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Abstract: Directing a thorough postmortem investigation of a young sudden unexpected 

death is one opportunity that a forensic pathologist has to save lives. Achieving a diagnosis 

of an inherited heart condition in the decedent means that family members can be screened 

for the condition and effective protective therapies can be put into place. Since these condi-

tions are almost always autosomal dominant, 50% of family members are at risk. Diagnosis is 

achieved through a thorough high-quality autopsy examination, storage and analysis of DNA, 

and involvement of the family in the investigation, including cardiac tests upon them. Forensic 

pathologists should form a partnership with a cardiac genetic service and liaise with them in 

cases of sudden unexplained death, particularly in 1- to 40-year olds, and when cardiomyopathy 

is diagnosed at autopsy. The molecular autopsy in sudden unexplained death should include the 

most common long QT genes and RyR2, the cardiac ryanodine gene linked to catecholaminergic 

polymorphic ventricular tachycardia. Alternatively or in addition, genetic testing can be guided 

by cardiac findings in first-degree relatives. With such an approach, a diagnosis can be achieved 

in up to 50%. Most sudden death in young people occurs at sleep, rest or light activity, and not 

during sport. Pathologists should be aware that long QT and catecholaminergic polymorphic 

ventricular tachycardia can be misdiagnosed as epilepsy in life. These ion channelopathies and 

the cardiomyopathies such as hypertrophic cardiomyopathy and arrhythmogenic right ventricular 

cardiomyopathy can present with drowning in a competent swimmer, straight road car accidents, 

and death that can be triggered by certain medications or toxins.

Keywords: sudden death, genetic testing, long QT syndrome, CPVT, hypertrophic cardiomyo-

pathy, arrhythmogenic right ventricular cardiomyopathy

Introduction
Directing a thorough postmortem investigation of a young sudden unexpected death 

is one opportunity that a forensic pathologist has to save lives. Achieving a diagnosis 

of an inherited heart condition in the decedent means that family members can be 

screened for the condition and effective protective therapies can be put into place. 

Since these conditions are almost always autosomal dominant, 50% of family mem-

bers are at risk.

It has been known for decades that inherited cardiac ion channelopathies and car-

diomyopathies cause sudden death through malignant ventricular arrhythmia. The ion 

channelopathies include long QT syndrome (LQTS), catecholaminergic polymorphic 

ventricular tachycardia (CPVT), Brugada syndrome and the cardiomyopathies hyper-

trophic cardiomyopathy (HCM), and arrhythmogenic right ventricular cardiomyopathy 

(ARVC). Many of the genes underlying these conditions have been identified, and 
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genetic testing is now commonly used to identify family 

members at risk of the condition. This process of following 

the diagnosis through the families is known as family cascade 

testing. However, it is only in the last 10 years that the full 

potential of cardiac genetic investigation of sudden death 

has been realized.

Cardiac genetic investigation  
of autopsy-negative sudden  
death in the young
In 2005, a multidisciplinary group in the Netherlands described 

a technique of investigating the family members of young sud-

den death victims in whom no cause had been found.1 They 

used mostly simple cardiac tests such as the electrocardiog-

raphy (ECG), exercise testing, and echocardiography. In all, 

40% were found to have inherited heart disease, LQTS being 

the most common. They noted that the more family members 

they saw, the more likely they would find the diagnosis.

All of these conditions have variable clinical expression. 

Gene carriers may die suddenly at a young age, while oth-

ers have no symptoms or even clinical signs at all during 

their life. Since this time, a similar series from the UK has 

described a diagnostic rate of .50%.2

At the Mayo Clinic, during the same time, they used 

genetic testing for LQTS and CPVT from DNA of the dece-

dents, introducing the so-called molecular autopsy. They 

reported a series of 173 cases in which they also found that 

40% had these conditions, mostly in 1- to 40-year olds.3 

They and others also identified that between 2% and 12% of 

Sudden Infant Death Syndrome (SIDS) cases were caused 

by mutations in the LQTS genes.4–7

In New Zealand, an LQTS molecular autopsy was first 

tested in a retrospective cohort of individuals #35 years old, 

with DNA from the long-deceased victims being extracted from 

the archived neonatal screening (Guthrie) card.8 Twenty-two 

percent of them were positive. LQTS autopsy genetic testing 

was introduced in 2006 as a clinical service, and over the first 

26 months in a nonselected population of sudden unexplained 

death in the young (SUDY) victims aged 1–40 years, this molec-

ular autopsy was positive in 15%. A further 15% were diag-

nosed from family investigations, including cases of ARVC.9 

Thus, an overall diagnostic rate of 30% was achieved.

Postmortem examination
Experience from New Zealand revealed that the quality of 

autopsies was quite variable among pathologists. Autopsy 

reports were often very brief and lacking sufficient detailed 

descriptions to allow the investigating cardiac genetic team 

to have confidence that anatomical diagnoses such as car-

diomyopathies or coronary artery anomalies were adequately 

searched for.10 In one family with three young sudden deaths, 

none of the three autopsies described the right ventricle. 

Subsequent tests have revealed the cause as ARVC.

Thus, it was clear that such investigations need to have 

proper protocols. With this in mind, a multidisciplinary 

New Zealand/Australian group known as Trans-Tasman 

Response Against Sudden Death in the Young (TRAGADY) 

wrote best practice guidelines for the appropriate investiga-

tions of sudden death in young people.11,12

The four key TRAGADY guidelines were as follows:

1.	 A high-quality thorough autopsy should be done by an 

experienced pathologist, including a minimum number of 

appropriate sections (for example, the right ventricle).

2.	 The family should be involved early in the process 

(a thorough family history can reveal diagnostic clues).

3.	 Tissue suitable for DNA extraction should be saved 

(whole blood in EDTA, snap frozen tissue, or RNA 

later). Formalin-fixed paraffin-embedded tissue is not 

suitable.

4.	 Referral should be made to a cardiac genetic service.

Autopsy
There is good evidence that special expertise is often required 

to diagnose subtle features of cardiomyopathies, particularly 

ARVC, as well as to assess subtle potentially misleading 

findings, such as ventricular fibrosis or minor coronary 

artery disease.13 Pathologists should have a low threshold 

for seeking experts’ second opinion. Pathologists may well 

have a sense of pressure to achieve a diagnosis. We have 

seen cases where death has been ascribed to myocarditis, 

with unconvincing histological evidence, as well as coronary 

artery disease when there was only moderate disease and no 

definitive evidence of infarction. When there is uncertainty, 

it is better to give an honest description and invite cardiac 

genetic investigation or at least case review. A thorough 

family history may indicate a red flag for inherited heart 

disease. When the heart is significantly enlarged, familial 

dilated cardiomyopathy (DCM) is a possibility. Genetic test-

ing is still finding its place here but improving all the time 

and involves a large number of genes. Full engagement of 

the family is particularly important prior to genetic testing to 

permit phenotype/genotype testing of unclassified variants.

Documenting positive findings clearly is important, but 

equally important is documenting significant negative find-

ings and how thorough the examination was. For example, 

simply stating normal coronary arteries is inadequate. 
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Description should include which arteries were examined, 

did they arise normally, and was there or not stenosis (and to 

what degree) or atherosclerosis. Details of how the heart was 

examined (valves, chamber dilation, myocardium, weight, 

and measurements), how many histological sections were 

taken and from where, and which tissue (if any) was kept are 

essential. The cardiac genetic team must have confidence in 

the autopsy, particularly if thousands of dollars and many 

clinical hours are to be spent in investigating families or 

doing genetic tests.

A full toxicology report is essential. Consideration should 

be given to the conduction system, although histological 

screening is not always practical or essential.

Cardiac genetic services
At the time the TRAGADY guidelines were written in 2008, 

there were remarkably few cardiac genetic services, but in 

New Zealand, the Cardiac Inherited Disease Group had 

already been established for 8 years, with a nationwide mul-

tidisciplinary clinical and scientific network. The molecular 

autopsy was and still is funded by government, through the 

Ministry of Justice (Coronial Service). The Cardiac Inherited 

Disease Group has now been involved in almost 800 cases. 

The positive diagnostic rate in SIDS was low, less than 5%. In 

New Zealand, the well-recognized risk factors of co-sleeping 

(bed sharing), accidental asphyxiation, and other environ-

mental risk factors are particularly common among Maori 

and Pacific peoples, in whom SIDS predominates.5 However, 

such features were also common in a large US series with a 

likely diagnostic rate of 13%.7

A good cardiac genetic service is multidisciplinary, usu-

ally led by cardiology or pediatric cardiology, with access 

to electrophysiological expertise, clinical and molecular 

genetics, genetic counseling, and psychological support.14 

In New Zealand, a senior forensic pathologist forms part of 

the team.

As well as autopsy negative cases, referrals should include 

those in which a likely inherited cardiac condition has been 

detected by the pathologist, such as HCM, suspected ARVC, 

and idiopathic DCM. In these cases, we will often perform 

genetic testing aimed only at the particular condition con-

cerned, for example HCM.

Genetic diagnosis
There are a few key messages for pathologists working in 

this area.

1.	 Genetic testing is a family issue. Families should be 

involved and counseled at the outset, either prior to or at 

least parallel with genetic testing.15 The aim of the test is 

not only to bring a diagnosis of cause of death and some 

closure for the bewildered and distressed family, but also 

to potentially find others with the same condition. It is 

much better to explain the possible consequences and 

strengths and weaknesses of the test at the beginning so 

that they know what to expect.

2.	 Genes are complex noisy things. Genes vary normally 

between individuals. Such changes are called common 

polymorphisms. Very often, we detect a genetic variant 

that has never been seen before in a gene of interest. The 

current practice is to call these rare unclassified variants 

and only use the term mutations, when we are confident 

of its pathogenicity. We can prove that it is rare, but 

proving that it is disease causing can be very difficult. 

Prediction software is used, and sometimes in vitro test-

ing of the mutation, but the best method is to see that the 

gene-positive individuals in the family have the condi-

tion, whereas others do not. This is termed phenotype–

genotype cosegregation, and engagement of the family 

with proper genetic counseling is essential.

3.	 Mutations may be unique to the family concerned. Many 

hundreds of mutations have been described in each of the 

LQTS genes for example.

4.	 The diagnostic rate varies by condition.16 In people with 

definite phenotype, genetic mutations can be found in 

more than half with CPVT,17 75% of those with LQTS,16 

50% of those with HCM, 20%–40% of those with Bru-

gada syndrome, and about 25% of those with ARVC, 

although this condition may be polygenic in many 

instances.

5.	 Genetic ancestry matters. Genetic variants in one popula-

tion may be malignant, while being benign in others. For 

example, R1193Q in the gene SCN5A is known to cause 

Brugada syndrome and sudden death in whites;18 yet, it 

is present in 10% of the Han Chinese.19 In the study of 

rare variants, it is essential to have normative population 

controls.

Triggers for sudden death
Although the medical literature has abundant references to 

HCM being the most common cause of sudden cardiac death 

in the young, it is not. The ion channelopathies are far more 

common.20 HCM and ARVC remain common causes of sud-

den death in the older athlete, but death during sport is very 

uncommon, though it often reaches the media.

Most sudden unexpected deaths in 1- to 40-year olds occur 

during sleep (.50%) or light daily activity.7,9 Death during 
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strenuous or athletic activity is rare. The group most likely 

to have a genetic diagnosis of LQTS is 25- to 40-year-old 

females who die in their sleep; long QT type 2 predominates 

(KCNH2). If death does occur during exercise or swimming, 

it is most likely to be due to CPVT (the gene is RyR2; the 

cardiac ryanodine gene) or long QT type 1 (KCNQ1).21,22 

In Asian countries, death during sleep in young males is 

typically due to Brugada syndrome, sometimes linked to the 

cardiac sodium channel gene SCN5A.16

Which cases should be referred?
By establishing a regular dialog and a referral for opinion 

approach with your cardiac genetic service, you will develop 

a sense of what is most likely to be a good referral. It is better 

to refer too many. When you send a referral, include appropri-

ate police or scene reports and the full autopsy report.

Cases we consider that should always be referred to the 

cardiac genetic service are:

1.	 sudden unexplained (autopsy-negative) death in 1- to 

40-year olds;

2.	 SIDS in an infant without known risk factors;

3.	 sudden unexplained death in epilepsy (SUDEP) unless 

there is a documented structural brain or developmental 

abnormality (LQTS and CPVT are often misdiagnosed 

as epilepsy in life);23

4.	 drowning in a strong swimmer (LQTS and CPVT clas-

sically present this way); and

5.	 where an idiopathic cardiomyopathy (HCM, ARVC, 

idiopathic DCM) has been identified.

Consider also cases where some other medical history or 

pathology is present but there may be doubt as to whether it 

caused the death, for example, sudden death in asthma, sudden 

death in bed with diabetes or alcohol intoxication, minor or 

borderline coronary atherosclerosis, or minor illnesses. We 

have a number of infants having either Brugada syndrome 

or LQTS who died suddenly during febrile illness.

Generally, we have not investigated those with morbid 

obesity unless there was a suggestive family history or a 

suggestive cardiac abnormality on histology.

Choosing who to test  
and restricting costs
Genetic testing and family cardiac investigation are expen-

sive, and the multidisciplinary team needs to take a gate-

keeping role to gain highest yield and avoid unnecessary 

tests. Overall, we performed a molecular autopsy in about 

20% of cases referred to us and have seen and performed 

cardiac investigations on about 50% of the families. The 

cases where we will almost automatically do a molecular 

autopsy are sudden young deaths (1–40 years) where there 

are no confounding factors (medications/medical conditions/

morbid obesity/coronary artery disease) with a high-quality 

autopsy being completely negative. Otherwise, we will start 

the investigation with the clinical records and the family or 

decide that cardiac genetic testing is not warranted.

Resuscitated sudden cardiac death
With increasing awareness of cardiopulmonary resuscita-

tion and availability of advisory defibrillators, many young 

people now reach the intensive care unit after their cardiac 

arrest. Since it is possible to do cardiac tests on such people, 

the diagnostic rate for inherited heart conditions is .60%, 

when coronary artery disease and myocarditis have been 

excluded.24

Table 1 Genes in the recommended molecular autopsy list for SUDY

Gene name Chromosomal  
locus

Current  
affected

Clinical  
condition

Prevalence  
in SIDS* (%)

Prevalence in 
SUDY* (%)

KCNQ1 11p15.5 K+ (iKs) LQT1 2 3
KCNH2 7q35–36 K+ (iKr) LQT2 ,1 3

SCN5A# 3p21–24 Na+ (iNA) LQT3 and Brugada 9 10

KCNE1 (minK) 21q22.1–22.2 K+ (iKs) LQT5 ,1 ,1
KCNE2 (MiRP1) 21q22.1–22.2 K+ (iKr) LQT6 ,1 ,1
RyR2** 1q43 Ca2+ release CPvT ,1 2
Overall^ 5–13 15–40

Notes: *Data from wang et al7 from the US State of New York; #SCN5A is known as the cardiac sodium channel gene. Mutations in this gene are common in SUDY and 
SIDS population. This sodium channel opens to start the cardiac action potential. If the sodium current is deficient, the phenotype is Brugada syndrome, with its typical right 
bundle branch with ST elevation appearance in the anterior chest leads of the ECG. Brugada syndrome causes sudden nocturnal death due to ventricular fibrillation, typically 
in young adult males and in children, especially during fever or after a large meal. if the channel leaks, failing to close, the phenotype is long QT type 3. The channels are 
mostly situated in or near the gap junctions of cardiac cells, so some mutations cause a dilated cardiomyopathy. It is also implicated in familial atrial fibrillation and progressive 
conduction disease; **RyR2 is known as the cardiac ryanodine gene. it is a very large gene. The protein is involved in the sarcoplasmic release of calcium, triggering cellular 
contraction; ^the overall total is taken from combined papers; data from these studies.3–9

Abbreviations: SiDS, Sudden infant Death Syndrome; SUDY, sudden unexplained death in the young; CPvT, catecholaminergic polymorphic ventricular tachycardia; eCG, 
electrocardiography.
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The pathologist may become involved if such patients 

have severe brain injury and life support is withdrawn. The 

same general principles of investigation should be applied 

as in those who die suddenly in the community, except that 

dialog with the attending physicians may direct attention to 

a particular question. Expert review of the cardiological tests 

prior to death is essential.

Which genes should be tested?
The Heart Rhythm Society guidelines suggest that LQTS 

genes 1, 2, 3, 5, 6, and 7 and RyR2 (the CPVT gene) should 

be tested in autopsy-negative sudden death.25 The gene for 

long QT type 3, SCN5A, is the most common gene also to be 

linked to Brugada syndrome and will likely have particular 

significance in Asian countries. This is the currently accepted 

standard molecular autopsy and is a pragmatic approach based 

on the rarity of other types of LQTS (there are at least 15 

genotypes recognized to date). The largest series to date using 

this strategy, from the US state of New York, was published 

last year. Diagnostic yield in 144 infants was 13.5% and in 

133 noninfants was 19.5%.7 Not one individual died during 

strenuous activity. Cost and availability will vary by region, but 

in general costs are coming down rapidly, and the number of 

genes we can test is going up exponentially. It is even possible 

to test the whole human exome or genome.26 Gene panels are 

becoming increasingly common, comprising 20–100 genes.

Figure 1 (Continued)
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Figure 1 (A) Long QT syndrome: eCG from a 2-year-old patient with severe QT prolongation. it also shows T-wave alternans; each consecutive T-wave goes up or down. 
This typically precedes torsades de pointes ventricular tachycardia and syncope or death. There are at least 15 genotypes for long QT syndrome, but types 1, 2 and 3 
predominate. each has certain characteristic T-wave morphologies and modes of typical presentation. Recurrent syncope and misdiagnosis as epilepsy are common. Types 1 
and 2 are the most common in those who are alive, but type 3 is present in about 8% of living cohorts and .50% among the gene-positive deceased. Long-term beta blocker 
therapy reduces risk by up to 75% in types 1 and 2. Intracardiac defibrillators are used in those who have survived a cardiac arrest. All must avoid medications that prolong 
the QT interval (https://www.crediblemeds.org). (B) CPvT: Three-lead eCG during exercise in a 29-year-old woman with recurrent collapse during exercise. There are 
runs of polymorphic ventricular tachycardia. in lead ii, in the middle of the trace, the classical bidirectional ventricular beats are seen, consecutively upward and downward. 
This is a highly malignant condition, and the first presentation is often catastrophic. About one-third of cases are de novo, ie, not present in the parents. (This is a feature 
of conditions that are not survivable to reproductive years.) Beta blockers in high doses are effective, but mortality remains high. Flecainide, which specifically blocks the 
calcium release at the sarcoplasmic level, is a powerful adjuvant therapy. (C) Brugada syndrome: eCG from a 1-year-old child with Brugada syndrome. Note the right bundle 
branch appearance in v1–v3 with ST elevation. This is a complex condition, which, in about one-third of cases, is truly familial with autosomal dominant inheritance and most 
commonly related to a deficient cardiac sodium channel. Triggers are fever and a large meal, but most events occur at night. Treatment is aggressive management of fever 
and intracardiac defibrillators in the survivors of cardiac arrest.
Abbreviations: eCG, electrocardiography; CPvT, catecholaminergic polymorphic ventricular tachycardia.

The problem is that the more the genes you test, the more 

the variants of unknown significance you will get back and the 

more likely you will create anxiety and uncertainty among 

the family members. Whole exome studies of normal popula-

tions have revealed variants originally thought to be pathogenic 

in HCM that have now been found in up to one in seven healthy 

individuals.27 Genes like titin, linked to DCM, are massive and 

almost always reveal unique or rare variants.

In 2015, we recommend for practical clinical purposes 

using the standard molecular autopsy for autopsy-negative 

deaths, only moving to other genes when a cardiomyopathy 

is established either in the deceased (eg, HCM seen by the 

pathologist) or in the family (such as ARVC seen on cardiac 

Magnetic Resonance Imaging [MRI] of one of the parents).

Notes on the inherited  
heart conditions
A brief summary of key features is included in Table 1 and 

Figures 1 and 2. Figure 1 displays ECGs from the cardiac ion 

channel disorders, and Figure 2 demonstrates some anatomical 

cardiomyopathy specimens. There is an excellent review of 

the key genetics by Wilde and Behr.16 Note, in particular, that 

the familial component of DCM is often overlooked. In life 

and after death, it may be described as idiopathic, postpartum, 

or secondary to alcohol, whereas in fact, it is a familial disease, 

recognized after examining relatives. If in doubt, referral for 

cardiac genetic investigation is recommended.

What does the future hold?
We still can not find a cause of death in more than half of our 

SUDY cases. A few may be due to inherited heart conditions 

hitherto undetected or undescribed and the others remain 

undetermined and need further research. In future, genetic 

testing will become cheaper, quicker, and more complex. 

Understanding the genotype–phenotype link will take a 

long time, however, and will depend on robust registries for 

these conditions.

The minimally invasive autopsy is emerging. The com-

bination of static MRI with tissue biopsy, toxicology, and 

DNA analysis is likely to be societally and culturally more 
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Figure 2 (A) HCM, subaortic stenosis: longitudinal section through the Lv from a 36-year-old man with sudden death. Prominent thickening of interventricular septum 
below aortic valve (*). Note endocardial thickening of aortic outflow tract. (B) HCM, left ventricular hypertrophy: short axis cross-section through the Lv from a 42-year-old 
sudden death victim with concentric HCM. Note the virtual cavity (Lv lumen) obliteration and thickened muscular appearing myocardium. Note endocardial thickening of 
aortic outflow tract. (C) HCM, histology: microscopic section of left ventricular myocardium of patient who died suddenly of HCM. Hypertrophic nuclei of myocytes reflect 
widespread myofiber hypertrophy. Note interstitial fibrosis. Myocyte disarray is indicated by short arrows. H&E stain, ×20. (D) ARvC: dilated right ventricle being held open 
of a 37-year-old woman who died suddenly with ARVC. There is extensive fatty infiltration and fatty replacement of myocardium of right ventricular wall (between arrows). 
(E) Dilated cardiomyopathy: marked left ventricular dilation with u-shaped configuration in a 48-year-old man found dead in bed. This is a nonspecific pathological picture, 
but if other reasonable causes (eg, alcohol, myocarditis, toxic, etc) can be ruled out, then consider a familial etiology.
Abbreviations: HCM, hypertrophic cardiomyopathy; LV, left ventricle; H&E, hematoxylin and eosin; ARVC, arrhythmogenic right ventricular cardiomyopathy.
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acceptable to many.28 What role this will have in sudden 

death investigation is still to be determined.

The final word
Autopsy in sudden unexpected death in the young represents a 

real chance to protect others in the community. A multidisci-

plinary team approach with appropriate protocols is required. 

When families learn that they may have an inherited heart 

issue, almost all are exceedingly grateful for the care taken 

in a thorough investigation. It is not possible to overstate the 

heart-rending desperate devastation felt by families in the 

position of sudden loss of a child, brother, or wife, totally 

out of the blue. A diagnosis can help to bring closure, and 

sympathetic efforts to find the cause of sudden death, even 

when they fail, are generally greatly appreciated.

Parents will always blame themselves even when it appears 

irrational to do so. The mother of a child found to have died 

with LQTS, some years after her death stated, “Thank you 

doctor. I don’t have to blame myself anymore”.
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