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Introduction
Although forensic pathology is often associated with the 
examination of unnatural deaths such as homicides, suicides 
and accidents, forensic pathologists are routinely confronted 
with sudden death (SD) due to natural causes. These deaths 
occur in individuals who have either been completely well or 
diagnosed with apparently minor or stable illness. In other 
words, they are primarily characterised by a rapid and unex-
pected clinical deterioration, resulting in death.

Different classifications and authors set different limits 
for the time between onset of symptoms and death, leading 
to variability in frequencies and the ranking of underlying 
causes. For instance, the World Health Organisation (WHO) 
states that a clinical deterioration must be witnessed and 
must have occurred within 24 h of death (International Clas-
sification of Diseases (ICD-11). WHO, 2025). This definition 
however cannot apply to the large number of individuals in 
whom death occurred unwitnessed and in whom the time of 
onset of symptoms is unknown. The Council of Europe rec-
ommends that a medico-legal autopsy should be performed in 
any sudden unexpected death but does not provide a defini-
tion of what “sudden” or “unexpected” means [1].

Of all sudden natural deaths, most are due to cardiac 
disease [2]. Consequently, the definition of the European 

Society of Cardiology (ESC) for sudden cardiac death may be 
relevant. According to this definition, sudden cardiac death 
(SCD) is defined as an unexpected fatal event presumed to 
be of cardiac cause, occurring either within 1 h of symptom 
onset if witnessed, or within 24 h of last being seen alive if 
unwitnessed [3]. This definition is perhaps most relevant for 
forensic pathologists, since it also applies to unwitnessed 
deaths. The definition also explicitly includes cases in which 
the cause of death remains unknown after autopsy.

Although standardised definitions of SD are helpful for 
classification and research, it should be kept in mind that 
they have limited value when deciding whether an autopsy 
should be performed. For instance, the categorisation of an 
SD is heavily reliant on circumstantial information, which 
may be unavailable, incomplete, or inaccurate at the time 
of examination. Furthermore, too rigid adherence to a strict 
definition can exclude cases that would still benefit from 
an autopsy. This could result in a missed opportunity to 
determine the most precise cause of death and to address 
the likelihood of possible genetic implications. Without an 
autopsy, an unnatural contribution to death may also be  
missed [4].

Detailed and accurate data on the epidemiology of SCD 
are limited. One study that reviewed the global epidemiology 
of SCD found incidences ranging from 14.9 to 110.8 per 
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Abstract
Forensic and clinical pathologists are confronted daily with cases of sudden death (SD) due to natural causes, mainly cardiac disease. SD is often 
the first clinical manifestation of underlying cardiovascular disease in previously asymptomatic and assumed “healthy” individuals. International 
and national guidelines established in the fields of forensic and clinical medicine recommend that an autopsy should be performed in all cases 
of SD, particularly in young adults. Often, autopsy is the only way to diagnose sudden cardiac death (SCD) or confirm a suspected clinical 
diagnosis of fatal heart disease. Postmortem diagnosis is essential not only to determine the cause of death, but also to assess any medical 
and/or criminal/legal aspects when the death is linked to medical or police interventions. As many causes of SCD are genetic in origin and 
may affect the deceased’s relatives, a correct diagnosis is of paramount importance, as it could prevent premature deaths among relatives. In 
addition, autopsy is essential for a comprehensive assessment of disease progression, associated complications, and the effects of treatment. 
However, there are still major problems associated with autopsies of SCD. There is a lack of universally adopted examination standards, and 
there are major difficulties associated with distinguishing normal from abnormal autopsy findings, performing and interpreting postmortem 
genetic testing, and interpreting toxicological findings. Research in this field is also inherently limited. This article addresses these five major 
issues and proposes solutions to resolve them.
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disease. In addition, autopsy is pivotal to comprehensively 
assess disease progression, associated complications, and 
treatment effects [6].

Notwithstanding these contributions, there are still major 
gaps in knowledge and limitations associated with the 
postmortem examination of SCD, which hamper a further 
improvement of our understanding of these deaths. These 
issues are relevant for clinical and forensic pathologists alike, 
since both types of specialists may encounter SCD, and acute 
myocardial injury is an important element of the mechanism 
of death in both natural and unnatural deaths [6]. Addressing 
these gaps and limitations is a matter of priority. This paper 
discusses five such major issues and proposes ways to over-
come them. They are summarised in Table 1.

100 000 when all ages were included [5]. However, robust 
large-scale data are scarce, mainly due to inconsistent metho-
dologies across epidemiological studies and a general lack of 
data from low- and middle-income countries. Despite these 
limitations, it is well-acknowledged that in adults, SCD is 
a leading cause of SD, disproportionately affecting young 
adults, and consequently resulting in major economic and 
societal burden.

Over the past decades, the understanding of SCD has 
advanced greatly, leading to a substantial improvement in 
the medical management of many cardiac diseases, including 
ischaemic heart disease, inherited cardiomyopathies, and ion 
channelopathies. The autopsy of SCD has been critical to 
these efforts. Often, autopsy is the only way to diagnose SCD, 
or to confirm a clinically suspected diagnosis of fatal heart 

Table 1. Major gaps associated with the postmortem examination of SCD and possible solutions.

Issues Gaps and limitations Solutions

Definitions and standards

Definition of SD/SCD Develop a more inclusive definition for unwitnessed cases, 
e.g., death not reasonably expected when last seen alive

Lack of standardised protocols and expertise Standardised protocols—including recommended autopsy in 
SD in the young (<40 years)

Declining autopsy rates Standardised protocols and processes
Technical and sampling limitations In the absence of specialised examination protocols,  

standardised procedures for photography, sectioning,  
and sample collection should be implemented

Absence of autopsy, histopathological examination, 
toxicological and genetic analyses

Standardised protocols and processes

Lack of consistent forensic and cardiovascular training Global standards and training

Autopsy

Uncertain significance of autopsy findings (MINOCA, 
intramural small vessel disease coronary artery  
bridging, vasospasms)

Clear documentation in the autopsy report; second opinion 
for help in interpretation; ongoing research including clinical 
correlation (e.g., imaging and genetic findings)

Minimal or absent autopsy findings in the setting of 
chronic disease

Clinico-pathological correlation including family history

Metabolic and autoimmune diseases leading to  
heart disease

Standardised histopathology reporting for these cases with 
consideration of EM or other imaging modalities

Genetic analyses

Postmortem genetic test interpretation: weak 
genotype–phenotype correlations in SCD with normal 
heart (SADS); incomplete penetrance and variant 
expressivity in SCD with suspected inherited  
structural disease

Multidisciplinary team for variant interpretation to handle 
family members; cascade family screening

Postmortem genetic test feasibility; cost and resource 
inequity; need of consent; sample quality (DNA 
friendly); communication of the results to the physi-
cian and family

Standardised protocols and processes; uniform rules at 
national or international level

Toxicology

SD with low or recreational drug concentrations Autopsy, clinical and toxicological correlation; including 
radiology and genetic testing

Arrhythmic risk is increased by frequent co-ingestion 
with prescribed QT-prolonging medications, such as 
antipsychotics, antidepressants and methadone

Increased research into pharmacokinetic data postmortem 
redistribution, and interaction of drugs in cases of  
polypharmacy

Research

Lack of diagnostic ground truth Development and validation of new research methods (e.g., 
imaging, genetics, integration of artificial intelligence); 
multidisciplinary review of cases; prospective study designs

Difficulties with performing experimental research Prospective studies that incorporate validated antemortem 
data; multidisciplinary collaboration; for selected research 
questions: animal studies or cell-line research

Reliance on retrospective studies with small case 
numbers

Multicentre and multidisciplinary collaboration; regional 
referral centres for sudden cardiac death; emphasis on 
prospective and validation studies

Heterogeneity in research methods and reporting; 
limitations with data sharing

Standardised sampling and reporting protocols

Limited research training and workforce shortages Integrating research training in pathology training; protected 
research time for pathologists; collaborating with university 
hospitals and universities

Limited funding Explore possibilities for seed funding; collaborate with 
university hospitals and universities

MINOCA: myocardial infarction with non-obstructive coronary arteries; EM: electron microscopy; SADS: sudden arrhythmic death syndrome; SCD: sudden 
cardiac death; SD: sudden death.
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The lack of universally adopted examination 
standards
Gaps and limitations
Although autopsy is considered crucial to determine the 
cause of SCD, there has been a steady decline in autopsy rates 
worldwide since the 1960s. This is attributed to advances 
in other diagnostic methods, administrative and financial 
difficulties, changing socio-cultural perceptions, objections 
on religious grounds, and a reluctance to seek family consent 
due to legal concerns [7–10]. For autopsied cases, the quality 
and extent of the postmortem investigation vary considerably 
between different countries, jurisdictions, and institutions. To 
harmonise autopsy standards, the European Council of Legal 
and Forensic Medicine (ECLFM) has published collaborative 
papers on international standards [1, 11]. As early as 1994, 
this included the ECLFM document on Harmonisation of 
Medico-Legal Autopsy Rules, which proposed standardised 
procedures for forensic examinations and indicated that 
autopsy should be performed in all cases of sudden unex-
pected death, including SD in infancy. This was later adopted 
by the Council of Europe in 1999 in its Recommendation No. 
R (99) 3 of the Committee of Ministers to member states on 
the harmonisation of autopsy rules. Despite these recommen-
dations, current practices in investigations of SCDs still vary. 
The reasons for this are multifactorial, but include workforce 
shortages and budget pressures, inconsistent application 
of internationally recommended guidelines, and variable 
expertise in cardiovascular pathology [7, 12]. A survey 
performed by the Association for European Cardiovascular 
Pathology (AECVP) reported an autopsy rate of 40% among 
individuals under 50 years of age in Europe, but data were 
missing for many countries [7]. Another survey conducted by 
the European Heart Rhythm Association (EHRA) on autopsy 
practices for sudden and unexpected deaths showed that in 
2022, on average, autopsies were performed in 43% of cases 
among young people in Europe. The definition of “young” 
was heterogeneous, with “young” typically being defined 
as less than 30, 35, or 40 years of age, or between 5 and  
34 years of age [13]. A 2023 systematic review by Paratz  
et al. [14] found that the global autopsy rates for SD for the 
young (<50 years old) were highly inconsistent, ranging from 
5% to 100%, with a median rate of 68.3%. The analysis 
was severely hampered by missing data, with over 92% of 
countries failing to report consistent data.

Beyond autopsy rates, considerable variability has been 
noted in the types of investigations carried out and the col-
lection and storage of tissue samples after death [7, 12]. A 
significant limitation exists if histological examination is not 
implemented by forensic or even clinical autopsy services, 
for cost effectiveness or lack of training, and when available 
standardised autopsy protocols for SD victims are not used. 
These protocols are essential: for example, myocardial inju-
ries, either ischaemic or non-ischaemic, can be seen in natural 
or non-natural (accidental, suicidal or homicidal) contexts 
but can be diagnosed and interpreted histologically only [6]. 
The sampling of the atrioventricular node (AV node) and of 
the bundle of His of the conduction system in SCD cases is 
performed in the forensic setting in many countries with the 
reported percentage of examination in SCD cases of about 
20% [12], whereas the recommendation of the AECVP is to 
perform this only when indicated based on clinical findings 
[15]. Histological examination of the conduction system is 

rarely conclusive or, at best, difficult to interpret, even for 
the experienced and dedicated cardiovascular pathologist. 
Importantly, these findings must always be interpreted in 
combination with the clinical history of the deceased and 
family history.

Solutions
Improving the autopsy diagnosis of SCD requires the imple-
mentation of standardised, expert-driven and evidence-based 
protocols, the integration of  advanced diagnostic techno-
logies, and robust  multidisciplinary collaboration  between 
forensic and clinical disciplines [3, 16–18]. A key step is to 
standardise protocols, strongly recommending an autopsy in 
all cases of SCD below the age of 50 [3, 16–19]. In some 
countries like Norway there is already a law and in Italy 
legislation is being put forward to mandate an autopsy for all 
unexplained SD below age 40.

The determination of a correct cause and mechanism 
of death requires detailed knowledge of the approach to 
SCD victims at autopsy which includes, a full autopsy and 
systematic description of the gross morphology of all major 
cardiac components (e.g., coronary arteries, myocardium, 
valves), followed by microscopic analysis of the myocardium 
and all other pathological lesions. Cardiac dissection and 
sampling for further examination must follow established 
guidelines/protocols [10, 15, 17, 20]. Guidelines for autopsy 
examination in cases of SCD have been published by the 
AECVP [15] and the (North American) Society for Cardio-
vascular Pathology [20]. A key component of both guidelines 
is the sampling of fresh tissue (heart, spleen) and blood at the 
time of autopsy for eventual toxicological, microbiological, 
and genetic analysis. Storage of such samples allows testing 
at any time after the autopsy, to complete the investigation.

Standardisation and harmonisation should also extend 
to interpretation of the postmortem findings as described in 
above-mentioned references papers by Basso et al. [15] and 
Kelly et al. [20]. A correct postmortem diagnosis requires not 
only updated knowledge of cardiac pathologies such as myo-
cardial infarction or genetically determined cardiomyopathies 
but also correct interpretation of all postmortem findings 
obtained during the autopsy and additional tests such as 
radiological examinations, toxicology or genetic analyses. 
This requires interdisciplinary collaboration [17, 21–25].

In cases where the autopsy pathologist requires a second 
opinion, submitting the entire heart to a specialised cardiac 
pathology centre should be considered. When retention of 
the whole heart is not possible, histological slides and exten-
sive photographic documentation can be sent. Photography 
and histological sampling should again follow established  
guidelines [15, 20, 26].

Harmonizing training in forensic pathology and patho-
logical anatomy is crucial to ensure consistent, reliable, and 
high-quality autopsy investigations. Much of forensic patho-
logy relies on visual pattern recognition and experience-based 
judgement. Thresholds for abnormality and assessments of 
relevance are often implicit rather than formally defined. 
Of course, interpretation is highly dependent on contextual 
information and other postmortem findings, but the lack of 
interpretative standards introduces unwarranted diagnostic 
variability. Standardised training in cardiovascular pathology 
for forensic and clinical pathologists may help to address this 
issue [11, 16, 17, 27].
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The difficulty of distinguishing between 
normal and abnormal autopsy findings
Gaps and limitations
Most cases of SCD are related to structural heart diseases 
[28]. The underlying causes of SCD vary significantly by 
age. In the younger age cohorts (children, young adults 
and adults up to 50 years of age), various forms of car-
diomyopathies (acquired or genetic), myocarditis and 
congenital heart defects are mostly involved. However, from 
the ages of 25–30 years onwards, a significant increase in 
atherosclerotic heart diseases can already be noticed [29]. In 
people over 50 years of age, SCD is much more common, and  
atherosclerotic coronary heart disease is the cause of death 
in the vast majority of cases [30]. The mechanism of death 
in SCD is usually (in >90% of cases) explained by cardiac 
arrhythmias. In the remaining minority, the principal mecha-
nism of death is mechanical failure, as can be seen in valvular 
dysfunction, haemopericardium from aortic or ventricular 
ruptures, and massive pulmonary embolism [28].

A comprehensive overview of the types of structural heart 
disease, with over 50 cardiac abnormalities listed, is published 
by Basso et al. [15]. Despite the huge variety in aetiology, 
nearly all can bear an inherent risk for developing sudden 
arrhythmic death. Still, not all conditions carry the same risk 
of SD, and there are varying degrees of certainty regarding  
the cause-and-effect relationship between autopsy findings 
and SD. Acute thrombotic obstruction of a coronary artery 
can be interpreted as a certain cause of (ischaemic) cardiac 
death [20]. But, when such thrombotic coronary lesions can-
not be found, several forms of acute or chronic myocardial 
injuries can be inferred instead as a highly probable cause 
of death. These can be: (i) ischaemic types of injury which 
are not related to atherothrombosis (i.e., small vessel disease, 
vasculitis, vasospasms, coronary dissection and others); 
(ii) reperfusion injuries (myocardial damage in a setting 
of episodic ischemia followed by reperfusion of damaged 
myocardium); or (iii) non-ischaemic injuries related to toxic, 
infectious, metabolic, (auto)immunogenic or iatrogenic/trau-
matic forms of myocardial damage; cardiomyopathies, left 
ventricular hypertrophy or idiopathic interstitial fibrosis [15].

Even after carefully performed autopsies, there remains 
a substantial group in which the heart appears normal or 
shows only minor abnormalities of unclear significance, such 
as sparse foci of inflammation or fibrosis (see the full list of 
minor abnormalities [15]). In large-scale studies of autopsied 
SD victims, such as those in the Veneto region of Italy [31] 
and the CRY project in London, United Kingdom [32], the 
cause of death in the SCD population aged 40 to 50 years 
of age remained uncertain or unknown in up to 40% of 
cases. Such deaths are now provisionally attributed to Sud-
den Arrhythmic Death Syndrome (SADS) [3, 33]. To better 
understand how these deaths occur, it is essential to clearly dif-
ferentiate a normal heart from a diseased heart with potential  
life-threatening arrhythmic risk. By definition, a “normal 
heart” can be considered a heart with non-dilated ventricular 
chambers, normo-trophic ventricular walls, patent atrio-
ventricular and ventriculo-arterial valves, coronary arteries 
without acute thrombosis or critical stenosing lesions, and no 
significant myocardial abnormalities on histology. However, 
while such a morphological description seems straightfor-
ward and easily recognisable, there are several pitfalls and 
uncertainties associated with determining whether autopsy 

findings can be considered “normal”. The distinction between 
several physiological, age-, or exercise-related changes and 
pathological lesions can be difficult. Basso et al. described the 
four “grey zones” of concern which are:

(i) Fatty infiltration of the right ventricular wall, espe-
cially in obesity and advanced age. This can be confused 
with arrhythmogenic cardiomyopathy (ACM) (formerly: 
arrhythmogenic right ventricle cardiomyopathy (ARVC));

(ii) Exercise-induced left ventricular hypertrophy, which 
can be confused with hypertrophic cardiomyopathy (HCM);

(iii) Small areas of myocardial disarray (especially when 
confined to anteroseptal and posteroseptal areas), which can 
be confused with HCM;

(iv) Scattered inflammatory foci, with or without small 
fibrotic foci which can be interpreted erroneously as focal 
myocarditis [15]. The diagnosis of myocarditis at autopsy re-
quires additional injury/necrosis of adjacent cardiomyocytes 
[15, 25].

Near-normal hearts or hearts with minor abnormalities 
are categorised as “of uncertain diagnostic significance”, and 
other causes of death should be comprehensively excluded 
before they can be accepted as reasonable explanations for 
death. Several studies have shown that cases with normal 
hearts or with minor abnormalities at autopsy also have a 
substantial rate of pathogenic mutations related to various 
types of ion channel disease (i.e., Brugada syndrome, CPVT, 
Long QT, and Short QT syndrome) [32, 34, 35].

Sudden infant death syndrome (SIDS) is a significant 
problem in the differential diagnosis of acute deaths with 
morphologically normal hearts. SIDS is one of the leading 
causes of post-neonatal and infant death, with most cases 
occurring within the first 6 months of life [36]. SIDS is a diag-
nosis of exclusion, defined as “the sudden unexpected death  
of an infant, under 1 year of age where the fatal event occurs 
during sleep, and remains unexplained after a thorough 
investigation including a complete autopsy, death scene inves-
tigation and review of the clinical history” [36, 37].

Pathophysiology is highly complex and multifactorial and 
remains up to date unclear. While SIDS is often attributed 
to respiratory, neurological, or metabolic failure, there are 
also pathophysiological overlaps between SIDS and SCD. It is 
important to note that SIDS, as defined, must be distinguished 
from the sudden unexpected infant death (SUID) in which at 
autopsy a structural cause of death, such as myocarditis or 
congenital heart disease, is found [38]. Current SIDS research 
is mostly focused on the so-called “triple risk hypothe-
sis”,  which posits that the SD results from a combination 
and confluence of three overlapping risk factors: a critical 
developmental period, infant vulnerability (due to underlying 
genetic or non-genetic disease) and an external stressor (such 
as prone sleeping position or viral infection) [37, 39, 40]. 
Myocardial arrhythmia syndromes (ion channel diseases, as 
mentioned above) are supposed to provide a substrate for 
the onset of fatal arrhythmia in these young children under 
the influence of a stressor. It was initially estimated, based on 
genetic testing, that around 10%–20% of SIDS cases are due 
to cardiac channelopathies [41–45]. However, most of these 
published studies lack an adequate analysis of co-segregation 
between genotype and phenotype, implying that a propor-
tion of the published mutations associated with SIDS cases  
might be considered variants of uncertain significance (VUS) 
[38, 46]. This underscores again the importance of continuing 
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to recognise SIDS as a multifactorial syndrome, and that 
high penetrance myocardial ion channel mutations likely  
contribute to only a limited number of SIDS cases. Never-
theless, current guidelines recommend postmortem genetic 
testing and cardiological investigation of family members 
for the evaluation of cardiac related SIDS [46]; see also the 
section Issues with performing and interpreting postmortem 
genetic testing.

Solutions
A standardised autopsy with histological analysis of the 
myocardium and sampling materials for ancillary techniques 
will increase diagnostic yield and therefore limit the rate of 
uncertain findings. The use of internationally standardised 
autopsy protocols as mentioned earlier could also facilitate 
the generation of large databases and registries for clinical, 
genetic, and imaging data. Large-scale data analysis can be 
instrumental to further research into causes and mechanisms 
of SD, and their genetic backgrounds.

Issues with performing and interpreting 
postmortem genetic testing
In many cases of SCD the cause of death might remain unex-
plained despite a comprehensive postmortem investigation. 
Postmortem genetic testing can therefore be pursued with 
the aim of identifying a causative pathogenic variant and 
transforming an “unexplained” death into a definable inher-
ited disorder with implications for relatives [13, 17, 47–50].  
Moreover, postmortem genetic testing is indicated not only 
when a channelopathy is suspected in the setting of a struc-
turally normal heart, to elucidate the cause of death that 
would otherwise remain unexplained [51, 52], but also when 
a structural cardiac disease is highly suggestive of a genetic 
aetiology (e.g., hypertrophic cardiomyopathy, arrhythmo-
genic cardiomyopathy, dilated cardiomyopathy, aortopathy, 
pulmonary embolism, etc.) with the aim of detecting the 
underlying pathogenic variant.

Gaps and limitations
The promise of postmortem genetics is tempered by signifi-
cant gaps and pitfalls, which are amplified by the frequency 
of VUS and the need for specialised interpretation. Like many 
conventional autopsy findings, molecular results are innately 
probabilistic and context-dependent: a genetic variant may 
be rare without being causal, and causality often requires 
phenotype correlation (premortem history, circumstances of 
death, family history, ECG/echo data in relatives), segrega-
tion analysis, and sometimes functional evidence. In cases of 
SADS, where the autopsy is negative, the primary limitation 
is a weak genotype–phenotype correlation due to the absence 
of structural lesions. The diagnostic yield for pathogenic/
likely pathogenic (P/LP) variants is often modest, whereas the 
prevalence of VUS poses a significant risk of over-interpre-
tation. Without rigorous adjudication, there is a danger of 
“geneticizing” a death based solely on a rare variant, poten-
tially causing false reassurance or unnecessary medicalisation 
in surviving relatives [48, 51, 53–56]. Conversely, when an 
autopsy reveals  inherited cardiomyopathies  (hypertrophic, 
dilated, arrhythmogenic), genetics can be highly informative 
[52]. However, interpretation is frequently complicated 

by  phenocopies, i.e., non-hereditary mimickers such as 
myocarditis, toxic injury, or metabolic disease. Furthermore, 
non-specific findings like isolated fibrosis or mild hyper-
trophy or minor abnormalities can create ambiguity that 
genetics may fail to resolve [32, 57] (see also the section The 
difficulty of distinguishing between normal and abnormal 
autopsy findings). These pitfalls can be further complicated 
by  incomplete penetrance  and  variable expressivity, which 
hinder family segregation studies.

Several major obstacles currently constrain the imple-
mentation and overall impact of postmortem genetic testing. 
First,  cost and resource inequities  result in uneven availa-
bility; many forensic and autopsy services cannot offer these 
tests routinely due to limited budgets or lack of laboratory 
access [7, 12, 17]. Furthermore, already mentioned, variant 
interpretation remains a significant challenge as the frequent 
discovery of VUS requires specialised expertise to avoid mis-
classification and subsequent clinical mismanagement.  The 
clinical utility of postmortem genetic testing also depends 
heavily on cascade family screening. In practice, identifying 
and testing at-risk relatives is often hindered by fragmented 
care, complex family dynamics, or a lack of specialised clinics. 
Operational hurdles further complicate the process:  DNA 
quality can be compromised by the postmortem interval or 
improper preservation (such as formalin fixation), and a lack 
of  data integration, where genetic results are not linked to 
the deceased’s medical history or symptoms limits their in-
terpretability [58]. Finally, ethical and legal variability across 
jurisdictions creates uncertainty regarding consent and the 
disclosure of results, which, if handled poorly without proper 
genetic counselling, can lead to significant  psychological 
harm for grieving families [17, 59, 60].

Solutions
The use of standardised protocols for postmortem genetic 
testing could facilitate the generation of homogeneous and 
comparable large databases. Large-scale data analysis can be 
instrumental in further research into causes and mechanisms 
of SCD, and their genetic backgrounds. Proper interpretation 
of genetic data requires knowledge of the clinical history 
and circumstances of death and cascade screening of family 
members. Thus, the referral of the SD index case identi-
fied at autopsy to a multidisciplinary team which includes 
cardiologists and geneticists, besides forensic and clinical pa-
thologists, is essential when performing postmortem genetic  
tests [3, 15, 17, 56].

The challenge of interpreting toxicological 
results
Gaps and limitations
The clinical effects of stimulant drugs such as cocaine and am-
phetamines on the cardiovascular system are well-established,  
and both clinical and forensic literature recognise their po-
tential to cause SCD. The different pathways by which these  
drugs can cause death are also relatively well-described cli-
nically and in the pathology literature. Acute effects include 
catecholamine-mediated arrhythmia, acute myocardial infarc-
tion due to coronary vasospasm or coronary artery thrombosis. 
Subacute use can induce myocarditis, whilst chronic use can 
lead to myocardial fibrosis and dilated cardiomyopathy  
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[61–63]. Whilst many drugs are known to be fatal, the 
relationship between dose, postmortem levels (depending  
also on stability and redistribution) and causes of death is 
varied. Pharmacogenetics and pharmacodynamics are an 
evolving area in forensic practice and may help to explain 
why some individuals are ultra-rapid metabolisers or poor 
metabolisers, explaining deaths at low concentrations of 
drugs or survival at very high levels. Whilst genotyping can 
be performed postmortem there are no findings at autopsy; 
enzyme levels are unable to be measured after death and 
penetrance is varied.

There are also significant gaps in the knowledge and 
unpredictability of drug levels and autopsy findings. One 
challenging area is the rapidly increasing number of novel 
psychoactive substances (NPS) detected in cases of sudden 
unexpected death [64]. The rapidly changing landscape of 
these drugs makes detection difficult due to their constantly 
changing chemical structure [64, 65]. Toxic and fatal levels 
of these drugs are not well documented [64, 65]. Synthetic 
cannabinoids are implicated in SD particularly in adolescents 
and young adults with chronic use leading to hypertension 
and hypertrophy as well as cardiac arrhythmias [66]. Syn-
thetic cathinones are reported to have serious cardiac and 
neurological consequences, with autopsy findings suggest-
ing sudden cardiac death or arrhythmia in the setting of 
severe agitation and restraint [66, 67]. Autopsy findings in  
NPS-related deaths, are often minimal or non-specific. 
Functional disturbances such as ion channel dysfunction, 
autonomic instability, or transient coronary spasm are sus-
pected causes of death. However, these mechanisms are rarely 
investigated postmortem, and molecular autopsy is not rou-
tinely performed.

Many drugs of addiction including stimulants and NPS 
are seen in SD at low or recreational concentrations. The 
arrhythmic risk is increased by frequent co-ingestion with 
prescribed QT-prolonging medications, such as antide-
pressants, antimicrobials, antipsychotics, antiarrhythmics and 
methadone. QT-prolonging medications are a well-recognised 
cause of death clinically due to torsades de pointes degen-
erating into ventricular fibrillation [68]. There are reports of 
SD at therapeutic levels of some of these drugs especially in 
individuals with an underlying cardiac vulnerability. The risk 
of QT prolongation increases with structural heart disease, 
underlying congenital long QT syndrome and polypharmacy 
[69]. Some NPS are thought to interact with the potassium 
channels leading to QT prolongation and SD. The use of 
prescription and NPS medication may act as the trigger for 
an arrythmia. However, as there are no autopsy changes 
the mechanism of death is based on clinically documented 
findings. Interpretation of toxicology findings in NPS-related 
deaths is challenging due to limited pharmacokinetic data, 
variable potency, postmortem redistribution, and frequent 
polypharmacy.

Issues also arise with other drugs of addiction such as 
amphetamine which can precipitate a fatal arrhythmia even 
at low levels especially in people with significant underlying 
cardiac pathology. Drugs are often taken in combination with 
other substances and determining the independent cardiac 
effects from drugs with or without natural disease remains 
a challenging area. There are a lack of studies correlating 
toxicology findings with detailed imaging and cardiac patho-
logy with histology and molecular investigations including 
investigation of metabolic enzymes.

Solutions
Further studies into pharmacogenetics and pharmacody-
namics are needed to help determine what a positive gene test 
means. Further review of unexpected deaths at therapeutic 
drug levels to determine any recurring histological findings 
or toxicology findings in larger cohorts in different juris-
diction would assist in this regard. Reviewing postmortem 
findings against enzyme genotyping in real-world situations 
is required.

As with other drugs NPS may unmask underlying undi-
agnosed cardiac conditions, including cardiomyopathies or 
channelopathies, thereby acting as a trigger rather than a 
sole cause of death. Further research is required in this area 
to determine if there are reproducible histological changes 
associated with a direct toxic effect of NPS. One of the main 
challenges in this area is keeping on top of the constantly 
changing NPS, it has been suggested that AI and machine 
learning may be useful in keeping on top of the identification 
and characterisation of emerging NPS and their increased 
detection [70].

Issues with performing research in forensic 
pathology
Gaps and limitations
Research in autopsy and forensic pathology is fundamentally 
constrained compared to clinical disciplines, and many of 
the previously discussed gaps can be traced back to these  
limitations.

For many research topics, a major shortcoming is the lack 
of a reliable external reference standard (i.e., “ground truth”) 
with which to compare pathological findings. This issue is 
especially pressing when performing research on forensic 
casework, where reference information can be absent, 
incomplete, and incorrect. In the absence of ground truth, 
scientific validation of diagnostic methods is not possible and 
consequently, the true meaning of macroscopical, histologi-
cal, genetic or toxicological finding may remain ultimately 
unknown. By definition, pathologists cannot study disease 
progression over time or the effect of intervention at autopsy. 
Performing a clinical trial, the most powerful method to 
assess medical cause-and-effect relationships, is therefore 
impossible. Carefully designed cohort or case-control studies 
can instead be used to establish correlations and associations, 
but including cases and controls is often problematic. Forensic 
pathology services primarily, albeit not exclusively, examine 
suspicious or non-natural deaths and globally declining hos-
pital autopsy rates [71, 72] mean that many SCD are never 
examined postmortem. Of those that are autopsied, it may 
not be clear if they are representative. Small case numbers 
in a single department furthermore limit inclusion capacity, 
especially for rarer causes of SCD.

In the forensic setting, legal and ethical constraints restrict 
data sharing between institutions and across jurisdictions. 
Differences in medico-legal death investigation systems, con-
sent requirements, and data governance frameworks make it 
difficult to pool cases, harmonise datasets, or establish large 
collaborative studies. These barriers contribute to fragmen-
tation of research and limit the impact of published findings.

A global shortage of forensic pathologists [73, 74] 
translates into increased operational demands and thus less 
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capacity for research. Combined with the limited funding 
opportunities for research in forensic medicine, especially 
compared to clinical medicine, large prospective studies 
and long-term projects are often beyond the capabilities of 
individual centres [75]. Training in research methods is also 
not consistently integrated into forensic pathology teaching 
programmes, further limiting capacity to design, conduct, and 
critically evaluate research.

Taken together, these limitations have clear consequences. 
Case reports and small retrospective studies remain a very 
popular format of forensic pathology research. While these 
can be valuable for hypothesis generation, their ability to vali-
date diagnostic methods or assess causal relations is inherently 
limited. Appropriately sized prospective studies are much less 
common and often constrained by limited generalisability 
or the lack of appropriate controls. As a flow-on-effect, 
systematic reviews and meta-analyses are frequently compro-
mised by small sample sizes, heterogeneity, and publication  
bias.

Solutions
Many of the above limitations cannot be fully eliminated, 
but some strategies may mitigate their impact. This requires 
coordinated efforts at the level of research instruments 
(“technical developments”), preferred research methodology 
and research priorities (“lines of research”), and the forensic 
pathology workforce, including training (“human factors”).

Technical developments

Technological advances may help to improve both antemor-
tem and postmortem diagnoses. Advanced cardiac imaging 
and genetic testing during life may provide critical contex-
tual information for the examination of SCD. Postmortem 
CT (PMCT) or MR imaging (PMMR), digital pathology, 
whole genome sequencing, and emerging spatial molecular 
methods may be able to detect abnormalities after death 
that are not detectable by standard autopsy and histology. 
For example, postmortem imaging of myocardial injury 
by PMMR and coronary artery disease by PMCTA were 
recently identified as potentially relevant adjuncts to autopsy 
[23]. Artificially intelligent (AI) tools can furthermore help 
detect patterns in data, or quantify currently qualitative 
data, increasing the yield of existing and new diagnostic  
methods.

The term “omics” refers to a branch of biomedical sciences 
focused on studying large numbers of parameters, ordinarily 
genes (genomics), proteins (proteomics), lipids (lipidomics), 
or metabolites (metabolomics) [76]. Such “-omics” sciences, 
supported by bioinformatics and machine learning, may 
assist in the investigation of SCD and SADS in the future [77].

For instance, by analyzing  RNA expression “transcrip-
tomics” may reveal the active molecular pathways of 
pathogenesis, which may potentially explain disease develo-
pment even in the absence of clear genetic mutations [78]. 
“Proteomics” can identify specific protein markers (e.g., 
cardiac troponin, different forms of natriuretic peptide) that 
could indicate myocardial injury, inflammation, or structural 
changes associated with SCD [79]. Finally, “metabolomics” 
may help capture disturbances in metabolism pathways and 
detecting exogenous substances (e.g., drugs) [80–82].

The use of “-omics” sciences in SCD investigations is cur-
rently still highly experimental. More general implementation 

is hindered by a lack of standardised protocols, high costs, 
and the need for specialised bioinformatics expertise. 
Additional barriers include the complex interpretation of  
multi-omics data and unresolved legal and ethical considera-
tions. Future research should focus on better understanding 
the complex interplay between disease, dying, and postmortem  
processes [80].

Moreover, the introduction of new technologies alone is 
not enough. New methods may generate additional data, but 
this does not automatically result in additional certainty. Also, 
new methods can introduce new sources of ambiguity. Their 
diagnostic accuracy, reproducibility, and relevance should 
therefore be well-established before widespread use.

Earlier in this paper, we advocated standardisation and 
harmonisation of diagnostic protocols. Such harmonisation 
would also benefit research. For example, standardised 
tissue sampling strategies, analytical pathways, and reporting 
thresholds would increase comparability between studies 
and institutions. The guidelines provided by the AECVP  
[6, 15, 22] and the recent harmonisation of the diagnosis for 
lymphocytic myocarditis [16, 25] are successful examples.

Lines of research

The practical limitations of individual institutions can be 
circumvented by the establishment of specialized regional 
referral centres. The impact of such centres in the UK [83] 
and North East Italy (i.e., Veneto region) [28, 84] can hardly 
be overstated. In the absence of a referral system, Multicentre 
studies offer the only realistic way to increase sample sizes. 
The use of shared inclusion criteria, examination methods, 
and diagnostic thresholds can assist in retrospective case 
research.

Multidisciplinary collaboration is equally important. Inte-
grating forensic pathology research with data from cardiology, 
genetics, imaging, and epidemiology enables bidirectional 
knowledge exchange. Multidisciplinary case review can be a 
reasonable substitute for diagnostic ground truth, if no other 
reference standard is available. Some forms of ground truth 
may become available in prospective studies that incorporate 
validated antemortem information. For some research ques-
tions, the use of animal studies and cell lines may be a good 
alternative.

Case reports and case series will remain an important 
component of forensic pathology literature, but rebalancing 
is necessary. Greater emphasis should be placed on pro-
spective studies that evaluate and validate diagnostic methods 
(including observer agreement and diagnostic thresholds) or 
that explore the clinical relevance of pathological findings, 
preferably in large-scale studies of appropriate design and 
size. Closer collaboration with universities and university 
hospitals can facilitate this. It would provide access to the re-
search infrastructure, methodological expertise, and funding 
which is now unavailable for most forensic pathology  
departments.

Human factors

Sustainable improvement depends on investment in the 
workforce. Formal teaching in research methodology 
and critical appraisal of literature should be part of all 
forensic and anatomical pathology training programmes. 
Structured involvement of registrars in research projects 
can also improve research capacity. Clearly defined projects, 
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appropriate supervision, and recognition of scholarly output 
would encourage early engagement and help develop future 
academics.

At an institutional level, protected research time, seed 
funding, and opportunities for sabbatical or secondment can 
be useful interventions. Even limited periods of dedicated 
research time can have a disproportionate impact on produc-
tivity and quality, particularly when applied to collaborative 
and multidisciplinary projects.
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