoperable breast
cancer, and for diseases characterized by a negative nitrogen balance [2]. However, use
of AASs is forbidden by the World Anti-Doping Agency (WADA). However, AAS use is
still very popular and 1–3% of US inhabitants have been estimated to be AAS users [6].
Moreover, in younger subjects’ higher estimates have been reported [7,8]. However, AASs
have side effects involving all organs, tissues and body functions, especially long-term
toxicity involving the cardiovascular system and the reproductive system, therefore, their
abuse is considered a public health issue [9,10]. In this regard, an increased awareness is
needed among the population and healthcare workers, both for diagnostic, therapeutic
and prevention purposes. The aim of the proposed review is to highlight the state of the
art regarding the mechanisms of action of AASs and the adverse effects related to AAS
use/abuse.

2. Phisiology of AASs

The anabolic androgenic effects are related to the androgen receptor (AR)-signaling
action. Androgen receptors are widespread in human tissues and organs. There are three
main action mechanisms: (i) direct binding to androgen receptor; (ii) via dihydrotestos-
terone (DHT) produced by the action of 5- a-reductase, and (iii) via estrogen receptors by
means of estradiol produced by CYP19 aromatase. In particular, free testosterone is trans-
ported into target tissue cell cytoplasm; binding to the AR takes place either directly or after
conversion to 5αdihydrotestosterone (DHT) by the cytoplasmic enzyme 5-alpha reductase.
Into the cell nucleus, both free or bound, testosterone binds specific nucleotide sequences
of the chromosomal DNA. The produced DNA activate the transcription of specific respon-
sive genes, with significant influence on protein synthesis [11–13]. After dimerization the
complex binds to specific promoter areas of target genes called androgen response elements
(AREs), influencing the transcription process [14]. Furthermore, non-genomic pathways, by
interfering with the G-protein coupled receptor, a transmembrane receptor located inside
the cell, can lead to rapid steroid hormone activation [6,15]. In this regard, sex steroids
might influence thyroid function as a consequence of the expression of androgen receptors
in this tissue, leading to thyrocyte proliferation in culture independently from TSH [16].
The same mechanism has been described in other tissues [17].

3. Pathophysiology of AASs

The most relevant mechanisms that lead to the increase of AASs in circulation are:
administration of testosterone or its synthetic derivatives or administration of drugs that
raise endogenous testosterone production [11]. The mechanism of action of AASs in
supraphysiological doses is characterized by the impairment of testosterone biosynthesis
in tissues (Figure 1).

AASs exert their effects by activating androgen receptor (AR) signaling. Several parts
of the body are involved because of the presence of ARs in many tissues [12]. At normal
physiologic levels of testosterone androgen receptors are saturated and the AASs effects
may be a consequence of other mechanisms rather than androgen receptors activation.
High testosterone levels may have an antagonist effect on glucocorticoid receptors, leading
to inhibition of glucose synthesis and protein catabolism. Indeed, high dose AASs may
displace glucocorticoids from their receptors, decrease proteins breakdown in muscles,
leading to an increase in muscle mass and muscle strength [18]. The inhibition of gluco-
corticoid action is also due to the stimulation of growth hormone (GH) and insulin-like
growth factor (IGF)-1 axis. In this regard, AASs induce an androgen-mediated stimula-
tion of GH and the hepatic synthesis of IGF-1, leading to muscle proteins formation and
anabolic effects [5]. Moreover, testosterone is converted by aromatase action to estradiol
and estrone, influencing brain and sexual differentiation, bone and muscle mass increase,
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puberty and sexual functions. High doses of AASs exert an antiestrogenic effect due to
a down-regulation of androgen receptors and a competition with estrogens with their
receptors [18].Healthcare 2021, 9, x  3 of 22 

 

 

 
Figure 1. Mechanism of action of exogenous anabolic steroids: an anabolic steroid is transported into the target tissue cell 
cytoplasm where it can either bind the androgen receptor, or be reduced by the cytoplasmic enzyme 5-alpha reductase. 
The N-receptor complex undergoes a structural change that allows its translocation into the cell nucleus, where it directly 
binds to specific nucleotide sequences of the chromosomal DNA. The produced DNA interferes with the physiological 
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Figure 1. Mechanism of action of exogenous anabolic steroids: an anabolic steroid is transported
into the target tissue cell cytoplasm where it can either bind the androgen receptor, or be reduced by
the cytoplasmic enzyme 5-alpha reductase. The N-receptor complex undergoes a structural change
that allows its translocation into the cell nucleus, where it directly binds to specific nucleotide se-
quences of the chromosomal DNA. The produced DNA interferes with the physiological biosynthesis
of testosterone.

Thereby, AASs effects are the result of the amplification of testosterone and estrogens
physiologic consequences. Several experimental human studies showed the influence
of testosterone and AASs doses concentration on their effects. According to a double-
blind human study, low dose administration of methyltestosterone is considered 40 mg/d
and high dose is 240 mg/d [19]. In this study, 3 days’ administration of high doses of
methyltestosterone led to neuropsychiatric effects. Another study found psychological
effects after 14 weeks of 500 mg administration of testosterone cypionate for week [18].
Moreover, a recent study found that in a population of AASs users the weekly dose
assumption ranged 75–1550 mg/week [20].

Several studies have suggested an influence of AASs on oxidative stress [18–22]. AASs
may alter the function of mitochondrial respiratory chain complexes and mono-oxygenase
systems, thereby causing an imbalance between free radical production and their sub-
sequent amelioration [18]. A recent study conducted on Wistar rats treated with ND
demonstrated a disruption of the redox metabolism in the animals’ tissues through the
increase of reactive oxygen species (ROS) that may play a role in DNA damage [19]. In
this regard, the beneficial effect of physical activity in diminishing oxidative stress as a
consequence of the upregulation of antioxidant enzymes is well known. However, a role
of ND in physical activity-induced cardio-protection impairment has been demonstrated,
therefore AASs may play a role in cardiac ischemic injury mediated by oxidative stress [21].
Such data have also been confirmed in a human study that investigated the effects of a
supraphysiological administration of testosterone enanthate (500 mg) in healthy volunteers.
In this study an impairment of endothelial function as a consequence of the dysfunction
of antioxidative capacity following testosterone administration was demonstrated [22].
Furthermore, oxidative stress plays a leading role in AAS-mediated neurotoxicity: andro-
gens may be neuroprotective in cases of low levels of oxidative stress, however, they may
increase brain damage in cases of elevated oxidative stress [23].

AAS-related damage is also associated with apoptosis activation [23–26]. Indeed, it
was demonstrated that supraphysiological concentrations of AASs may induce neurotox-
icity by involving the apoptotic process and neurodegeneration [24]. Moreover, AASs
are responsible for excitotoxicity induced by N-methyl-d-aspartate (NMDA) in primary
cultures of mouse cortical cells [24]. A recent study suggested how AASs may induce
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apoptosis and oxidative stress in the rat brain because of the activation of the non-genomic
pathway and the elevation of the intracellular calcium concentration [25]. Another study
confirmed a role of apoptosis in AAS-related damage. Androgens may increase the expres-
sion of profibrotic cytokines such as TGF-b in mice kidneys, leading to the activation of the
apoptotic process and the promotion of focal segmental glomerulosclerosis. Moreover, en-
vironmental and inflammation stress can lead to proteotoxic damage and dysregulate heat
shock proteins [26]. In this regard, an activation of the extrinsic pathway of the apoptosis
in the vascular smooth muscle cells in rats treated with testosterone was observed [27].

AASs are characterized by the activation of protein synthesis. The supraphysiological
administration of ND decreased the fat mass and increased the protein mass in treated
Wistar rats due to amino acid uptake and protein synthesis amelioration [20]. A similar
mechanism was described in skeletal muscles: increased protein synthesis, a decrease
in protein breakdown, the elevated formation of new myotubes and myonuclei lead to
an increase in muscle mass and strength as well as an increased exercise capacity [21].
Moreover, testosterone has anti-inflammatory effects and improves insulin sensitivity
because of its capacity to reduce the expression of proinflammatory cytokines, such as
interleukin-1β, interleukin-6, and reduce the circulation of inflammatory cells [21].

Recent clinical and experimental studies proved that the increased activity of the
renin-angiotensin-aldosterone system (RAAS) plays a pivotal role in the pathogenesis of
cardiological diseases. The over-activation of the RAAS may lead to changes in the cardio-
vascular system observed in subjects taking AASs for doping purposes. The pathogenesis
of cardiological changes and many tragic cases resulting from AAS abuse could depend on
the strong stimulation of the RAAS and enforced effects by the tissue aldosterone action. A
raised level of aldosterone is considered to be related to the occurrence of cardiac illnesses,
independently of increased blood pressure. Lastly, the results of a study demonstrated that
the presence of AAS metabolites in urine may be a predictive factor of cardiac changes
in AAS abusers [27]. Oxidative stress, apoptosis, inflammation and changes in endocrine
homeostasis are responsible for multi-organ damage in AASs abusers. Although several
positive effects of AAS use had been described, supraphysiological doses and AASs abuse
and misuse may lead to serious consequences in all body tissues and organs (Figure 2).Healthcare 2021, 9, x  5 of 22 
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4. AAS Use and Adverse Effects

Several mechanisms are involved in AAS adverse effects and need to be better clarified.
AAS related effects involve several organs and systems, both in animals and humans. This
is possibly due to the widespread presence of AR in the body and to the impairment of
biosynthesis, transformation and degradation of endogenous steroids [28]. AASs bind to
a specific type of androgen receptor and by the time the receptors are saturated, AASs
in supraphysiological doses may lead to secondary effects [29–31]. However, side effects
associated with AAS use (i.e., under medical supervision) have to be differentiated from
those caused by abuse (i.e., consumption of many drugs at high doses; any nonmedical
use of these substances) [32]. Some athletes consume multiple drugs in addition to an-
abolic steroids such as alcohol, opioids, cocaine, marijuana, and gamma hydroxybutyrate,
some of which can interact adversely with AASs. Polydrug assumption makes it hard to
attribute the observed effects to a single drug. AAS effects are also related to sex, dose and
duration of administration. In this regard, most of the effects are observed after long-term
administration [33].

4.1. Autopsy Findings

As we mentioned before the prolonged misuse and abuse of AASs can lead to sev-
eral adverse effects, some of which may be even fatal especially the ones regarding the
cardiovascular system, such as sudden cardiac death and coronary artery disease [34,35].
A recent autopsy series described that cardiovascular disease was widespread in AAS-
related deaths [36]. Another series showed that all cases had the same findings: absence
of asymmetrical left ventricular hypertrophy, coronary atherosclerosis causing significant
luminal narrowing, pulmonary thromboembolism, coronary and endocavitary thrombi,
and inflammatory infiltrates. Furthermore, the histopathologic study showed myocardial
damage characterized by myocyte hypertrophy, focal myocyte damage with myofibrillar
loss, interstitial fibrosis, mostly at the subepicardial, and small vessel disease [37]. Another
study reviewed all the 19 AAS-related deaths cases presented in the literature, highlighting
that in all cases extracardiac causes were excluded, except for one case regarding venous
thromboembolism [35].

It was demonstrated that AASs increase the risk of premature death, especially among
subjects with other pathologies and/or psychiatric diseases [36]. A survey conducted in
21 gyms in Britain reported that 8% of respondents declared having taken AASs in their
life. Another study in the UK showed that 70% of the clientele in a health and fitness
community were AAS users [37].

The toxicological investigation executed mostly on urine samples but also on blood
and hair samples, by performing several screening tests and analytical methods, showed
the presence of AASs and/or their metabolites in urine specimens in 12 cases; in one case
nandrolone was detected in blood, while in another case stanozolol was detected in a
hair sample [35]. Another study showed that 35% of the users examined were found to
be positive for two or more AASs in connection with autopsy. Moreover, an association
between the use of AASs and other illicit drugs, such as cannabis, cocaine, amphetamines
or LSD, was observed. The combination of physical activity and prolonged/chronic or
previous misuse of AASs leads to a predisposition to different patterns of myocardial
injury and sudden cardiac death [35]. When performing an autopsy in a sudden death
case involving a young athlete, attention to the physical phenotype such as muscular
hypertrophy, striae in pectoral or biceps muscles, gynecomastia, testicular atrophy, and
acne is mandatory in order to suggest AAS abuse and perform a detailed examination
of the heart. Chemico-toxicological analysis is a crucial tool to assess the link between
sudden cardiac death and AAS abuse [38]. Autopsy plays a pivotal role in the study of AAS
adverse effects and organ damage related to their use/abuse. Moreover, autopsy studies
may provide useful information regarding the pathophysiology of the effects of AAS
long-term administration, therefore autopsy practice should be implemented in suspected
AASs-related deaths.
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4.2. Brain and Behavior

The neurotoxic action of AASs is associated with both membrane AR and G-protein
coupled receptors [39]. Furthermore, several studies highlighted the role of apoptosis
in determining brain damage [24,25,32,40,41]. Indeed, it was demonstrated that high
concentrations of methandienone and 17-a-methyltestosterone provoke detrimental effects
on neuron cell cultures expressing AR, inhibiting neurite network maintenance, leading
to cell death through apoptosis and cleavage of protective chaperone proteins, such as
Hsp90 [24].

A recent study suggested that miRNA dysregulation may be involved in the mech-
anisms that characterize AAS-related brain damage. In this study three groups were
investigated: “AAS” users, “Cocaine” abusers and “Aging” people. In this regard, miR-34
and miR-132 were considerably higher in the “AAS” group [42].

The presence of apoptosis in brain areas of rats treated with long-term administration
of nandrolone was suggested in a recent study. In this regard, a link between oxidative
stress and NF-Kb signaling was described, promoting brain injury in specific areas, such
as the hippocampus, striatum and frontal cortex [32]. Furthermore, it was found that
daily injections of stanozol in male adult rats for 28 days led to histopathologic changes in
the hippocampus by activating apoptotic and pre-apoptotic cells [40]. Moreover, another
study demonstrated that supraphysiological doses of AASs impair the beneficial effects of
physical activity on hippocampal cell proliferation and apoptotic signaling [41]. Endurance
exercise improves the redox system balance by stabilizing the mitochondrial membrane,
leading to a reduction of apoptotic effects of ND in neural cells [25].

Cognitive function may also be impaired by AAS abuse. Weightlifters exposed to
AASs had lower cognitive functions, such as motor and executive performance, compared
to nonexposed subjects [43]. According to a recent study that performed a neuroimaging
investigation of AAS users, smaller overall gray matter, cortical and putamen volume, and
thinner cortex in widespread regions in AAS users compared to non-using weightlifters
was observed [44]. Furthermore, another imaging study showed markedly increased
right amygdala volumes; markedly decreased right amygdala and reduced dACCgln/glu
and scyllo-inositol levels compared to nonusers [45]. Recent evidence, by administrating
neuropsychological tests to weightlifters both AAS users and nonusers, demonstrated a
cognitive disfunction due to long-term high AAS exposure [46]. In this regard, oxidative
stress and apoptosis due to AASs abuse may lead to neurodegeneration and dementia,
especially in long-term users, adolescents and young adults [47,48].

AASs in supraphysiological concentrations influence several central nervous system
functions, such as memory, aggressiveness, anxiety and depression, particularly in pre-
disposed individuals [48–52]. The underlying mechanisms involve neurotransmission by
affecting the synthesis and degradation of neurotransmitters, as well as neurotransmitter
metabolism [53]. In addition, an animal study suggested that long-term administration of
ND leads to anxiolytic behavior and memory impairment. [54,55]. Chronic administration
of high doses of AASs is related to anxiety-like behavior through the corticotrophin release
factor by enhancing GABAergic inhibitory effects from the central amygdala onto the
bed nucleus of the stria terminalis [56]. Moreover, chronic AAS administration changes
neurotransmitter expression involved in aggression control [57–59]. Lastly, AASs may
induce NMDA receptor phosphorylation in order to increase excitatory neurotransmission,
resulting in an increment of aggression [60]. In this regard, the orbitofrontal cortex may
play a role in the aggressiveness and violent behavior due to AAS consumption. Indeed,
the reduction of the orbitofrontal cortex observed in such cases may lead to the lack of
inhibitory control [50]. People who use AASs have a higher probability to be drug and
alcohol abusers [4,33,57]. Long-term research is needed to clarify the mechanisms and the
organic and social processes involved in neuropsychiatric effects of AAS abuse.
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4.3. Cardiovascular System

Notwithstanding the elevated morbidity and mortality, cardiac and metabolic conse-
quences of AAS abuse are still unclear [59–62]. Cardiac injury is the most frequent conse-
quence of the administration of exogenous steroids, due to its susceptibility to oxidative
stress and its important metabolic activity, compared with the remaining body tissues and
organs [63]. Chronic administration of high doses of AASs is responsible for the dysfunction
in tonic cardiac autonomic regulation. Indeed, an experimental study demonstrated that
rats treated with AASs were characterized by the impairment of parasympathetic cardiac
modulation, decreased high frequency power and heart rate variability [64]. Furthermore,
the inflammatory process may play a role in triggering cardiac injury in AAS abusers.
In fact, in a mouse model a strong cytokine reaction was observed in mice treated with
anabolic steroids compared to the control group, suggesting a role of TNF-α in determining
myocardial injury [65]. Moreover, it was demonstrated that after administration of anabolic
steroids treated animals lost the adaptive response of exercise-induced amelioration of
antioxidant activity [21,32,58]. AAS use in supraphysiological doses is associated with
abnormal plasma lipoproteins [59,66,67]. A human study including hypogonadal men
undergoing substitutive therapy with testosterone showed decreased plasma levels of high-
density lipoprotein (HDL) cholesterol [68]. Other studies found hyperomociysteinaemia
and increased low-density lipoprotein (LDL) cholesterol levels after long-term AAS ad-
ministration, underlining the promotion of atherogenesis of these substances [66–68]. An
increased sympathetic activity was observed after AAS administration [69]. Moreover,
high concentrations of AASs by activating ARs, cell membrane receptors and secondary
transmitters stimulate the renin-angiotensin-aldosteron system, leading to an increased
synthesis of heart muscle, left ventricular hypertrophy and hypertension [27]. AAS users
show higher left ventricular mass index, thicker left ventricular walls, more concentric
left geometry and myocardial mechanical dysfunction compared to non-users [70–72].
Long-term training associated with AAS administration reduce left ventricle relaxation
properties [73]. In this regard, the use of anabolic steroids is associated with the loss of the
beneficial effects on left ventricle function induced by exercise [74]. Arrhythmic events fol-
lowing long-term administration of AASs were reported [68,75–78]. Atrial fibrillation is the
most frequent event but ventricular arrhythmias and sudden cardiac death were described
in literature. Both human and animal studies showed an association between testosterone
administration and the impairment of cardiac repolarization [76–79]. Moreover, cardiac
hypertrophy induced by AASs plays an important role in electric and morphologic heart
disturbances [77]. AAS users are characterized by an increased volume of atherosclerotic
plaque [80]. In addition, 3% of AAS users had myocardial infarction as a consequence
of atherosclerotic disease [81]. The mechanisms involved in AAS-induced myocardial
infarction are the following: atherogenesis, thrombosis and vasospasm. Experimental
data showed that in animal treated with AASs there were increased thrombotic stimuli.
Furthermore, AAS abuse is related to endothelia dysfunction by impairing both endothelial-
dependent and endothelial-independent vasodilatation [62]. AAS abuse raises the risk of
life-threatening arrhythmias and sudden cardiac death. The hypothesized mechanisms are
pro-arrhythmic effects of AASs, induction of myocardial ischemia, structural changes and
repolarization impairment [78,79].

A recent study suggested that Doppler myocardial imaging is a useful tool to detect
subclinical left ventricular dysfunction in AAS athlete abusers [79]. New imaging tools,
such as magnetic resonance, may give fundamental information regarding myocardial
tissue in these cases [76]. Clinicians must be aware of the mechanisms involved in car-
diotoxicity, the pathological and clinical consequences, as well as the diagnostic tools to
highlight cardiac damage in AAS abusers, in order to consider AAS abuse in differential
diagnosis and undertake primary and secondary prevention in their patients.
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4.4. Liver

Hepatotoxicity is one of the most frequent side effects of AAS abuse [82,83]. AAS-
induced hepatotoxicity was hypothesized to be related to oxidative stress in hepatic cells.
Following AR receptor activation an increase in reactive oxygen species can be observed
due to the increase in mitochondrial b-oxidation. Moreover, antioxidant substances have a
protective role against hepatotoxicity mediated by AASs. It was also demonstrated that
androgenic potency and metabolic resistance are positively linked to the degree of liver
damage [82].

AAS-induced hepatotoxicity is influenced by genetic factors, and is related to the
infiltration of inflammatory cells in liver tissue, such as lymphocytes, neutrophils and
eosinophils [83,84]. Oxidative stress could have a role in determining liver damage con-
sequent to AAS abuse by activating androgen receptors that lead to mitochondrial de-
generation of hepatic cells [84]. A recent study evaluated the liver effects of 5 weeks of
administration of ND in rats. The results highlighted an increase of plasma levels of liver
necrosis markers, an increase in collagen deposition in liver parenchyma, portal space, and
the centrolobular vein [84]. The mechanism involved in collagen deposition could be the
increase in the number and in the activity of Kuppfer cells. In this regard, Kuppfer cell
activation leads to the production of many inflammatory cytokines such as TGF-b1, NF-Kb,
IL-1b, related to the liver fibrosis process [85,86].

Two of the most common liver consequences following supraphysiological doses of
AASs are peliosis and cholestasis. Peliosis is characterized by multiple blood-filled cavities
histologically characterized by the presence of scattered, small, blood-filled cystic spaces
throughout the liver parenchyma [83]. The mechanism involved could be the induction
of hyperplasia of the hepatocytes responsible for mechanical obstruction of hepatic veins
and the genesis of nodules and tumors [83–85]. In addition, animal studies demonstrated
that bile accumulation can be a consequence of the reduction of his transportation ability.
However, AAS-associated cholestasis is not characterized by the presence of necrosis and
inflammation. Inflammation and necrosis may lead to a regenerative signal in AAS-induced
hepatotoxicity [83,87]. A correlation between hepatocellular adenoma and androgen
steroid therapy was described in the literature and the risk of androgen-associated liver
tumor seems to be related to the dose and the potency of AAS administration [83,84].
Further studies are warranted to clarify the correlation between AASs administration and
hepatocellular proliferation, in order to undertake preventive measures.

4.5. Urinary System

Several studies highlighted that prolonged androgen exposure has a direct toxic
effect on kidneys, especially glomerular cells, causing accumulation of mesangial matrix,
podocyte depletion and structural adaptations [26,87–89]. In this regard, kidney tissues are
characterized by the expression of ARs. AR activation leads to cell growth and hypertrophy
in the kidney. A recent report suggested that ND exposure promotes hypertrophy in
proximal and distal convoluted tubules of mice kidneys [90]. Moreover, both testosterone
activity and direct ND action to AR may play a role in the genesis of kidney fibrosis after
long-term ND exposure [89].

Prolonged administration of ND in mice has been shown to cause dose-dependent
oxidative kidney stress and damage. Mice kidneys treated with ND exhibited increased
lipid peroxidation and decrease antioxidant enzyme activity, such as glutathione reductase
and glutathione peroxidase [87]. A recent study suggested a dose related oxidative stress in
mouse kidneys treated with prolonged doses of ND [87]. The authors observed an increase
in lipid peroxidation markers and an increase of pro-inflammatory and pro-apoptotic
markers such as IL-1B, Hsp90 and TNF associated with a decrease of antioxidant enzymes,
which could lead to secondary focal segmental glomeruloscelerosis [87].

Morphological changes were observed in mice treated with ND. Three months after
intramuscular injection of androgen, several histopathological alterations were detected:
glomerular atrophy and fragmentation, tubular wall rupture, vacuolar degeneration of
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the epithelium lining of the proximal convoluted tubules and blood hemorrhage between
the tubules, basal lamina thickening in distal convoluted tubules and tubes with only the
basal lamina, many hyaline cylinders, some areas of necrosis, eosinophilic cell cytoplasm,
which is a sign of chronicity and vascular congestion, were found in kidney samples [91].
As in other tissues and organs, oxidative stress, apoptosis and inflammation play a pivotal
role in urinary system damage. This information is fundamental for therapeutic and
prevention measures.

4.6. Muscoloskeletal System

Muscle mass seems to be influenced by AAS administration [30,92,93]. In fact, testos-
terone, by binding to AR, produces an increased production of IGF-1, a decreased expres-
sion of myostatin and the differentiation of pluripotent mesenchymal cells into a myogenic
lineage. These mechanisms are involved in an increase in protein synthesis, a decrease in
protein breakdown, the formation of new myotubes as well as the increase in myonuclei
number, thereby leading to the increase in muscle mass, strength and exercise capacity [94].

In addition, high concentrations of AASs can provoke serious skeletal muscles in-
juries [95]. An experimental study demonstrated that supraphysiological doses of AASs
induce a decrease in MMP-2 activity in the agonist jumping rat muscles [96]. It was
suggested that the vascular endothelial growth factor (VEGF) may play a role in the mech-
anism involved in skeletal exercise adaptation. VEGF expression was reduced in rats who
underwent ND administration and this is possibly related to MMP-2 activity dysfunction,
since MMPs are involved in the regulation of VEGF extracellular stores [97]. Moreover, the
decreased expression of VEGF may play a role in skeletal damage due to AASs, as a conse-
quence of poor remodeling and poor vascularization [97]. Nevertheless, AASs could also
be involved in tendon damage [98,99]. The morphology and the organization of collagen
fibers may be modified by physical activity. In this regard, AAS abuse also increases the
risk of tendon rupture, due to the increase of muscle mass, strength and the inability to
respond, especially during exercise [98]. It was demonstrated that ND increased tendon
remodeling despite decreases in MMP-2 activity in rat tendons [99]. However, AAS-related
MMP dysregulation still needs to be better clarified. Esthetic purposes, increase of muscle
mass and strength are one of the most frequent reason why young people and athletes are
AASs abusers. Information campaign and public health measures are needed to increase
the awareness in young population regarding muscoloskeletal side effects of AASs abuse.

4.7. Reproductive System

Androgens play a pivotal role in the development of male reproductive organs. They
are necessary for puberty and male sexual function. AAS administration leads to a negative
feedback on the hypothalamic-pituitary axis, altering the secretion of both FSH and LH,
causing infertility [5]. A recent study focused on Leydig cell cultures treated with ND,
demonstrating an impairment of testosterone production due to STARR and CYP17A1
expression interference in these cells [100].

Previous studies suggested that both current and past AAS users reported increased
frequency of morning erections, sexual thoughts, and satisfaction. However, several side
effects were observed such as erectile dysfunction, anorgasmia and premature ejaculation.
Nevertheless, recent findings support the hypothesis that increased frequency and duration
of high-dose AASs lead to sexual dysfunctions following discontinuation [101]. Prior AAS
use is frequent among young men with hypogonadism and this element needs to be taken
into consideration in the clinical evaluation of hypogonadism [102].

Animal histological studies of testes demonstrated spermatogenesis impairment with
lack of advanced spermatidis and decreased number of spermatidis due to AAS use [5,88].
An impairment of the blood-testis-barrier was also observed in CD1 mice treated with
ND, which may play a role in triggering the spermatogenesis alteration [103]. Moreover,
quantitative changes in number, diameter and thickness of seminiferous tubules were
detected in albino rats after AAS administration [104]. Apoptosis has been reported
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to play an important role in the regulation of germ cell populations in the adult testes.
The correlation between apoptosis and high AAS doses and exercises has recently been
experimentally assessed in animal models. Shokri et al. report a significant increase in
the rate of apoptosis of spermatogenic cells after nandrolone administration, an increase
clearly amplified by physical exercise [5].

According to the length of use of anabolic steroids and the period since the last drug
administration prior to the survey, changes in sperm parameters were observed in a study:
the percentages of motile sperm decreased among bodybuilders compared to healthy
volunteers. Moreover, in relation to these results even after prolonged use of extremely
high concentrations of anabolic steroids, sperm production can return to physiological rates
for bodybuilders who stop consumption of anabolic steroids for 4 months [5]. Furthermore,
some authors found alterations in sperm quantity, protamine, and DNA integrity in Wistar
rats that underwent exercise treated with high concentrations of ND. The incidence of
AASs in protamine and DNA fragmentation is a relevant issue in the study of male fertility,
given that these drugs are used in high doses as in the case of some athletes. In addition,
a direct relationship between irregular protamine expression and sperm count, motility,
morphology, or fertilization was reported [104].

According to recent data, 20% of patients who were being treated for symptomatic
hypogonadism had previously used AASs. Recognition of the specific details of the user’s
AAS exposure is crucial for their medical management. Management strategies for male
infertility secondary to AAS induced hypogonadism should focus on the underlying
hypogonadal state [105,106]. According to a recent study, chronic AAS abuse should be
considered when a muscular man presents with hypogonadism, onset of gynecomastia
or hirsutism.

4.8. Hematologic Consequences

Before the introduction of recombinant human erythropoietin, AASs were used in
the treatment of anemias, indeed, AASs are capable of increasing erythropoietin secretion.
Other AAS induced side effects are the increase of hematocrit and erythrocytosis [93]. AAS
abuse has been recurrently associated with an increased risk of thrombosis and is detrimen-
tal to cardiovascular health [107–109]. However, the association has primarily been based
on case reports. Increased LDL and decreased HDL are linked to an increased cardiovascu-
lar risk. Mild, but significant, increases in mean red blood cell, hematocrit, hemoglobin,
and white blood cell concentrations in 33 men were described after intramuscular testos-
terone enanthate, 200 mg every 3 or 4 weeks for 24 weeks [93]. The influence of AASs on
plasma concentration and function of coagulation factors depends on the substance and
the dose of the anabolic steroid [110]. In this regard, it was demonstrated that physiological
testosterone stimulates tissue plasminogen activator and tissue factor pathway inhibitor
and inhibits plasminogen activator inhibitor type 1 release in endothelial cells. The re-
lationship between AAS abuse and thrombosis has not been sufficiently clarified by the
current literature of which only a few reports concern actual thrombotic outcomes [11]. A
recent report suggested a possible correlation between AAS abuse and immunodeficiency
that may be related to a mimicking action of corticosteroid activity. Moreover, this report
suggested that AAS abuse should be investigated when an uncommon death occurs in
immunosuppressed patients [111,112].

4.9. AASs and Cancer

The biochemical mechanism of AASs is similar to that of testosterone. AASs bind
to DNA sequences and induce gene expression alterations. In a recent review regarding
androgen effects on cellular functions, it was stated that a combination among genetic and
epigenetic factors is the cause of toxicity, mutagenicity, genotoxicity and carcinogenicity of
sexual hormones [113]. However, AAS related genotoxicity still remains unclear. Epigenetic
molecular mechanisms, which lead to a genetic transcription control are: DNA methylation,
histone modifications and chromatin condensation [114]. DNA methylation inhibits the
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binding between transcriptional factors and their target sequences, both promoters and
introns, preventing transcriptional expression activation. Chromatin condensation also
regulates transcriptional expression [115,116]. Testosterone synthetic derivatives can be
metabolized, in adipose, cerebral and testicular tissues, to 17β-estradiol, a known poten-
tially mutagenic and carcinogenic steroid [113]. 17 beta-estradiol and its metabolites are
also considered inducers of cell proliferation. Furthermore, during their catabolism, AASs
reveal their oxidative role, increase reactive oxygen species (ROS) production, which are
highly unstable, easily lose hydrogen atoms, form covalent bonds with DNA bases or
sequences, and may induce genetic damage [113].

It has been suggested that the incidence of cancer in different tissues is strictly posi-
tively correlated to the number of stem cell divisions in the lifetime occurring in them [50].
On this basis, it can be hypothesized that the chronic administration of nandrolone, fa-
voring the persistence and viability of stem cells in different tissues, could represent a
preconditioning that, in addition to multiple hits, could enhance the risk of carcinogenesis
onset especially in stem cell-rich tissues such as the liver [117,118]. The side effects on the
natural synthesis of anabolic steroids play a potential role in hormonal changes/regulation
and it could be suspected to be at the base of certain carcinogenic mechanisms [113,119].
Furthermore, easily accessible and commonly diffused AASs, such as nandrolone and
stanozolol, have the potential role in the pathogenesis of cancer, such as Leydig cell tumor
through multiple process pathways [113]. Given that it was demonstrated a correlation
between AASs abuse and cancer, the prevention of its abuse and the information campaigns
in gyms and among young athletes are mandatory. In this regard, surveillance of long-term
abuser is warranted in order to perform at early diagnosis.

Adverse effects of anabolic steroid use are summarized in Table 1.

Table 1. Summary of adverse effects of anabolic steroid use.

Organ/System Author(s) Year of Publication Adverse Effects

Brain and Behavior Bertozzi, et al. 2019 ↓ orbitofrontal cortex; lack of inhibitory control.
Hauger, et al. 2019 ↓ memory, ↓ anxiety ↑ depression.

Joksimovic, et al. 2019 ↓ orbitofrontal cortex; lack of inhibitory control.

Karimooy, et al. 2019 Neurodegeneration; histopathologic changes
in hippocampus.

Bertozzi, et al. 2018 ↑ aggressiveness.

Bjørnebekk, et al. 2017
Lower cognitive functions, motor and executive

performance; ↓ gray matter, cortical and
putamen volume.

Bueno, et al. 2017 Neurodegeneration.

Turillazzi, et al. 2016 Neurodegeneration; hippocampus, striatum and
frontal cortex injury.

Joukar, et al. 2017 Neurodegeneration.
Kaufman, et al. 2015 ↑↑ right amygdala volume.

Piacentino, et al. 2015 ↓ memory, ↑ aggressiveness, ↓ anxiety
↑ depression.

Gomes, et al. 2014 Neurodegeneration.
Basile, et al. 2013 Neurodegeneration.

Kanayama, et al. 2013 Cognitive dysfunction.
Elfverson, et al. 2011 ↑ aggressiveness.

Melloni, Jr., et al. 2010 Anxiety-like behavior.
Kouvelas, et al. 2008 ↓ memory, ↓ anxiety.

Sato, et al. 2008 ↑ aggressiveness.

Rashid, et al. 2007 ↓ memory, ↑ aggressiveness, ↓ anxiety
↑ depression.

Henderson, et al. 2006 behavioral effects.
Cardiovascular system Marocolo, et al. 2018 Arrhythmic events; cardiac hypertrophy.

Rasmussen, et al. 2018 Hypertension; left ventricular hypertrophy.

Baggish, et al. 2017
↑ left ventricular mass index; ↑ left ventricular

walls; myocardial mechanical dysfunction.
myocardial infarction.

Seara, et al. 2017 ↑ left ventricular mass index; ↑ left ventricular
walls; myocardial mechanical dysfunction.
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Table 1. Cont.

Organ/System Author(s) Year of Publication Adverse Effects

Christou, et al. 2016 Abnormal plasma lipoproteins.
Esperón, et al. 2016 Atherosclerotic plaque.
Vasilaki, et al. 2016 Cardiac injury

Akçakoyun et al. 2014 Arrhythmic events.

Angell, et at. 2012 Arrhythmic events; impairment of
cardiac repolarization.

Golestani, et al. 2012 ↓ plasma levels of HDL cholesterol; ↑ LDL
cholesterol levels; arrhythmic events.

Chrostowski, et al. 2011 Increased synthesis of heart muscle, left
ventricular hypertrophy and hypertension.

Riezzo, et al. 2011 Hypertension; left ventricular hypertrophy;
pro-atherogenic effects; thrombosis.

Achar, et al. 2010 ↓ plasma levels of HDL cholesterol; ↑ LDL
cholesterol levels.

Alves, et al. 2010 Increased sympathetic activity.
D’Andrea, et al. 2007 Left ventricular dysfunction.

Phillis, et al. 2007 Arrhythmic events.
Chaves, et al. 2006 Oxidative stress.
Nottin, et al. 2006 ↓ left ventricle relaxation properties.

Pereira-Junior, et al. 2006 Impairment of parasympathetic cardiac
modulation; heart rate variability.

Liver Solimini, et al. 2017 Mitochondrial degeneration of hepatic cells.
Bond, et al. 2016 Hepatotoxicity.
Neri, et al. 2011 Hepatotoxicity.

Schwingel, et al. 2011 Liver fibrosis process.
Vieira, et al. 2008 Liver fibrosis process.

Urinary system Brasil, et al. 2015 Kidney fibrosis.

Riezzo, et al. 2014 Oxidative stress; Accumulation of
mesangial matrix.

D’Errico, et al. 2011 Accumulation of mesangial matrix.
Muscoloskeletal system Carson, et al. 2015 ↑ Muscle mass.

Marqueti, et al. 2011 Tendon damage.
Paschoal, et al. 2009 Skeletal muscles injuries.

Reproductive system Armstrong, et al. 2018 Sexual dysfunctions.
Barone, et al. 2017 Spermatogenesis alteration.
El Osta, et al. 2016 Infertility; ↓ number of spermatidis.

García-Manso, et al. 2016 Changes in number, diameter and thickness of
seminiferous tubules.

Pomara, et al. 2015 Impairment of testosterone production.
Rahnema, et al. 2014 Hypogonadism.
Coward, et al. 2013 Hypogonadism.

Hematologic consequences Chang, et al. 2018 ↑ Thrombosis.
Casavant, et al. 2007 ↑ hematocrit, ↑ erythrocytosis.

Abbreviations: ↑ increase; ↓ decrease.

5. Conclusions

This review suggests that AAS misuse and abuse lead to adverse effects in all body tis-
sues and organs. Oxidative stress, apoptosis, and protein synthesis alteration are common
mechanisms involved in AAS-related damage in the whole body. This review shows that
long-term administration of high doses of AASs may lead to serious consequences, such
as hypogonadism, cardiac impairment, neurodegeneration, coronary artery disease and
sudden cardiac death. The most reported long-term side effects affect the cardiovascular
system, such as cardiomyopathy and atherosclerotic disease. Hypogonadism is a frequent
finding in AAS abusers and need to be taken into consideration when AAS use is suspected
in order to undertake aggressive treatment [8,120].

Several experimental studies focused on the mechanisms involved in neuropsychiatric
effects of AASs. The pathways and the molecular processes are still unclear and need to
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be clarified [121–124]. In this regard, further studies are needed to assess the epidemi-
ology of antisocial behavior related to AAS assumption and the relationship with other
drug consumption.

Moreover, considering that most of the customers are young sportsman and that
most of these drugs are easily obtained online, AAS abuse is a considerable public health
issue [3].

Clinicians and family doctors should be aware of AAS adverse effects, in order to
investigate AAS use in high risk patients, especially in young athletes [121]. In this regard,
cardiac imaging may be a helpful tool to assess the presence of subclinical morphological
cardiac alterations in AAS abusers. In addition, recent studies reported that miRNAs may
play a role in multiple human diseases including AAS adverse effects, suggesting a possible
role of these markers in identifying serum or tissue biomarkers with anti-doping potential.
However, further studies are needed in this field, given that there is no reliable test to
diagnose AAS abuse.

Given the high mortality of atherosclerotic disease and AAS-induced cardiomyopathy,
as well as the risk of sudden cardiac death reported in the literature, primary and secondary
prevention are crucial in AAS users in order to avoid serious consequences. The scientific
community should intensify its efforts to assess the pathophysiology of behavior and
cognitive impairment due to long term AAS exposure. Moreover, evidence is urgently
required to support the development of a reliable diagnostic tool to identify precociously
AAS abuse as well as evidence-based therapy [57,125–131].

Information and education are fundamental tools for AAS misuse preventions. As
long as anabolic steroid misuse is popular among young athletes, information campaigns
regarding AASs and other doping agents should be encouraged in high schools. In this
regard, to prevent the use of AASs public health measures in all settings are crucial.
These measures consist of improved knowledge among healthcare workers, proper doping
screening tests, educational interventions, and updated legislation.

Although the use of AASs appears to increase the risk of premature death in various
categories of patients, further research about this problem is urgently needed [132–139].
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Abstract: Objective: The proportion of elderly individuals (≥65 years old) in Japan has markedly
increased. However, the definition of senility in Japan is controversial. The aim of the present
study was to investigate changes and variations in the number of deaths due to senility in Japan.
Methods: Information on the number of deaths due to senility between 1995 and 2018 as well as other
major causes of death was obtained from the Statistics Bureau of Japan official website. Changes
and variations in the number of deaths due to senility were compared with other major causes of
death in Japan. The relationships between the number of deaths due to senility and socioeconomic
factors were also examined in an ecological study. Results: The number of deaths due to senility was
35.7 ± 23.2/one hundred thousand people/year during the observation period and has continued to
increase. A change point was identified in 2004 by a Jointpoint regression analysis. Variations in the
number of deaths due to senility, which were evaluated by a coefficient of variation, were significantly
greater than those due to other major causes of death, i.e., malignant neoplasm, heart diseases,
cerebrovascular diseases, and pneumonia. The number of elderly individuals (≥65 years old) (%)
and medical bills per elderly subject (≥75 years old) correlated with the number of deaths due to
senility. Conclusion: The number of deaths due to senility has been increasing, particularly since 2004.
However, variations in the number of deaths due to senility were observed among all prefectures
in Japan.

Keywords: senility; Jointpoint analysis; coefficient of variation

1. Introduction

The proportion of elderly individuals (≥65 years old) in the total population of Japan has markedly
increased, with 28.1% being older than 65 years in 2018 [1]. Among 1,362,482 deaths recorded in 2018
in Japan, the five major causes of death were malignant neoplasm (27.4%), heart diseases (15.3%),
senility (8.0%), cerebrovascular diseases (7.9%), and pneumonia (6.9%) [2]. In turn, although older-age
mortality will increase as the population ages, deaths will start to level off as the population shrinks in
Japan, which is part of the demographic transition [3]. The number of deaths is expected to increase
for some time in Japan [1]. Therefore, appropriate strategies for maintaining the health of the elderly
are urgently needed.
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Senility was the third major cause of death in Japan in 2018. Senility is only in the cause of natural
death in the elderly when there is no other cause of death, and the death due to dementia is also defined
apart from senility from the view of forensic medicine in the Ministry of Health, Labor and Welfare,
Japan [4]. However, the definition of senility in Japan is controversial [5]. Esaki et al. [6] investigated the
cause of death in subjects older than 100 years who died based on pathological anatomy, and identified
relevant causes other than senile death in every case. Hawley [7] also reported the lack of senile deaths
using a pathological autopsy. Gessert et al. [8] examined causes of death from the death certificates of
26,415 individuals aged 70 years and older, and suggested that death certificates need to be modified
to facilitate the direct acknowledgment of age-related frailty as a contributing cause of death. In Japan,
death due to senility is diagnosed only in the case of death due to natural causes, where there is no
other cause of death in the elderly [4]. A study compared physicians with and without any experience
of diagnosing death due to senility and demonstrated that there was no difference between the groups
in terms of the average years of experience as a physician and years of experience in providing home
care [9]. This suggests that rather than the level of experience, the beliefs and perspectives of the
physicians engaged in terminal medical care have an impact on the number of death due to senility.
Although it is one of the major causes of death in Japan, limited information is currently available on
senility [10–13], particularly in recent years.

Therefore, in this study, we aimed to investigate the changes in the number of deaths due to
senility, and to compare variations in the number of deaths due to senility with other major causes of
death, i.e., malignant neoplasm, heart diseases, cerebrovascular diseases, and pneumonia in Japan.

2. Methods

2.1. Number of Deaths

Information on the number (/one hundred thousand people/year) of deaths due to the 5 major
causes, i.e., malignant neoplasm, heart diseases, cerebrovascular diseases, pneumonia, and senility,
between 1995 and 2018 (24 years) in 47 prefectures in Japan was obtained from the Statistics Bureau of
Japan official website [14] (Table 1, Figure 1).
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Figure 1. Changes in the number of deaths stratified by cause among all 47 prefectures in Japan.
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Table 1. Number of deaths stratified by cause among all 47 prefectures in Japan.

Mean ± SD Minimum Maximum

Number of Years 24

Malignant neoplasm 261.8 ± 28.9 211.6 300.7
Heart diseases 137.6 ± 19.0 110.8 167.6

Cerebrovascular diseases 100.8 ± 8.5 87.1 117.9
Pneumonia 81.2 ± 13.3 56.9 98.9

Senility 35.7 ± 23.2 16.7 88.2

Per 100,000 in 47 prefectures in every year for 24 years. SD: standard deviation.

2.2. Socioeconomic Factors

We also obtained information on socioeconomic factors, such as the number of elderly individuals
(≥65 years old) (%), the number of single-person households (%), household income (Japanese yen),
and medical bills per elderly subject (≥75 years old) (Japanese yen), which are considered to affect
senility, from an official Japanese governmental website [15]. All parameters, except for the number of
single-person households (%), were reported in 2016. The number of single-person households (%)
was reported in 2015, but was not surveyed in 2016.

2.3. Ethics

The number of deaths due to major causes and socioeconomic factors were obtained from an
official website. This study was approved by the ethical committee of Shikoku Gakuin University,
Zentsuji city, Kagawa prefecture, Japan (approval number: 2020002, approval date: 8 September 2020).

2.4. Statistical Analysis

The number of deaths due to major causes in Japan (per 100,000 in 47 prefectures in every year)
between 1995 and 2018 (24 years) were expressed as a mean ± standard deviation (SD). A trend analysis
of the number of deaths due to senility was conducted by the Jointpoint regression program, 4.8.0.1
(National Cancer Institute) [16,17]. To compare variations in the number of deaths due to senility
with other major causes of death in Japan, we calculated the coefficient of variation (CV: standard
deviation/mean) of 5 major causes of death each year between 1995 and 2018 in Japan, and compared CV
(among 47 prefectures for 24 years) using the Kruskal-Wallis test and Steel test [18]. We also examined
the relationship between the number of deaths due to senility and socioeconomic factors in Japan
using simple and multiple regression analyses, where p < 0.05 was significant. Correlation coefficient
and partial correlation coefficient were calculated. Statistical analyses were performed using JMP Pro
version 15 (SAS Institute Inc., Cary, NC, USA).

3. Results

Table 1 and Figure 1 show the number of deaths due to the five major causes between 1995 and
2018 in Japan. The total number of deaths due to malignant neoplasm was the highest among the five
major causes, followed by heart diseases, cerebrovascular diseases, pneumonia, and senility. However,
the number of deaths due to senility increased in recent years (Figure 1).

We investigated changes in the number of deaths due to senility by a Jointpoint regression analysis,
which revealed a change point (2004) that was followed by marked increases (Figure 2).
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Figure 2. Jointpoint analysis of the number of deaths due to senility.

We then examined variations in the number of deaths due to the five major causes in Japan using
CV (Table 2). The CV of senility was significantly higher than those of the other major causes during
the time period analyzed (1995–2018). In addition, a change point (2004) was identified by a Jointpoint
regression analysis. Therefore, we analyzed two periods (1995–2004 and 2005–2018), and found that
the CV of senility was also higher than those of other causes in 1995–2004 and 2005–2018.

To identify the factors affecting the number of deaths due to senility, we examined socioeconomic
factors, such as the number of elderly individuals (≥65 years old) (%), the number of single-person
households (%), household income (Japanese yen), and medical bills per elderly subject (≥75 years old)
(Japanese yen) in Japan, which are considered to be clinically important in 2016 (Table 3) in total,
for men and women. A simple regression analysis showed that the number of elderly individuals
(≥65 years old) (%), the number of single-person households (%), and medical bills per elderly
subject (≥75 years old) (Japanese yen) correlated with the number of deaths due to senility in both
sexes. Partial correlation coefficient between the number of deaths due to senility and the number
of elderly individuals (≥65 years old) (%) was 0.696 (p < 0.001), and between the number of deaths
due to senility and the medical bills per elderly subject (≥75 years old) (Japanese yen) was −0.512
(p = 0.001). In addition, we further analyzed this by using the number of deaths due to senility in
2017 and 2018. Correlation coefficient between the number of deaths due to senility and the number
of elderly individuals (≥65 years old) (%) was 0.642 (p < 0.001) in 2017 and 0.657 (p < 0.001) in 2018,
and correlation coefficient between the number of deaths due to senility and medical bills per elderly
subject (≥75 years old) (Japanese yen) was −0.453 (p = 0.001) in 2017 and −0.434 (p = 0.002) in 2018.

In a multiple regression analysis, we used the number of deaths due to senility as a dependent
variable and the number of elderly individuals (≥65 years old) (%), the number of single-person
households (%), and medical bills per elderly subject (≥75 years old) (Japanese yen) as independent
variables (Table 4). We found that the number of elderly individuals (≥65 years old) (%) and medical
bills per elderly subject (≥75 years old) (Japanese yen) were important factors affecting the number of
deaths due to senility in both sexes.
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4. Discussion

In the present study, we examined changes and variations in the number of deaths due to senility
in Japan. After 2004, the number of deaths due to senility significantly increased. The CV of the
number of deaths due to senility was the highest among the five major causes of death in Japan.

The number of deaths due to senility has decreased since the 1950s [14]. Death due to senility was
traditionally pronounced when there was no specific cause of death in the elderly, and was considered
to be affected by the level of medical care. After the 1950s, improvements in medical treatment reduced
the number of deaths due to senility. In the present study, the Jointpoint regression analysis revealed
that the number of deaths due to senility increased after 2004. The number of elderly individuals and
their mortality rate have both been increasing in Japan [2]. In the present study, simple and multiple
regression analyses identified the number of elderly individuals as an important factor affecting the
number of deaths due to senility. Collectively, the present results and previous findings indicate that
the number of deaths due to senility will continue to increase in Japan.

As previous studies showed that the deaths due to senility is controversial [5], in the present
study, the CV of senility was the highest among the five major causes, indicating variations in the
definition of death due to senility. However, the CV of senility in 2005–2018 was lower than that in
1995–2004. The fact that the CV decreases in 2005–2018 may be important, and it shows that there is
less variance in the more current data. Progression in diagnosis and better cause of death other than
senility might affect these results.

In the present study, simple and multiple regression analyses showed that medical bills per
elderly subject was one of the important factors affecting the number of deaths due to senility.
Hasegawa et al. [19] reported that the mortality rate in hospitals and number of hospital beds per
population were negatively associated with the number of deaths due to senility. Medical resources,
including medical bills per elderly subject, the mortality rate in hospitals, and the number of hospital
beds per population also appear to be associated with the number of deaths due to senility.

There were a number of potential limitations that need to be addressed. First, this was an ecological
study and individual data were not obtained. Second, spurious correlation as anything that relates to
an aging population may correlate with old-age mortality. Third, the socioeconomic factors examined
in the present study may not have been sufficient. Other factors may affect the number of deaths
due to senility. As Japan becomes a much older population, and as public health measures improve,
we will see people dying at much older ages. This is a success story. If we cure cancer, heart disease
and all other major causes of mortality, there will be an increase in mortality due to senility. Fourth,
there was a limited number of years and the danger of extrapolating observations from data from a
limited number of years. Validation studies are needed to confirm and extend our findings.

In conclusion, the number of deaths due to senility has increased and variations in senility were
noted among the 47 prefectures in aging Japan. The definition of senility needs to be constant and
detailed studies by using individual data are urgently required in the future.
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