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Abstract 

 Sudden unexpected death in the young (SUDY) is devastating for families, their 

communities and health care professionals.  When no cause of death is identified after a 

thorough autopsy and other ancillary tests (“autopsy-negative” SUDY), it leaves families 

without answers as to why their loved one died.  At least one third of autopsy-negative 

SUDY cases are attributed to an inherited cardiac disorder.  Therefore, surviving 

relatives may be at risk of another tragic death if they are not referred for expert clinical 

assessment.  The main focus of this dissertation was to explore the investigation and 

management of SUDY and SUDY-affected families in Canada with the end goal of 

developing guidelines for coroners and medical examiners to standardize their 

investigative practices.  To achieve this goal, three studies were conducted.  The first 

study determined the current practices of SUDY investigation by coroners and medical 

examiners by surveying Canadian death investigation agencies and cardiac 

electrophysiologists – clinicians with expertise in inherited cardiac disorders that can 

predispose individuals to SUDY.  The findings revealed heterogeneous practices, 

particularly around post mortem tissue retention at autopsy and molecular genetic 

testing, supporting the need for SUDY investigation protocols, tissue retention, 

cause/manner of death classification and written recommendations for SUDY-affected 

relatives to undergo clinical assessment.  The second study involved genetic testing of 

post mortem tissue retained from autopsy from a child SUD cohort in collaboration with 

the Manitoba Medical Examiner’s Office.  We successfully identified variants that may 

assist in the diagnosis of 15% of autopsy-negative child SUD cases.  We reported our 

findings to the medical examiner who informed the families of our cohort and 

recommended that they be clinically assessed to reduce the risk of future SUDY.  In the 

final study, the findings from the first two studies (both limitations and successes) were 

combined with a systematic scoping review of published and grey literature on SUDY 

investigation guidelines.  Seven recommendations were developed for Canadian death 

investigation agencies to standardize their approaches to SUDY investigation.   

Keywords:  sudden cardiac death, molecular autopsy, coroner/medical examiner, 
guidelines, inherited arrhythmia syndromes 
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Chapter 1.  
 
Sudden unexpected death in the young: definition 
and epidemiology 

Sudden unexpected death in the young (SUDY) is recognized as a significant 

global health issue (Chugh et al., 2004; Kaltman et al., 2011).  SUDY is defined as the 

natural, but unexpected death of an apparently healthy young individual very soon after 

the onset of symptoms (Basso, Corrado, & Thiene, 1999a).  “Sudden” usually refers to 

death following acute onset of symptoms within one hour for witnessed events and 

within 24 hours for unwitnessed cases (Byard, 2004).  “Unexpected” refers to death 

occurring before it was anticipated, where the individual was apparently healthy and with 

no previously diagnosed life-threatening condition.  “Young” includes individuals ranging 

from birth up to an arbitrary upper age limit to reduce overlap with sudden death due to 

atherosclerotic coronary artery disease (HRUK, 2008). This upper age limit varies, with 

most researchers using a limit of 40 years (van der Werf, van Langen, & Wilde, 2010) 

but ranges from 25 years to as high as 50 years (Michaud, Mangin, & Elger, 2011; Sen-

Chowdhry & McKenna, 2014).  

Many researchers and clinicians have further refined the SUDY definition 

pursuant to subsequent assessment and investigation.  The recently published Heart 

Rhythm Society (HRS), European Heart Rhythm Association and the Asia Pacific HRS 

expert consensus statement describes a subset of SUDY as Sudden Arrhythmic Death 

Syndrome (SADS) in cases in which the cause of death remains elusive after thorough 

post mortem examination and toxicology analyses (Priori et al., 2013).  These cases are 

further categorized as Sudden Unexplained (or Unexpected) Death in Infancy (SUDI) for 

infants who have died under one year of age.  Sudden Infant Death Syndrome (SIDS) is 

a subset of SUDI and refers to infant deaths that fulfill very strict criteria; that being 
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infants who have died suddenly and unexpectedly, the onset of the fatal episode was 

apparently associated with sleep, with no identified cause of death after careful autopsy 

and other ancillary testing, and with no identified risk factors after a thorough review of 

the circumstances of death and clinical history.  If these criteria are not fulfilled the cases 

can be termed as sudden unexpected or unexplained death in infancy (SUDI) (Krous et 

al., 2004).  Thus, all categories of SADS are defined as diagnoses of exclusion; 

however, these cases are considered to be of cardiac origin due to the high probability of 

underlying inherited arrhythmia syndromes (to be discussed below – see Causes of 

SUDY).   

Each year, in Canada, approximately 45,000 apparently healthy Canadians 

succumb to SUD (Davis & Tang, 2004).  For deaths occurring at 40 years of age or 

younger, SUDY has an estimated incidence ranging from 1.3 upwards to 10 per 100,000 

people annually (Basso et al., 1999a; Driscoll & Edwards, 1985; Lim, Gibbs, Potts, & 

Sanatani, 2010; Pilmer, Kirsh, Hildebrandt, Krahn, & Gow, 2014; Vaartjes et al., 2009).  

It is comparable in incidence to other more recognized causes of death, such as 

traumatic injury due to motor vehicle incidents at 5.3 per 100,000 people per year 

(Statistics Canada, Annual Demographic Estimates: Canada, Provinces and Territories, 

2012,Catalogue No. 91-215-X).  The global distribution of SUDY varies significantly; the 

heterogeneity may be due to several factors, including the terminology used on medical 

certificates of death, the age range and selection criteria for studying SUDY cases, and 

the post mortem investigation which may lead to highly variable diagnoses.  The 

inclusion of a thorough post mortem examination by qualified pathologists, toxicology 

analyses and other ancillary testing, such as genetic testing for inherited cardiac defects, 

could lead to very different classifications and causes of death in SUDY investigations.  

The incidence of sudden cardiac death is believed to be underestimated as many cases 

due to inherited cardiac defects may be under-detected, as they are not normally 

identified through autopsy (Papadakis et al., 2009).  The cause may be masked by 

circumstantial factors as well – for example, if a motor vehicle driver suffers cardiac 

arrest while driving and causes a collision, the cause of death may be attributed to the 

crash and not the preceding medical event. 
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1.1. Causes of SUDY 

As mentioned above, researchers have shown that the majority of SUDY cases 

are cardiac-related (Lim et al., 2010; Puranik, Chow, Duflou, Kilborn, & McGuire, 2005).  

A small proportion of SUDY cases, however are attributed to epilepsy, intracerebral 

hemorrhage, asthma and pulmonary embolism (Puranik et al., 2005).  The most 

common underlying cause of SUD is ventricular arrhythmia resulting from atherosclerotic 

coronary artery disease, particularly in middle-aged and older adults.  SUD due to heart 

disease accounts for 300,000 to 400,000 adult deaths and 5,000 to 7,000 

“asymptomatic” child deaths annually in the U.S. (Wedekind et al., 2007).  Of the 45,000 

Canadians who die each year from sudden cardiac death, ventricular arrhythmia due to 

coronary artery disease is the underlying mechanism in most cases (Davis & Tang, 

2004). 

In younger individuals, however, the cause of the lethal arrhythmia is attributed to 

a range of structural abnormalities of the heart, such as cardiomyopathy, myocarditis 

and aortic dissection (Gajewski & Saul, 2010; Pilmer et al., 2014; Puranik et al., 2005).  

Primary electrical disorders of the heart are also responsible for a significant portion of 

SUDY cases.  These disorders include long QT syndrome, short QT syndrome, 

catecholaminergic polymorphic ventricular tachycardia (CPVT) and Brugada syndrome 

and are caused by abnormalities in the genes encoding proteins that are involved in 

regulating the heart’s electrical activity.  When the heart goes into an irregular rhythm, 

individuals may experience syncope and suddenly collapse.  If the arrhythmia resolves 

on its own, the individual will recover from the temporary loss of consciousness.  In 

some cases, however, the arrhythmia deteriorates into ventricular fibrillation and can 

result in sudden cardiac death (Ackerman, 2004; Viskin, 1999). 

Previously undiagnosed structural cardiac disease is usually discovered during 

the post mortem examination as the heart disease can be seen grossly or 

microscopically.  Many of these cases are due to inherited cardiac disease, such as 

familial hypertrophic cardiomyopathy, dilated cardiomyopathy and arrhythmogenic right 

ventricular cardiomyopathy (Basso et al., 1999a; Basso, Calabrese, Corrado, & Thiene, 
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2001; Brugada, 2000; di Gioia et al., 2006; Sanatani et al., 2006).  Primary electrical 

disorders usually do not cause structural abnormalities in the heart, which makes them 

very difficult to diagnose at gross autopsy examination.   

In a portion of SUDY cases, autopsy fails to reveal an anatomic cause of death 

and these cases are commonly referred to as “autopsy-negative SUD”.  Autopsy-

negative SUD is more prevalent in younger individuals without coronary artery disease.  

Up to 30% of adult SUD cases result in negative autopsies in which no cause of death is 

found (Tester & Ackerman, 2009).  In children, especially infants under 1 year of age, 

autopsy-negative cases can account for as many as 70 to 80% of SUDY cases 

(Arnestad et al., 2007; Cote, Russo, & Michaud, 1999).  Since 2003, many researchers 

have demonstrated that clinical screening and assessment of SUDY-affected families 

can assist in establishing a diagnosis in SUDY cases (E. Behr et al., 2003).  At least 

40% of autopsy-negative SUDY are due to inherited cardiac diseases diagnosed by 

molecular genetic testing and/or by clinical assessment of surviving relatives (E. R. Behr 

et al., 2008; Tan, Hofman, van Langen, van der Wal, & Wilde, 2005; Tester & Ackerman, 

2007). 

1.2. The role of inherited cardiac disease in SUDY 

As discussed above, a significant portion of SUDY cases are attributed to lethal 

arrhythmia due to underlying heritable cardiac disease.  They roughly fall into two 

categories; structural heart diseases that include cardiomyopathies and congenital 

diseases that are usually diagnosed with a thorough post mortem examination, and the 

primary electrical disorders that usually leave no identifiable signs at autopsy.  Chapter 

Two of this dissertation summarizes some of the major inherited cardiac diseases and 

includes discussion of the genetics, clinical phenotype and some proposed mechanisms 

for arrhythmogenesis for these disorders. 
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1.3. Critical issues of SUDY 

The sudden death of a young person is a tragic event that has profound impact 

on the family, community and the medical profession.  Experiential evidence and 

research reveals that the psychological impact is further exacerbated when the cause of 

death remains undetermined, leaving families without answers, often with feelings of 

guilt or blame over their child’s death and wondering if such a tragedy will occur again 

(Cook, White, & Ross-Russell, 2002; Krueger, 2006; Wisten & Zingmark, 2007).  

Many individuals are unaware that they have an inherited cardiac disease 

because they display few or no clinical symptoms prior to the sentinel event and warning 

signs are often misdiagnosed as more common, benign conditions.  Typical examples of 

premonitory symptoms include palpitations, chest pain and/or episodes of syncope or 

near-syncope (Drezner et al., 2012; Krahn et al., 2012; Maron et al., 2003).  Up to 72% 

of individuals have symptoms before experiencing a sudden cardiac event, but are 

unaware that these symptoms, especially when they are subtle or infrequent, could 

underlie a potentially life-threatening disorder (Drezner et al., 2012; Krahn et al., 2012).  

Furthermore, a recent study suggests that Canadian medical students and recent 

graduates have a poor understanding of SUDY and lack basic knowledge of inherited 

arrhythmia syndromes, including clinical presentation and mode of inheritance (Huisma, 

Potts, Gibbs, & Sanatani, 2012).  Thirty percent of the participants in this study stated 

family medicine/general practice as their designated or intended specialty.  Family 

physicians are usually the primary medical contact for any medical issue; therefore, a 

good knowledge base, that includes awareness of the warning symptoms of SUDY, is 

crucial for making timely diagnoses and referrals to specialists. 

Sudden death is the first manifestation of inherited cardiac disease in some 

patients (Basso, Corrado, & Thiene, 1999b).  For example, SUD is the presenting event 

in 5 to 10% of long QT syndrome (LQTS) patients (Schwartz, 2006) and 1 to 7% of 

familial hypertrophic cardiomyopathy (FHC) patients (Maron, 2002; Ostman-Smith et al., 

2008).  Other patients, however, have an asymptomatic lifelong course, which 

demonstrates the reduced penetrance of many of these inherited syndromes (Giudicessi 
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& Ackerman, 2013; Michels et al., 2009).  Further complicating the clinical picture, some 

inherited disorders such as FHC and arrhythmogenic right ventricular cardiomyopathy 

(ARVC), have a “concealed phase”, during which the patient can experience a lethal 

arrhythmia prior to manifestation of the structural features of the disease (E. R. Behr et 

al., 2008).  Because of the variable phenotype and heritable nature of these syndromes, 

asymptomatic parents may pass the disorder on to their children, who might, under 

certain triggering circumstances, suffer SUDY. 

While it is not known how many asymptomatic Canadians harbour an 

undiagnosed substrate for SUD, estimates based on the incidence of the more common 

conditions (e.g. FHC incidence is approximately one in 500 individuals (Semsarian, 

Ingles, Maron, & Maron, 2015)) suggest that as many as 70,000 Canadians are at risk.  

These individuals may have a genetic mutation that is silently waiting for a “trigger” that 

can cause an arrhythmia leading to SUD.  The trigger can vary and also depends on 

which genetic syndrome is involved.  Exercise and exertion including swimming, intense 

emotion, sudden fright or startle, high fever during illness, sleeping or resting, and 

sleeping in a prone position (see Table 1) are some of the known triggers that coroners 

and medical examiners should be aware of while investigating SUDY deaths (Cha et al., 

2007; Keller et al., 2005; Probst et al., 2007; Romero, Mejia-Lopez, Manrique, & 

Lucariello, 2013; Schwartz et al., 2001; Schwartz & Priori, 2004; Schwartz, 2006; Wilde 

& Priori, 2000). 
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Table 1-1 Typical arrhythmogenic triggers associated with inherited 
arrhythmia syndromes 

1.4. Strategies to reduce SUDY 

A critical element to reducing the incidence of SUDY is timely assessment of 

patients and their close relatives after they experience a sudden cardiac event.  Clinical 

investigation when there is suspicion of an inherited cardiac arrhythmia syndrome should 

include a diagnostic cascade approach starting with a detailed patient and family 

medical history, and non-invasive tests, such as electrocardiography (resting and signal-

averaged ECG) and echocardiography.  In some cases, an exercise test or 

pharmacologic provocation (epinephrine or procainamide challenge) is necessary to 

unmask the disease phenotype (Bennett, Sanatani, Chakrabarti, Deyell, & Krahn, 2013), 

given that exercise and other stressors are common triggers for specific syndromes, as 

listed in Table 1. 

Researchers, clinicians and advocacy groups have proposed strategies to 

prevent SUDY occurrences, but the associated financial and psychological costs are 

controversial.  For example, some researchers have investigated the cost-effectiveness 

of national neonatal ECG screening (Quaglini et al., 2006; Schwartz et al., 1998; 

Zupancic et al., 2000).  The costs of training cardiologists to assess neonatal ECGs and 

the implications of an incorrect diagnosis leading to inappropriate treatment and 

Typical triggers Genetic cardiac syndrome  

Swimming LQTS Type 1, CPVT 

Exercise LQTS Type 1, FHC, CPVT, ARVC  

Emotional stress, intense emotion LQTS Types 1 and 2, CPVT 

Startle, in particular auditory stimuli (e.g. loud, 
sudden noise, such as an alarm clock or 
telephone ringing) 

LQTS Type 2 

Sleep or resting state LQTS Types 2 and 3, BrS 

Febrile illness BrS 
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significant lifestyle changes, however, make this impractical (Van Hare, Perry, Berul, & 

Triedman, 2007).  Most researchers and clinicians are of the opinion that the best 

strategy is to investigate families properly once they have experienced a warning event 

or SUD (E. Behr et al., 2003; E. R. Behr et al., 2008; Tan et al., 2005; Zupancic et al., 

2000).   

Postvention strategies for reducing the incidence of SUDY include a thorough 

investigation of each SUDY case, regardless of where the death occurs in Canada.  

However, as will be discussed in Chapter Three of this dissertation, SUDY investigation 

varies greatly between and even within provincial jurisdictions.  Many SUDY cases are 

concluded as “Undetermined” in both cause and manner of death, leaving families 

without answers.  If the SUDY case was due to an inherited cardiac syndrome, surviving 

family members may at risk of SUDY because there is up to a 50% chance that they 

have inherited the same mutation as the decedent.  Therefore, timely clinical 

assessment of SUDY-affected relatives has the potential to save lives.  Once diagnosed, 

patients with inherited cardiac disease can expect to live normal or near-normal lives 

with clinical management and in some cases moderate lifestyle adjustments.  

Furthermore, assessment of surviving relatives may assist in finding a cause of death for 

the decedent when an inherited cardiac disease is suspected, but not confirmed during 

the coroner’s investigation.  Therefore, a systematic approach where the SUDY victim is 

investigated while first-degree family members undergo clinical assessment can help to 

identify a cause of death and potentially save lives of surviving relatives.  

When a SUDY event occurs, and in particular, when the deceased has no 

identifiable cause of death, it is critical that close family members are referred to 

specialist clinics that have the expertise to assist in finding answers.  For nearly 20 years 

in Europe and for several years here in Canada, cardiac genetic outpatient clinics have 

provided SUDY-affected families with multidisciplinary assessment by cardiac 

electrophysiologists, cardiac nurses, clinical genetic counselors and medical geneticists 

(Hofman et al., 2013).  Management strategies when a SUDY-affected family enters the 

clinic commonly include careful review of the autopsy report and ancillary testing results, 

review of the circumstances at the time of death, collecting a thorough family history 

(usually three generations), genetic counselling, clinical investigations and if warranted, 
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molecular genetic testing for inherited cardiac disease with further cascade screening of 

other relatives in the family.  In recent years, the combination of more traditional clinical 

assessment (treadmill testing, ECG, echocardiography, etc.) with molecular genetic 

testing has significantly affected the diagnosis and management of inherited cardiac 

disease, particularly for those patients who are asymptomatic, but are positive for 

disease-causing mutations (Tester & Ackerman, 2011). 

In Canada, a national registry called the “Cardiac Arrest Survivors with Preserved 

Ejection Fraction Registry” (CASPER) which functions in at least 12 specialist centers, 

has clearly demonstrated the benefits of systematic clinical testing (including drug 

provocation and advanced imaging) resulting in unmasking of the cause of apparently 

unexplained cardiac arrest in over 50% of patients (Krahn et al., 2009).  The registry 

includes patients who have experienced sudden and unexplained cardiac arrest or have 

close relatives who have died from SUDY or survived unexplained cardiac arrest.  The 

CASPER approach assists in directing genetic testing to diagnose inherited cardiac 

arrhythmia syndromes, which can result in successful family screening.  The yield of 

molecular genetic testing for inherited cardiac disease is relatively high.  For example, 

the yield of patients testing positive for causal mutations is approximately 65% for LQTS 

and 60% for FHC (Hofman et al., 2013; Maron, Maron, & Semsarian, 2012).  Thus, a 

proactive approach that includes monitoring, counselling and treatment of mutation-

positive patients is clearly warranted to potentially reduce the risk of another SUDY.   

1.5. Systems for reporting and investigating SUDY in 
Canada 

In Canada, SUDY deaths are reported to the provincial or territorial death 

investigation agency within each province.  Currently, there are two types of death 

investigation agencies in Canada; medical examiner systems and coroner-based 

systems.  Either a coroner or medical examiner investigates the circumstances to 

establish a cause of death under the mandate of provincial/territorial death inquiry 

legislation (Avis, 1998).   
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In 2008, the Ontario death investigation service developed guidelines to assist in 

their suspected sudden cardiac death investigations.  These guidelines were designed to 

assist in standardizing autopsy practices throughout the province.  They also help to 

ensure that appropriate practices are in place to rule out other causes of death and 

retain post mortem tissue for the benefit of the family if an inherited cardiac disease is 

suspected.  The Ontario Forensic Pathology Service, which conducts all forensic 

autopsies in Ontario, has begun provisions to include facilitation of molecular genetic 

testing for some of the inherited cardiac arrhythmia syndromes on autopsy-negative 

SUDY cases that are suspicious for lethal arrhythmia: 

mcscs.jus.gov.on.ca/english/DeathInvestigations/Pathology/Publications/OurPlan2010-

15/ofps_our_plan.html.  The Forensic Pathology Unit of Kingston General Hospital has a 

focus on molecular forensic pathology that includes molecular genetic testing of tissues 

obtained at autopsy for cases that are suspicious for inherited cardiac disease.  The 

Ontario guidelines also specify that the surviving relatives should be referred to their 

family physician for clinical assessment.  When the family is being investigated for an 

inherited cardiac disease, they can request retained tissue for molecular genetic testing 

of their deceased relative.  Molecular genetic testing of the decedent can offer answers, 

perhaps closure for the family and inform management of surviving relatives but only if 

tissue is retained from the autopsy and families are made aware of its availability.   

In British Columbia, pediatric pathologists have included a recommendation in 

the autopsy report that first-degree relatives of infants who have died from SUDY, and 

have no identified cause of death after autopsy, undergo clinical assessment for 

inherited cardiac arrhythmia syndromes.  The BC Coroner’s Service, which authorizes 

these pediatric autopsies, incorporated policy in 2010 to ensure that families are 

contacted and referred to local arrhythmia clinics when a recommendation for referral is 

included in the autopsy report.  However, it is unclear how many families request the 

autopsy report for their deceased child and furthermore, how many families actually read 

and/or fully understand the report if and when they do request it.   
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1.6. Objectives of the dissertation 

This dissertation will explore the investigation and management of SUDY and 

SUDY-affected families in Canada with the end goal of developing guidelines for 

coroners and medical examiners to standardize their approaches to SUDY case 

investigation.   

This dissertation will have three aims: 

Aim One: To investigate the underlying mechanisms of SUDY  

Chapter Two: literature review of the role of inherited arrhythmia syndromes in 

SUDY 

Chapter Four: investigation of the genetic causes of SUDY to assist in diagnosis 

in SUDY cases  

Aim Two: To determine the current approaches to SUDY investigation and 

management of SUDY-affected families in Canada 

Chapter Three: exploration of the current practices of investigation and 

management of SUDY in Canada 

Aim Three: To advance the scientific framework for future guidelines and 

policy for Canadian death investigation agencies to standardize their approaches 

to SUDY investigation  

Chapter Five:  scoping review of literature surrounding best practices, 

recommendations and guidelines for SUDY investigation and management in other 

jurisdictions and using best practices identified in Chapter Four to develop guidelines for 

coroners and medical examiners. 
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Chapter 2.  
 
The role of inherited arrhythmia syndromes in 
sudden unexpected death in the young 

This chapter contains a section (pages 40 to 57) that was modified from the following 

book chapter: 

Dewar, L.J., Liang, B., Li, Y., Sanatani, S. and Tibbits, G.F. (2012) Familial 

hypertrophic cardiomyopathy troponin mutations and sudden cardiac death. In: 

Cardiomyopathies - From Basic Research to Clinical Management. J. Veselka (Ed.). 

The main focus of this dissertation chapter is to review some of the inherited 

arrhythmia syndromes and their proposed physiopathological mechanisms underlying 

sudden unexpected death in the young (SUDY).  As mentioned in the previous chapter, 

SUDY is usually defined as the natural but sudden death (within 1 to 24 hours of initial 

onset of symptoms) of a seemingly healthy young person (Basso, Corrado, & Thiene, 

1999), aged from newborn up to 40 or 50 years of age (Michaud, Mangin, & Elger, 2011; 

Sen-Chowdhry & McKenna, 2014).  Most SUDY deaths have a cardiac etiology and are 

attributed to ventricular arrhythmia.  Sudden Unexpected Death in Infancy (SUDI) refers 

to infants who have died under one year of age.  Sudden Infant Death Syndrome (SIDS) 

is a subset of SUDI and refers to infant deaths that fulfill very strict criteria; that being 

infants who have died suddenly and unexpectedly, the onset of the fatal episode was 

apparently associated with sleep, with no identified cause of death after careful autopsy 

and other ancillary testing, and with no identified risk factors after a thorough review of 

the circumstances of death and clinical history (Krous et al., 2004). 
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In older individuals, the underlying pathology of SUD is likely to be coronary 

atherosclerotic disease (Davis & Tang, 2004).  In younger people however, the lethal 

arrhythmia is commonly associated with inherited cardiac disorders.  This chapter will 

discuss two major categories: the structural heart diseases that include 

cardiomyopathies that are usually diagnosed with a thorough post mortem examination, 

and the primary electrical disorders that usually leave no identifiable signs at autopsy.  In 

this dissertation, I refer to both of these categories as inherited arrhythmia syndromes 

(IAS) because the underlying mechanism is proposed to be a combination of an 

environmental stimulus (e.g. physical activity, emotional distress, etc.), which triggers the 

onset of ventricular arrhythmia in a vulnerable substrate (genetic variants that encode 

abnormally functioning proteins within the myocardium) leading to the outward 

appearance of syncope or near-syncope in the individual.  The resulting arrhythmia can 

further degrade into lethal ventricular fibrillation and SCD if it does not revert to normal 

sinus rhythm (Ackerman, 2004). 

2.1. Cardiac action potential 

The action potential (AP) is a recording of the electrical activity of a single cardiac 

cell (as opposed to an electrocardiogram which records the entire heart’s electrical 

activity) and represents the change in voltage of the cell over time.  The morphology of 

the AP varies depending upon the type of cell that is being recorded (e.g. Purkinje cells, 

sinoatrial nodal cells, ventricular and atrial cardiomyocytes) and its location within the 

heart, due to differences in expression of ion channels.  A ventricular AP and the ion 

currents associated with each phase is depicted in Figure 2-1.  The AP can also be 

adversely affected by disruptions in ion channel function and/or expression due to 

mutations in the genes encoding ion channels or responsible for modulating ion 

channels, as discussed below.   

The inside of the ventricular cardiomyocyte is negative compared to outside by 

about 80mV, thus, there is a potential difference (the membrane potential) across the 

plasma membrane.  This is caused largely by the efflux of potassium K+ via K+ channels 
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down its concentration gradient until the electronegative force retaining K+ in the cell 

balances the tendency for efflux. 

During electrical stimulation, sodium (Na+) channels open, causing a rapid influx 

of Na+ down its own concentration gradient, producing an inward current (INa) and 

depolarizing the cell towards its equilibrium potential.  This represents the rapid and 

near-vertical upstroke of the initial phase (phase 0) of the AP.  As the myocyte 

depolarizes, L-type calcium channels in the T-tubules and plasma membrane begin to 

open and calcium (Ca2+) enters the cell down its concentration gradient.  The Na+ 

channels close rapidly, but L-type Ca2+ channels remain open for longer and produce 

further depolarization.  The rapid deactivation of Na+ channels, plus the efflux of 

potassium (K+) from repolarizing transient outward currents Ito1 and Ito2, is responsible for 

the “notch” commonly seen during phase 1 of the AP.  As more depolarizing L-type Ca2+ 

channels open, there is a plateau in the AP (representing phase 2), due to the balance 

between Ca2+ influx and K+ efflux from K+ channels responsible for the slowly activating 

delayed rectifier potassium current (IKs).  As L-type Ca2+ channels close, causing 

reduced Ca2+ influx, there is a more rapid repolarizing phase (phase 3) as K+ efflux 

increases due to IKs-producing channels remaining open and the opening of other K+ 

channels responsible for the rapidly activating delayed rectifier current (IKr) and inward 

rectifying current (IK1).  The K+ channels responsible for the delayed rectifier currents 

close when the membrane potential is restored to about -85 to -90 mV, while IK1 remains 

conducting throughout phase 4, which helps to set/maintain the resting membrane 

potential until the next stimulus. 

The sinoatrial node contains myocytes that exhibit a different form of AP due to 

the lack of Na+ channels.  Depolarization is mediated by Ca2+ channels.  The cell 

depolarizes spontaneously and gradually during phase 4 until the Ca2+ channels open 

and an AP is produced.  This partly results from the presence of hyperpolarization-

activated cyclic nucleotide-gated (HCN) channels (which are absent from ventricular 

myocytes) responsible for inward-depolarizing Na+ current.   
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2.2. Primary electrical disorders 

2.2.1. Long QT Syndrome 

Clinically, long QT syndrome (LQTS) is characterised by recurrent syncope 

(especially during physical exertion or stressful events), QT prolongation, T- and U-wave 

abnormalities on the ECG, and in some cases SCD.  There is considerable variability in 

the clinical presentation, and diagnosis is sometimes difficult.  It is the most common 

primary electrical disorder with a prevalence approximating 1:2,000 in the general 

population (Schwartz et al., 2009). 

 The QT interval represents the time required for the cardiac ventricles to 

depolarize and repolarize in preparation for the next heart beat and is measured from 

the onset of the QRS complex to the end of the T wave on a surface ECG (see Figure 

1).  The QT interval is affected by the heart rate, age and sex of the patient.  A QT 

interval that has been corrected for heart rate (QTc) using Bazett’s formula (Karjalainen, 

Viitasalo, Manttari, & Manninen, 1994)  is considered to be abnormally prolonged at > 

460 ms in females and > 440 ms for males (Goldenberg, Zareba, & Moss, 2008).  QT 

prolongation at rest, however, is not seen in up to 50% of LQTS patients who have 

experienced either syncope or cardiac arrest.  These findings are in keeping with a 

reduced penetrance in the range of 40% across all LQTS subtypes (Priori, Napolitano, & 

Schwartz, 1999) and also suggest contributions by exogenous factors (such as 

electrolyte abnormalities) or other genetic factors to the clinical manifestations of LQTS 

(Roden et al., 1996).   

In LQTS, there is typically either a gain-of-function of sodium (from NaV1.5) 

and/or calcium (from CaV1.2), or a loss-of-function of potassium efflux (from the most 

dominant repolarizing currents IKr and IKs) delaying ventricular repolarization and 

prolonging the plateau phase of the action potential.  The contribution of each of the ion 

channels to the cardiac action potential duration is modulated by adrenergic tone.  

Catecholamines stimulate adrenergic receptors on the cell surface, which in turn trigger 
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increases in cAMP and activation of various protein phosphorylation pathways.  

Increased cAMP results in increased depolarization rates in sinoatrial cells and 

phosphorylation of calcium-handling proteins, such as L-type calcium channels and 

cardiac ryanodine receptors, thus increasing intracellular calcium and cardiac 

contractility.  At resting heart rates, the contribution of IKs is likely minimal, but adrenergic 

stimulation (as occurs with exercise) increases IKs activity which in turn shortens the 

action potential duration and hence allows higher heart rates in normal hearts.   

 

 

 

Figure 2-1  Cardiac ventricular action potential (A) and surface ECG (B) 
showing normal range of QT interval, measured from the start of the 
QRS complex at Q, to the end of the T wave. 

Image modified from (Kaczorowski, Garcia, Bode, Hess, & Patel, 2011). 
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In some subtypes of LQTS, however, defective IKs prevents reduction of action 

potential duration during exercise, which may explain why exercise or exertion is a 

common trigger for arrhythmias and sudden death due to mutations in the genes 

encoding the IKs protein components (Schwartz et al., 2001).  Abnormal prolongation of 

the action potential allows sufficient time for L-type calcium channels to recover from 

inactivation and reactivate, potentially causing early after-depolarizations (EADs).  EADs 

appear on the surface ECG as tall U waves (Viskin, 1999) .  These abnormal U waves 

can stimulate ventricular arrhythmias if they reach threshold amplitude (Roden et al., 

1996).  Some endocardial regions of the ventricle in LQTS patients are more likely to 

show prolonged repolarization and EADs than others, resulting in temporal and spatial 

heterogeneity of repolarization.  This heterogeneity can promote the onset of a distinct 

arrhythmia known as torsades de pointes (TdP) (Antzelevitch & Sicouri, 1994). TdP can 

cause individuals to experience temporary syncope or worse, cardiac arrest and death, if 

the TdP deteriorates into ventricular fibrillation in the absence of an automatic external 

defibrillator (Ackerman, 2004; Viskin, 1999). 

Over 50 years ago, Jervell and Lange-Nielsen (Jervell & Lange-Nielsen, 1957) 

reported examining a family in which four children with congenital deafness showed a 

prolonged QT interval on ECG.  The children fainted when experiencing stressful 

incidents and three of the children subsequently died suddenly and unexpectedly.  

Around the same time, Levine and Woodworth (Levine & Woodworth, 1958) examined 

another boy with the same characteristics who also died during a perceived stressful 

event.  This type of LQTS, referred to as the Jervell–Lange-Nielsen form, is a relatively 

rare disorder and appears to have autosomal recessive inheritance.  In the 1960’s, 

Romano and Ward examined patients with similar symptoms, but with autosomal 

dominant inheritance and without congenital deafness (Romano, Gemme, & 

Pongiglione, 1963; Ward, 1964).  

In early 1975, a multidisciplinary task force was created by the Sudden 

Arrhythmia Death Syndromes Foundation to assist in understanding LQTS.  Clinical 

medicine, electrophysiology, and more recently, molecular genetics, have been 

integrated into studies of the mechanisms of the disorder (Roden et al., 1996).  In 1979, 

the International Long QT Syndrome Registry was established, with membership derived 
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from families with “borderline” and clinically established cases.  This registry has 

generated tremendous amounts of information regarding the risk mechanisms and the 

importance of the clinical history in the disorder (Moss & Schwartz, 2005).  Much of the 

information derived from the studies of LQTS has been beneficial for uncovering the 

mysteries underlying other cardiac arrhythmias, such as Brugada syndrome, familial 

catecholaminergic polymorphic ventricular tachycardia and short QT syndrome.  Long 

QT syndrome has hence been considered the paradigm for the study of cardiac 

arrhythmias and sudden cardiac death (Saenen & Vrints, 2008). 

Molecular basis of Long QT Syndrome 

With the recent advances in molecular biology in the 1990’s, much more is now 

known about the genetic basis of LQTS.  It is now considered to be a familial disorder 

caused by mutations in the genes coding for cardiac ion channels and/or ancillary 

proteins; thus the syndrome is referred to as one of several disorders causing cardiac 

ion channelopathies (Ackerman, 1998). 

The first molecular evidence for LQTS was found in 1990 in a large family in 

which many family members had a similar pattern of chromosomal DNA banding on 

chromosome 11.  This was the first proof that LQTS was indeed hereditary (Keating et 

al., 1991) and the search for the specific gene mutations causing the disease was 

underway. 

The most recent literature shows that there are over 700 mutations identified in at 

least 15 different genes, with approximately 75% of congenital LQTS patients grouped 

into three subtypes referred to as LQT1, LQT2 and LQT3 (Tester & Ackerman, 2009).  

Table 1 summarizes the various congenital subtypes.  The first LQTS-associated locus 

was discovered in 1991 (Keating et al., 1991), but the affected gene, KCNQ1, (originally 

called KVLQT1) was not discovered until 1996 (Q. Wang et al., 1996)  The KCNQ1 gene 

encodes the alpha (α) subunit of the Kv7.1 channel which is responsible for the slowly 

activating delayed rectifier potassium current (IKs).  Loss-of-function mutations in this 

gene cause type 1 LQTS (LQT1) by decreasing IKs current which in turn prolongs action 

potential duration (particularly phase 3 of the action potential) and ventricular 
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repolarization (Q. Wang et al., 1996).  LQT1 patients tend to experience arrhythmias 

while undergoing sympathetic stimulus or physical exertion, including swimming 

(Schwartz et al., 2001).  There is fairly low penetrance observed in this subtype, (62%), 

suggesting that up to 40% of LQT1 cases may present with a normal QT interval and 

ECG.  LQT1 is also the most frequent subtype of the congenital form with 30 to 35% of 

cases (Medeiros-Domingo, Iturralde-Torres, & Ackerman, 2007).  Patients with double or 

homozygous mutations in KCNQ1 show an extreme LQTS phenotype with a high risk of 

sudden death and congenital deafness that is referred to as type 1 Jervell–Lange-

Nielsen syndrome (J-LN1), as discussed above (Schwartz et al., 2006).   

LQT2 is attributed to mutations in the human ether-a-go-go-related (hERG) gene, 

also referred to as KCNH2, which encodes the alpha (α) subunit of the Kv11.1 channel 

responsible for the rapidly activating delayed rectifier potassium current (IKr ) (Sanguinetti 

et al., 1996; Sanguinetti, 1999).  IKr is responsible, in part, for repolarization reserve – it 

tends to shorten the action potential duration at resting heart rates and during the initial 

phases of heart rate elevation in response to emotional or physical stress before the 

slower IKs activates.  Loss-of-function mutations in this gene result in prolongation of the 

action potential duration during phase 3 and abnormal repolarization (Curran et al., 

1995).  Hence, LQT2 patients tend to experience arrhythmias during emotional stress or 

sudden auditory stimulus as opposed to exercise (Schwartz et al., 2001) .  Penetrance is 

approximately 80%.  This subtype accounts for approximately 25 to 30% of congenital 

cases (Medeiros-Domingo et al., 2007). 

In LQT3, a small, continuous influx in sodium ions in the cardiac sodium current, 

INa, is caused by gain-of-function mutations in SCN5A (Bennett, Yazawa, Makita, & 

George, 1995).  This gene codes for the Nav1.5 sodium channel α subunit.  

Dysfunctional inactivation of this channel allows persistent influx of sodium during phase 

2 of the action potential, thus prolonging its duration.  LQT3 patients usually have fewer 

symptoms than other LQT types, but have a higher lethality rate associated with their 

symptoms and the first event may be fatal.  They have a higher risk of arrhythmias 

during sleep and/or bradycardia (Schwartz et al., 2001). 
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Type LQT4 involves mutations in the ankyrin-B (ANKB or ANK2) gene which 

encodes for the structural protein ankyrin-β that links certain membrane proteins to 

cytoskeletal proteins such as the sodium/potassium ATPase pump and the 

sodium/calcium exchanger (Yong, Tian, & Wang, 2003).  Loss-of-function mutations in 

ANK2 can lead to increased intracellular calcium levels, which can result in early and 

delayed after-depolarizations, giving rise to ventricular arrhythmias, usually in response 

to catecholaminergic stimulation.  LQT4 accounts for less than 1% of cases and can 

produce a variety of different arrhythmias, including atrial fibrillation and bradycardia 

(Mohler & Bennett, 2005).  LQT5 involves mutations in the KNCE1 (minK) gene 

encoding slow potassium channel β subunits of the Kv7.1 channel (Sanguinetti et al., 

1996).  Patients with double or homozygous mutations in KCNE1 show an extreme 

LQTS phenotype with a high risk of sudden death and congenital deafness that is 

referred to as type 2 Jervell–Lange-Nielsen syndrome (J-LN2), as discussed previously.  

LQT6 involves mutations in the KCNE2 (MiRP1) gene encoding rapid potassium channel 

β subunits of the hERG channel, Kv11.1 (Abbott et al., 1999). 

Types LQT1, 2, 3, 5 and 6 make up the “classic” form of LQTS and have 

characterised the disorder as a channelopathy.  In the past, these types were all 

recognised as the “Romano Ward syndrome” with autosomal dominant inheritance.  

Relatively few cases of the Jervell Lange-Nielsen form are currently recognized, whereas 

the Romano-Ward variant is recognized with increasing frequency.  Most of the 

information currently available regarding the syndrome relates to the Romano-Ward 

forms.  The Jervell Lange-Nielsen (J-LN) syndromes are clinically the more severe 

variants of the disorder.  J-LN patients present with markedly prolonged QTc intervals 

(often over 500 ms) as well as deafness and frequent syncope.  J-LN is caused by 

homozygous or compound heterozygous mutations on either the KCNQ1 gene (type J-

LN1) or on the KCNE1 gene (type J-LN2) that encode the potassium ion current IKs (as 

discussed regarding LQT types 1 and 5).  Most (95%) of the arrhythmias with this 

disorder are triggered by emotional stress or physical exercise.  Early onset is frequently 

observed and most J-LN patients (nearly 90%) become symptomatic before adulthood.  

There is also a high incidence (approximately 25%) of SCD, even with medical therapy.  

Despite the severity of the disorder in J-LN patients, their parents are usually 

heterozygous and have less severe symptoms or are asymptomatic (Schwartz, 2006). 
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Type LQT7 involves the KCNJ2 gene with loss-of-function mutations causing a 

reduction in the inward rectifying IKir2.1 potassium current affecting phase 4 of the action 

potential and often causing a prominent U wave on the ECG.  It is commonly recognised 

as the “Anderson-Tawil syndrome” or ATS.  Individuals with this autosomal dominant 

disorder present with skeletal abnormalities including short stature and scoliosis, but with 

only a slight (and sometimes no) prolongation of the QTc interval (Plaster et al., 2001).  

Mutations in the CACNA1c gene cause dysfunction in the calcium Cav1.2 channel and is 

recognised as “Timothy syndrome” (LQT8) with abnormalities including cardiac 

malformations, syndactyly and autism.  It is an extremely rare disorder, accounting for 

less than 0.5% of cases (Splawski et al., 2004).  In recent years, an “atypical” Timothy 

syndrome phenotype has been characterized; these patients were reported to 

experience severe arrhythmia events, but without the other physical manifestations and 

were only diagnosed after genetic testing identified a mutation in CACNA1c (Hiippala, 

Tallila, Myllykangas, Koskenvuo, & Alastalo, 2015; Splawski et al., 2005).  Type LQT9 

involves CAV3 which codes for caveolin 3, a plasma membrane protein associated with 

persistent late sodium channel current (Nav1.5) (Vatta et al., 2006).  Mutations of CAV3 

generate a phenotype similar to LQT3 and have been reported in SUDI deaths as 

discussed below (Cronk et al., 2007).  LQT10 is also associated with late sodium current 

and so far, only a single mutation in the SCN4B gene (encoding the sodium channel β4 

subunit) of one patient has been recognized as causal for LQTS.  The patient was 

described as a severe case with markedly prolonged QTc (over 600 ms), fetal 

bradycardia and 2:1 atrioventricular block.  The incidence of type LQT10 is estimated to 

be less than 1% (Medeiros-Domingo et al., 2007).  In LQT11, the AKAP9 gene encodes 

the potassium channel regulator yotiao.  Mutations in this protein affect IKs current 

(Kurokawa, Motoike, Rao, & Kass, 2004).  Chen and colleagues demonstrated that a 

mutation in AKAP9 eliminated the functional response of the Kv7.1 channel to cAMP and 

prolonged the action potential duration (L. Chen et al., 2007).  In LQT12, the SNTA1 

gene encodes the α-1 syntrophin protein that associates with SCN5A as a regulator of 

sodium current.  Mutations in this gene cause increased late sodium current, contributing 

to prolonged QT interval (Ueda et al., 2008).   

Loss-of-function mutations in the KCNJ5 gene give rise to LQT13.  This gene 

encodes the G protein-coupled, inwardly rectifying potassium channel, Kir 3.4, which is 
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responsible for IKACh current.  This channel is predominantly expressed in atria and the 

sinoatrial node and contributes to heart rate regulation via parasympathetic stimulation 

(Wickman et al., 1999).  Interestingly, LQT13 patients are characterized by only modest 

QT prolongation, but have an increased propensity for atrial arrhythmias.  LQT13 was 

originally discovered in a large Chinese family with LQTS in which researchers identified 

a KCNJ5 mutation that resulted in a defect in channel trafficking and a reduction in the 

IKACh current (Yang et al., 2010).  Recent advances in molecular genetic testing using 

high throughput sequencing technology has allowed researchers to discover at least two 

more LQT subtypes; LQT14 and LQT15.  The two subtypes arise from mutations in 

paralog genes encoding calmodulin, CALM1 and CALM2, respectively, and are 

associated with severe recurrent life-threatening arrhythmias and neurological deficits 

including epilepsy and developmental delay in early infants (Crotti et al., 2013). More 

recently, Makita et al reported 5 novel CALM2 variants in probands of varying ethnicities 

with overlapping LQTS and CPVT phenotype and with one of the variants associated 

with child SUD (Makita et al., 2014).  These mutations are proposed to disrupt Ca2+ 

signaling and prolong the QT interval through several mechanisms; calmodulin is the 

Ca2+ sensor for Ca2+-dependent inactivation of L-type Ca2+ channels (Cav1.2); it is also 

required for Kv7.1 (responsible for the slow component of the delayed rectifier current IKs) 

and inactivation of cardiac sodium channels (Nav1.5 producing INa) and finally, it is 

required for calmodulin-dependent kinase II (CaMKII) activity.  Hence, disruption of any 

or all of these various calmodulin-dependent pathways can be potentially 

arrhythmogenic through two mechanisms - prolongation of the QT interval resulting from 

delayed repolarization, and disruption of intracellular Ca2+ homeostasis via CaMKII 

activity (as reviewed in Rokita & Anderson, 2012).  At this time, there are still 

approximately 20 to 25% of LQTS patients with no known genetic cause (Tester & 

Ackerman, 2009) .   
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Table 2-1 Long QT syndrome genetic subtypes 

LQTS 
subtype 

Gene Locus Protein Functional effect 

LQT1 KCNQ1 11p15.5 Alpha subunit of Kv7.1 LOF, reduced IKs 

LQT2 KCNH2 7q35-36 Alpha subunit of Kv11.1 LOF, reduced IKr 

LQT3 SCN5A 3p21-p24 Alpha subunit of Nav1.5 GOF, increased late inward INa 

LQT4 ANK2 4q25-q27 Ankyrin-B (links membrane 
proteins to cytoskeleton) 

LOF, disrupts multiple ion channels 

LQT5 KCNE1 21q22.1 MinK (beta subunit of Kv7.1) LOF, reduced IKs 

LQT6 KCNE2 21q22.1 MiRP1 (beta subunit of Kv11.1) LOF, reduced IKr 

LQT7 KCNJ2 17q23 Alpha subunit of Kir2.1 LOF, reduced IK1 

LQT8 CACNAIc 12p13.3 Alpha subunit of Cav1.2 GOF, increased ICa 

LQT9 CAV3 3p25 Caveolin-3 (caveolae 
scaffolding protein) 

Increased late INa influx 

LQT10 SCN4B 11q23.3 Beta subunit of Nav1.5 GOF, Increased late INa influx 

LQT11 AKAP9 7q21-q22 A kinase-anchor protein-9 
(sympathetic IKs activation) 

LOF, reduced IKs 

LQT12 SNTA1 20q11.2 Alpha 1-syntrophin (regulation 
of INa) 

Increased late INa influx 

LQT13 KCNJ5 11q24.3 Kir3.4 (GIRK4) LOF, reduced IKACh 

LQT14 CALM1 14q32.11 Calmodulin-1 Altered calcium signalling 

LQT15 CALM2 2p21 Calmodulin-2 Altered calcium signalling 

J-LN1 KCNQ1 11p15.5 Alpha subunit of Kv7.1 LOF, reduced IKs; autosomal 
recessive inheritance; severe 
arrhythmogenic phenotype with 
congenital deafness 

J-LN2 KCNE1 21q22.1 MinK (beta subunit of Kv7.1) LOF, reduced IKs; autosomal 
recessive inheritance; severe 
arrhythmogenic phenotype with 
congenital deafness 

Acquired LQTS and genetic modifiers 

Along with the inherited form, there is also an acquired LQTS.  The acquired 

syndrome is a result of adverse drug therapy reactions or electrolyte imbalances that 

alter conditions for normal cardiac excitability (Sanguinetti & Tristani-Firouzi, 2006).  The 

majority of acquired cases arise from pharmaceutical compounds that prolong the QT 

interval and potentially trigger TdPs by inhibiting hERG (Kv11.1) channel function 
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(Recanatini, Poluzzi, Masetti, Cavalli, & De Ponti, 2005) , interference of the trafficking 

mechanism of the channel subunits to the cell surface (Kuryshev et al., 2005) or drug-to-

drug interactions (i.e. interference with metabolic processes) (Sanguinetti & Tristani-

Firouzi, 2006).  These interactions ultimately lead to a reduction in potassium channel 

(IKr current).  The hERG channel has structural features that allow the binding of certain 

drugs and hence alter its function (Sanguinetti & Tristani-Firouzi, 2006).  Many drugs 

with different chemical structures have been reported to prolong the QT interval and 

cause TdP, including anti-arrhythmics, antihistamines, anti-fungals and antipsychotics 

(AZCERT, 2008).  There are certain risk factors that can contribute to drug-induced QT 

prolongation including female gender, hypokalemia, hypomagnesaemia, hypocalcemia, 

bradycardia, congestive heart failure, left ventricular hypertrophy and baseline QT 

prolongation (Roden, 2006).  

Paulussen and colleagues screened acquired LQTS patients for genetic 

mutations in the KCNQ1, KCNH2, SCN5A, KCNE1 and KCNE2 genes (Paulussen et al., 

2004).  Their findings suggest that 5 to 12% of acquired LQTS patients may be carriers 

of an underlying mutation in a congenital LQTS-associated gene (at least in the 5 genes 

they screened) and as such, there may be considerable overlap between the two 

syndromes.  Moss and colleagues suggested over 30 years ago, that genetic variation 

may play a role in the development of drug-induced TdP (Moss & Schwartz, 1982).  

Further to this, genome-wide association studies have identified other genetic loci that 

may influence the QT interval; for example, single nucleotide polymorphisms (SNPs) 

have been identified in NOS1AP, SLC8A1 and PLN (Kim et al., 2012; Pfeufer et al., 

2009).  Several variants within known candidate genes have also been identified as 

genetic modifiers of LQTS, namely, KCNE1 D85N, KCNH2 K897T and several 

polymorphisms in SCN5A  (Crotti et al., 2005; Makielski et al., 2003; Nishio et al., 2009).   

2.2.2. Long QT syndrome and sudden unexpected infant deaths 

The characteristic of LQTS causing sudden and unexpected death through 

ventricular tachyarrhythmia leading to ventricular fibrillation make it a likely cause of 

death of infants (Skinner, 2005).  Autopsies of LQTS patients reveal no anatomic cause 
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of death, with no structural evidence in the heart or other tissues (Schwartz, 1987).  

When LQTS is diagnosed in infancy, usually one or both of the parents will also have a 

prolonged QT interval (due to autosomal inheritance).  One of the first studies that 

suggested some Sudden Unexpected Death in Infancy (SUDI) deaths could be due to 

an IAS (and to LQTS specifically) was demonstrated by Maron and colleagues (B. J. 

Maron, Clark, Goldstein, & Epstein, 1976).  This study showed that among 42 sets of 

parents of SUDI victims, 26% of parents and 36% of the siblings also had prolonged QT 

intervals.  Given the considerable likelihood that the disorder is inherited, screening of 

immediate relatives after an infant has died suddenly and unexpectedly may not only 

lead to a possible cause of death in the infant, but a reduction in future deaths in the 

family, if it is determined that other members may be at risk for arrhythmias. 

The three major genotypes, namely types 1, 2, and 3, (LQT1-3) each have their 

own phenotypic expression, including the type of “trigger” for syncope or sudden cardiac 

death.  As discussed previously, physical exertion, especially swimming, often precedes 

events in type 1, and loud noises, excitement or stress, especially noises causing 

arousal from sleep, in type 2.  Although type 1 cardiac events are usually precipitated by 

physical exertion, it should not be excluded as an underlying cause in SUDI deaths.  

Infants during sleep are not devoid of “exertion” (sympathetic activity); in fact, sleeping 

infants show significant sympathetic activity, particularly during rapid eye movement 

(REM) sleep (Schwartz, 1976) and prone sleeping has also been associated with 

decreased vagal activity (Dwyer & Ponsonby, 1995).  Thus, these findings suggest that 

dysfunctional potassium channels could be viable candidates for the underlying 

mechanisms in some SUDI deaths (Tester & Ackerman, 2005).  In type 3 (LQT3), 

sudden death can occur during sleep as these patients have a further prolongation of the 

QT interval at night, and the first arrhythmic episode is often fatal (Towbin & Ackerman, 

2001; Zareba et al., 1998).  This characteristic makes LQT3 a likely candidate for 

causing SUDI deaths. 
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2.2.3. Brugada Syndrome 

Brugada syndrome (BrS) was first described in 1992, after eight patients, of 

which 3 were children, were observed in late 1980’s with novel and serious heart rhythm 

defects (P. Brugada & Brugada, 1992).  The disorder is now associated with a high risk 

of SCD in young and seemingly healthy adults, including infants and children.  BrS is 

considered to be a primary electrical disorder because there are no associated structural 

cardiac abnormalities.  The currently accepted diagnostic criteria for BrS include a 

characteristic ECG pattern with “coved-type” ST segment morphology and negative T 

waves in at least one of the right precordial leads, either spontaneously or after sodium 

channel-blocker medication is administered (Priori et al., 2013).   

BrS is responsible for 4 to 12% of all sudden death and up to 20% of sudden 

cardiac death (Antzelevitch et al., 2005).  It also shows a marked male predominance of 

up to 10:1 over females.  Prevalence is estimated to be 5 in 10,000 in Caucasian 

populations, but many patients may have concealed forms of the disorder; thus, the 

actual prevalence is probably higher.  There are geographic and/or ethnic variations, 

such as in Japan, where the frequency is about 12 in 10,000 (Hermida et al., 2000).  

Sudden Unexpected Nocturnal Death Syndrome (SUNDS) in Southeast Asia is now 

known to be phenotypically, genetically and functionally the same disorder as BrS (Vatta 

et al., 2002).  It is the leading cause of death for men under 40 years of age after motor 

vehicle incidents in these regions (Antzelevitch, 2006). 

The risk of arrhythmia in BrS patients remains incompletely understood, but one 

hypothesis brought forward proposes a shift in the balance of inward and outward 

currents that favours faster repolarization and creates an exaggerated phase 1 notch in 

the action potential of ventricular epicardium (see Figure 2).  This results in transmural 

dispersion of repolarization that leads to development of phase 2 re-entry, which 

provides the extrasystole and initiates ventricular tachycardia and ventricular fibrillation 

(as reviewed in (Antzelevitch, 2007). 
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Inheritance is likely autosomal dominant, though the full genetics of this disorder 

have not yet been clearly defined.  In some patients, the disorder is sporadic, in that it is 

phenotypically and in many cases genotypically absent in parents or other close 

relatives (Schulze-Bahr, Eckardt, Paul, Wichter, & Breithardt, 2007).  The first mutation 

related to BrS was found in the SCN5A gene (BrS1) encoding the alpha subunit of the 

cardiac sodium ion channel Nav1.5 (Q. Chen et al., 1998).  It currently accounts for 18 to 

30% of genotype positive patients with BrS (Antzelevitch et al., 2005).  BrS mutations 

are associated with loss-of-function in the sodium channel (Vatta et al., 2002).  There 

have been a few mutations reported that were discovered in both LQTS and BrS 

patients; hence, these patients have a prolonged QT interval as well as ST elevation, 

and have very high frequencies of sudden and unexpected cardiac death including 

children and infants (C. Bezzina et al., 1999).  In general, there are some BrS patients 

with slightly prolonged QT intervals and this finding may fit well with the “QT hypothesis” 

proposed by Schwartz to account for some SUDI deaths (Schwartz, 1987).   

Other genes have been linked to the syndrome, which is indicative of genetic 

heterogeneity (see Table 2).  GPD1L (glycerol-3-phosphate dehydrogenase 1-like) is 

believed to be involved in trafficking the sodium channel to the cardiac cell surface 

(Pfahnl et al., 2007).  Mutations in GPP1L (BrS2) result in reduction of INa and have also 

been identified in SUDI cases (Van Norstrand et al., 2007).  Both CACNA1c (BrS3) and 

CACNB2 (BrS4) encode subunits of L-type calcium channels and loss-of-function 

mutations in these genes have been identified in approximately 10% of BrS cases.  

Interestingly, these mutations also cause action potential shortening (due to reduction of 

depolarizing current ICa) which results in a shortened QT interval (Antzelevitch et al., 

2007; Hu et al., 2009).  SCN1B (BrS5) encodes a sodium channel beta subunit in which 

loss-of-function mutations result in reduced INa (Watanabe et al., 2008).  KCNE3 (BrS6) 

encodes MiRP2, a subunit of the potassium transient outward current (Ito) (Delpon et al., 

2008).  Gain-of-function mutations in KCNE3 increase Ito.  SCN3B encodes another 

sodium channel beta subunit in which loss-of-function mutations (BrS7) result in reduced 

INa (Hu et al., 2009).  HCN4 (BrS8) mutations result in reduced repolarizing If, which can 

lead to action potential prolongation during bradycardia (Ueda et al., 2009).  

Furthermore, a recent genome wide association study (GWAS) of BrS patients 

uncovered several BrS-associated gene variants in SCN5A, SCN10A and HEY2.  
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Common variants in SCN5A and SCN10A have strong modifier effects that may 

exacerbate the BrS phenotype and HEY2 was identified as a transcriptional regulator of 

cardiac electrical function involved in the pathogenesis of BrS (C. R. Bezzina et al., 

2013).  The findings of new candidate genes and the mutations associated with them 

have re-characterised BrS from being a distinct channelopathy to manifesting as an ionic 

imbalance between the inward and outward currents that give rise to the cardiac action 

potential (Ehrlich, 2009).  To date, approximately 65 to 70% of all BrS patients are not 

(yet) linked to a genotype. 

Table 2-2  Brugada syndrome genetic subtypes 

BrS 
subtype 

Gene Locus Protein Functional effect 

BrS1 SCN5A 3p21-p24 Alpha subunit of Nav1.5 LOF, reduced inward INa 

BrS2 GPD1L 3p22.3 Glycerol-3-phosphate dehydrogenase 1-
like 

LOF, reduced inward INa 

BrS3 CACNAIc 12p13.3 Alpha subunit of Cav1.2 LOF, reduced ICa 

BrS4 CACNB2 10p12 Beta subunit of Cav1.2 LOF, reduced ICa 

BrS5 SCN1B 19q13.1 Beta subunit (β1) of Nav1.5 LOF, reduced inward INa 

BrS6 KCNE3 11q13.4 MiRP2 Beta subunit of Kv4.3 GOF, increased Ito 

BrS7 SCN3B 11q24.1 Beta subunit (β3) of Nav1.5 LOF, reduced inward INa 

BrS8 HCN4 15q24.1 Hyperpolarization-activated cyclic 
nucleotide-gated potassium channel 4 

LOF, reduced If 

2.2.4. Brugada Syndrome and SUDI deaths 

What makes BrS a likely candidate for an underlying mechanism of SUDI is that 

syncope and SCD in BrS patients occur mainly at night or at rest, especially in patients 

with known SCN5A mutations (Benito, Brugada, Brugada, & Brugada, 2008).  Vagal 

activity may play a role in the arrhythmogenesis of BrS in light of these night 

occurrences.  It is also known that there is decreased vagal activity in prone sleeping 

infants in general (Dwyer & Ponsonby, 1995).  There are autonomic nervous system 

disturbances in BrS patients with increased presynaptic norepinephrine recycling and 

therefore decreased concentrations of norepinephrine at the synaptic cleft, predisposing 

patients to arrhythmias due to decreased intracellular levels of cAMP (Kies et al., 2004).   
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Although BrS mainly occurs in adult men, it can and does occur in children as 

young as 2 days of age (Antzelevitch et al., 2005).  A near-miss SUDI case and other 

SUDI cases with BrS-associated mutations provide evidence that BrS does play a role in 

infant deaths.  In two population studies screening BrS mutations in children (Benito et 

al., 2008; Probst et al., 2007), fever was the most prevalent predisposing factor in 

children that experienced syncope and sudden cardiac arrest, especially in children with 

mutations in the SCN5A gene.  SCN5A ion channel function is known to be temperature 

sensitive (Keller et al., 2005).  Some BrS mutations increase the temperature sensitivity 

of fast inactivation of the sodium channel and are proposed to be a potential mechanism 

in the development of arrhythmias (Pasquie et al., 2004).  Perhaps most alarming was 

that most children (63%) were asymptomatic prior to the onset of BrS.  In many cases, 

the first manifestation of the BrS at any age is SCD (Antzelevitch et al., 2005), which 

would fit with the scenario of a previously well child found deceased in his/her crib. 

2.2.5. Catecholaminergic polymorphic ventricular tachycardia 

Another heritable arrhythmic syndrome that warrants discussion because of its 

high lethality is catecholaminergic polymorphic ventricular tachycardia (CPVT).  CPVT 

patients are for the most part young men who present with syncope and/or sudden death 

with physical exertion or acute emotional stress.  Its prevalence is estimated to be 

1:10,000 with symptoms usually presenting in childhood (van der Werf & Wilde, 2013).  

The disorder closely resembles LQTS, but appears to be profoundly more lethal with up 

to 50% mortality in patients if left untreated (Priori et al., 2002).  CPVT patients usually 

have a normal resting ECG, but show significant ventricular ectopic beats with exercise 

or catecholamine stress testing.  The main cause of the disorder (60% of patients) is 

associated with gain-of-function mutations in the ryanodine receptor 2 gene (RYR2) 

causing CPVT1 (Priori et al., 2002).  Loss-of-function mutations in the calsequestrin 

CASQ2 gene cause the rare autosomal recessive CPVT2 (Eldar, Pras, & Lahat, 2003).  

Other genes encoding calcium-handling proteins have been identified, including CALM1 

(CPVT4) (Nyegaard et al., 2012) encoding calmodulin 1 and TRDN, encoding triadin 

(CPVT5) (Roux-Buisson et al., 2012).  Genome wide association scanning (GWAS) has 

revealed another locus at 7p22-p14 in a consanguineous family (CPVT3) but as yet no 
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candidate gene has been identified (Bhuiyan et al., 2007).  Both the SCN5A and KCNJ2 

genes have also been implicated as candidate genes in exercise-induced polymorphic 

ventricular tachycardia (Kawamura et al., 2013; Swan et al., 2014).  The mechanism of 

arrhythmia in CPVT is related to excessive calcium release from the sarcoplasmic 

reticulum (SR) via ryanodine receptor channels, especially during sympathetic 

stimulation (physical exertion), leading to SR calcium overload, delayed after-

depolarizations and ventricular arrhythmias (Priori et al., 2002).   

Post mortem genetic testing for CPVT was first reported in 2004 in a cohort of 49 

autopsy-negative SUDY cases with 14% of cases having mutations in RYR2.  The same 

research group later conducted a larger group study with 173 SUDY cases with similar 

results – 12% of cases had putative CPVT mutations in RYR2 (Tester, Medeiros-

Domingo, Will, Haglund, & Ackerman, 2012). 

Table 2-3  CPVT genetic subtypes 

CPVT 
subtype 

Gene Locus Protein Functional effect 

CPVT1 RyR2 1q43 Cardiac ryanodine receptor GOF 

CPVT2 CASQ2 1p13.1 Calsequestrin-2 LOF 

CPVT3 Unknown 7p22-p14 Unknown Unknown 

CPVT4 CALM1 14q32.11 Calmodulin-1 LOF 

CPVT5 TRDN 6q22.31 Triadin LOF  

2.2.6. CPVT and SUDI   

Although CPVT normally requires physical or emotional stress as an 

arrhythmogenic trigger, arrhythmic events, including sudden death, have been reported 

in CPVT1 patients during sleep or rest (Allouis, Probst, Jaafar, Schott, & Le Marec, 

2005).  As Schwartz proposed in 1976, sympathetic activation during REM sleep could 

play a role linking CPVT mutations and sudden infant death (Schwartz, 1976). 
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2.2.7. Short QT syndrome 

Short QT syndrome is characterized by abnormally short QT intervals (<370 ms) 

(see Figure 2) and an increased risk of atrial and ventricular arrhythmias (Gollob, 

Redpath, & Roberts, 2011).  It is a very recent and rare condition, with the first published 

report in 2000 (Gussak et al., 2000).  It shows a male preponderance with a relatively 

young age of onset (median 21 years) and patients have been diagnosed as early as 2 

days of age.  It has a fairly high SCD rate of 33% and with a potentially very early onset, 

it could well underlie a significant portion of SUDI cases (Giustetto et al., 2006).  The 

mechanism of arrhythmogenesis is due to either a reduction in depolarizing currents 

such as ICa or gain-of-function of repolarizing currents (e.g. IKr, IKs or IK1); either of which 

shorten the QT interval through early repolarization.  The subsequent action potential 

shortening can give rise to transmural dispersion of repolarization which serves as a 

substrate for re-entrant arrhythmias (reviewed in Giustetto et al., 2006). 

Table 2-4 Short QT syndrome genetic subtypes 

SQTS 
Subtype 

Gene Locus Protein Functional effect 

SQT1 KCNH2 7q35-36 Alpha subunit of Kv11.1 GOF, increased IKr 

SQT2 KCNQ1 11p15.5 Alpha subunit of Kv7.1 GOF, increased IKs 

SQT3 KCNJ2 17q23 Alpha subunit of Kir2.1 GOF, increased IK1 

There are currently five subtypes of SQTS that are based on either gain of 

function of repolarization current-associated genes (SQT1-3) or loss-of-function 

depolarizing current-associated genes (SQT4-5). Subtypes 4 and 5 share clinical 

characteristics with BrS patients and many researchers prefer to classify these under 

BrS subtypes (BrS3 and 4, see Table 2) as it appears that BrS is the dominant 

phenotype (Spears & Gollob, 2015).  Gain-of-function mutations in KCNH2 impair the 

voltage dependent inactivation of IKr and underlie the most common SQTS subtype 

(SQT1) (R. Brugada et al., 2004).  Similar to SQT1, gain-of-function mutations in KCNQ1 

increase the repolarizing current IKs and shorten the action potential in SQT2 patients 

(Bellocq et al., 2004).  In SQT3, a gain-of-function mutation in KCNJ2 which is 

responsible for the inward rectifier IK1 current, was discovered in two related patients with 

very short QT intervals (315 and 320 ms, respectively) (Priori et al., 2005). 
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Figure 2-2 Comparison of ECG tracings from a normal ECG (black) with LQTS 
(left, red), SQTS (middle, red) and BrS (right, red) and demonstrating 
prolonged QT interval, shortened QT interval and the typical coved 
ST-segment elevation in the right precordial leads (V1-V3) 
respectively.  Comparison of action potential duration (APD) from a 
normal (black) ventricular epicardial action potential with prolonged 
APD in LQTS (lower left, red), shortened APD in SQTS (lower middle, 
red) and demonstrating loss of action potential dome in BrS (lower 
right, red). 

  Modified from (Giudicessi & Ackerman, 2012). 

2.3. Cardiomyopathies 

Cardiomyopathy is a heterogeneous disease caused by abnormalities in cardiac 

muscle and is classified as either primary or secondary cardiomyopathy.  Primary 

cardiomyopathy is diagnosed on the exclusion of extrinsic factors, such as hypertension, 

ischemia, metabolic disorders and infection, which form the basis for secondary 

cardiomyopathy. There are several types of primary cardiomyopathies, of which this 

dissertation will focus on the three main types:  familial hypertrophic cardiomyopathy 

(FHC), dilated cardiomyopathy (DCM) and arrhythmogenic right ventricular 

cardiomyopathy (ARVC) (B. J. Maron et al., 2006).  Cardiomyopathies appear to be 

relatively rare in children (up to 18 years of age), with an annual incidence of 1.13 cases 

per 100,000 in the United States, although the annual incidence is much higher in infants 

(< 1 year of age) at 8.34 cases per 100,000.  The prognosis for childhood-onset 

cardiomyopathy is poor with nearly 40% of children dying from heart failure or 

complications arising from heart transplantation (Wilkinson et al., 2010).  What is 
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particularly worrisome about these structural heart disorders is that many patients are 

asymptomatic with “silent” disease progression which may only be discovered at autopsy 

following SCD.  Another feature is that many cardiomyopathies have a potentially lethal 

arrhythmogenic “concealed” phase prior to onset of structural disease.  In these cases, 

molecular genetic testing may be the sole option to help determine the underlying cause 

of the lethal arrhythmia. 

2.3.1. Familial hypertrophic cardiomyopathy 

Introduction 

Hypertrophic cardiomyopathy (HCM) is a common structural anomaly of the 

myocardium that is unexplained by an underlying condition such as hypertension. The 

main findings in HCM are varying degrees of ventricular and/or septal hypertrophy, 

myocyte disarray and increased myocardial fibrosis (B. J. Maron et al., 1995).  There is 

significant variation in the clinical manifestation among patients, from asymptomatic, to 

mild dyspnea upon exertion, to substantive heart failure. While many individuals will 

present with clinical symptoms, including a cardiac murmur related to outflow tract 

obstruction, in some families, diagnosis is not established until the sudden death of, or 

incidental finding of hypertrophy within, a family member. Transthoracic 

echocardiography has traditionally been the clinician’s primary tool for determination of 

asymmetric hypertrophy of the left interventricular septum, with or without left ventricular 

outflow tract obstruction. Given the heterogeneity in severity of disease and penetrance 

within HCM-affected families, it is important to rule out other secondary causes of 

hypertrophy, such as hypertension or aortic stenosis.  Diagnosis can be difficult, 

especially in elite athletes who may present with physiological left ventricular 

hypertrophy (B. J. Maron, 2009).  Clinically identifiable HCM has a prevalence of 1:500 

in young adults in the general population, making it the most common genetic 

cardiovascular disease in many countries (B. J. Maron et al., 1995).   

Although familial hypertrophic cardiomyopathy (FHC) was first described 

clinically more than half a century ago (Teare, 1958), it was only about 20 years ago that 



 

41 

the underlying molecular causes of FHC began to be established, with the finding of a 

mutation in the beta-myosin heavy chain (MYH7) gene (Geisterfer-Lowrance et al., 

1990).  Since this seminal discovery, there have been more than 900 different mutations 

identified in over 20 FHC candidate genes (Tester & Ackerman, 2009).  Historically, 

attempts to establish the link between genotype and phenotype were based on studying 

FHC cohorts with severe, well-established disease with cardiac remodelling and in some 

patients, progression to end-stage cardiac dilatation and failure.  It is increasingly 

apparent that focussing on the end phenotype as a link to genotype is problematic; 

families are highly heterogeneous in their disease presentation with, in many cases, low 

penetrance (at least on echocardiography diagnoses) and with novel mutations not seen 

in other families. There are few large FHC-affected families, leading to linkage analysis 

difficulties.  When a pathogenic FHC mutation is uncovered in the proband, genetic 

testing of all first-degree relatives is highly recommended.  When other family members 

are genotyped, mutation-positive relatives can be closely monitored for disease 

progression (Colombo, Botto, Vittorini, Paradossi, & Andreassi, 2008).    

Up to 60% of patients with a high index of suspicion for FHC are found to have a 

genetic mutation in one of the FHC-susceptibility genes (see Table 5 for a list of the 

most common candidate genes for genetic testing).  A subset of FHC patients do not 

have identifiable mutations, perhaps because of reduced screening sensitivity that does 

not incorporate deep intronic sequencing, or identify large insertions or deletions in the 

known candidate genes or include non-hot spot encoding regions.  In addition, some 

patients may have mutations in as-yet unrecognized candidate genes (Rodriguez, 

McCudden, & Willis, 2009).  The majority of documented FHC mutations occur as single 

nucleotide substitutions or “missense” mutations, although nucleotide deletions and 

insertions have also been identified.  Insertions and deletions can potentially truncate the 

gene product by causing a shift in the reading frame leading to a premature stop codon.  

Mutations that occur at exon/intron boundaries can cause splice anomalies, leading to 

abnormal and potentially dysfunctional protein products (Wheeler et al., 2009).   

Two prominent hypotheses have been developed to explain how sarcomere 

protein-encoding gene mutations cause the FHC phenotype: first is the “poison 

polypeptide” hypothesis, in which a single mutant protein disrupts the function of the 
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entire sarcomere unit in a dominant negative manner (Thierfelder et al., 1994).  The 

mutant protein is translated and incorporated into the sarcomere, where it can impair 

contraction.  The second hypothesis is that sarcomeric protein mutations can lead to 

haploinsufficiency, in which mutations disrupt one copy of the gene, leaving the wild-type 

gene copy to produce the protein product in inadequate quantities for a balanced 

sarcomere unit (Thierfelder et al., 1994).  In this situation, there is a 50% reduction in 

peptide concentration due to disruption in translation or trafficking of the mutant.  

Inadequate levels of incorporated wild-type protein create an imbalance in thin filament 

stoichiometry. 

Table 2-5 Hypertrophic cardiomyopathy candidate genes (most common) and 
frequency 

Gene Locus Protein Frequency 

ACTC 15q14 α-Cardiac actin Rare 

cTNNC1 3p21.1 Cardiac troponin C Rare 

cTNNI3 19q13.4 Cardiac troponin I  1-5% 

cTNNT2 1q32 Cardiac troponin T 3-5% 

MYBPC3 11p11.2 Myosin-binding protein C 25-35% 

MYH7 14q11.2-q12 β-myosin heavy chain 25-35% 

MYH6 14q11.2-q12 α-Myosin heavy chain Rare 

MYL2 12q23-q24.3 Regulatory myosin light chain Rare 

MYL3 3p21.2-p21.3 Essential myosin light chain Rare 

TPM1 15q22.1 Tropomyosin 1α 1-5% 

Sudden cardiac death in FHC 

FHC is one of the most commonly identified causes of SCD in young people, 

affecting approximately 1-2% of children and adolescents, and up to 1% of young adults 

in HCM community cohorts (Elliott et al., 2000; B. J. Maron, 2002). Although SCD is 

considered rare in competitive athletes (1 in 200,000), HCM is associated with nearly 

one third of such occurrences (B. J. Maron, 2003).  Children have the highest SCD rates 

of FHC patients suggesting that early onset can result in a more severe phenotype that 

includes lethal arrhythmias (B. J. Maron et al., 1999; Ostman-Smith et al., 2008). The 

highest mortality rates are seen in children aged 9 to 14 years, averaging 7.2%.  The 

SCD risk peaks in girls at 10 to 11 years of age and occurs in boys at 15 to 16 years of 
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age, leading to some researchers to propose that the surge in androgens that occurs 

prior to puberty may be associated with rapid disease progression and increased SCD 

risk (Ostman-Smith et al., 2008). There is a male preponderance for FHC-related SCD, 

especially among athletes (B. J. Maron, 1996).  FHC patients with 2 or more mutations 

(Hershberger, 2010; Van Driest et al., 2003), and homozygous mutation patients, have 

more severe disease phenotypes with higher penetrance and greater incidence of SCD 

over single mutation patients (Ho et al., 2000; Ingles et al., 2005).  Modifier gene 

polymorphisms such as angiotensin I converting enzyme (ACE) D allele (Marian, Yu, 

Workman, Greve, & Roberts, 1993) and lifestyle/environmental factors such as diet, 

exercise, body mass and hypertension may also affect the FHC phenotype. With such 

complexities in disease manifestation, SCD risk assessment has been problematic.  

Younger age at onset, history of syncope with exertion, history of SCD within close 

relatives, severity of symptoms and degree of ventricular and septal wall thickness have 

been used in risk stratification algorithms; however, many risk factor studies involved 

non-genotyped patients with sometimes conflicting or confusing results and frequently 

with no single risk factor being identified.  Prognosis for genotyped patients varies with 

the gene and in many cases, specific mutations within a gene; however, the 

mechanisms by which such mutations have an increased propensity for sudden death in 

some individuals, while in others appear to be relatively benign, are not well understood. 

The primary prevention risk factors for SCD in FHC include family history of SCD, 

unexplained recent syncope, runs of non-sustained ventricular tachycardia on 

ambulatory 24 hour Holter monitor, hypotensive response to exercise and severe left 

ventricular wall thickness (over 30 mm) (B. J. Maron, 2010).  With respect to the latter, 

mild ventricular hypertrophy, however, does not correlate with low SCD risk, especially 

with thin filament mutations, as discussed later. 

The role of the troponin complex in cardiac dynamics 

The focus of this section is on three genes that encode the troponin complex 

found within the sarcomere; TNNT2, encoding cardiac troponin T, TNNI3, encoding 

cardiac troponin I and TNNC1, encoding troponin C.  These genes encode the cardiac 

troponin genes that are unique from their skeletal counterparts and have evolved to help 

regulate excitation-contraction coupling in the heart.  The troponin (Tn) proteins are part 
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of a thin filament regulatory unit of the sarcomere.  Cardiac troponin C (cTnC) is the 

Ca2+-binding subunit that acts as a cytosolic Ca2+ sensor and cardiac troponin I (cTnI) is 

the inhibitory subunit that inhibits contraction when intracellular Ca2+ levels are below 

activation levels. Cardiac troponin T (cTnT) is the subunit responsible for attaching the 

troponin complex to the thin filament via binding with tropomyosin (Tm) and believed 

responsible for movement of Tm on the thin filament modulating binding of the myosin 

head to actin.  The subunits are arranged in a 1:1:1 stoichiometric ratio along the thin 

filament with one Tn:Tm complex bound to every seven actin monomers.  Actin 

monomers are arranged in a double helix oriented in parallel to myosin-containing thick 

filaments. These protein-protein configurations allow for thin filament activation (Figure 

3), which in turn facilitates cross-bridge cycling through the action of myosin binding to 

actin and the production of force (Gordon, Homsher, & Regnier, 2000). 

Takeda and collaborators (Takeda, Yamashita, Maeda, & Maeda, 2003) 

successfully crystallized the globular core of the Tn complex, which revealed that the 

complex is highly flexible, an inherent feature crucial to its role in heart muscle 

contraction.  The structure consists of two domains:  the regulatory head composed of 

the N-terminus of TnC (residues 3 – 84) and two α-helices of TnI (denoted as H3 and 

H4, residues 150 - 188), and the highly conserved IT arm composed of the C-terminus of 

TnC (residues 93-161), two α-helices of TnI (H1 and H2, residues 42-136) and two α-

helices of TnT (H3 and H4, residues 203-271).  Although crystallography allowed most 

of the Tn complex structure to be observed, some regions remain unresolved, including 

the inhibitory region of TnI, and both the N- and C-terminal regions of TnT.  These 

regions are likely highly flexible, allowing them to bind to other thin filament proteins (i.e. 

actin) to modulate thin filament activation.  The primary role of the regulatory domain is 

as the “Ca2+ sensor”, while the rigid IT domain appears to be sensitive to myosin binding 

during contraction (Sun, Bradmeier & Irving, 2006, as cited in (Willott et al., 2010). 
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Figure 3: A schematic representation of cardiac troponin in relation to the thin 
filament in the absence and presence of Ca2+. The inhibitory region 
of TnI (IR), and the N-terminal and C-terminal domains of TnT are not 
clearly observed in the crystal structure, likely due to their inherent 
flexibility (see text). The red dots represent Ca2+ ions.  

Modified from Takeda et al., 2003 (Li, 2009). 

Most researchers believe that a “3 state model” exists to explain myofilament 

contraction.  Interestingly, it was the study of how various mutations disrupt these 

interactions that lead to further development and confirmation of the 3-state model 

(Gordon et al., 2000).  During diastole, the ventricles fill with blood to their end-diastolic 

volumes.  The sarcomeres are stretched to longer lengths but without developing 

significant diastolic pressures.  Cross-bridge cycling is physically blocked by the Tm:Tn 

complex at this stage and is referred to as the “blocked” or “B” state.  Recently it has 

been postulated that perhaps only 50% of the cross-bridges are sterically blocked.   The 

rest may be in a weakly-bound non-force generating state that facilitates the transition of 

cross-bridge cycling into the systolic state.  There are two actin-binding regions on cTnI 

that play an essential role in diastole.  There is an inhibitory region (residues 137-148) 

and a downstream helix (H3, residues 150-159) that tightly binds to actin, which along 

with cTnT, anchor Tm into the blocking position (see review by (Parmacek & Solaro, 

2004)). 
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Calcium initially enters the cell mainly through L-type Ca2+ channels and initiates 

Ca2+-induced Ca2+ release from the sarcoplasmic reticulum.  As cytosolic Ca2+ levels 

rise, the sarcomeres develop tension that increases ventricular isovolumic pressure until 

the aortic and pulmonary valves open. Blood is expelled from the ventricles by 

sarcomeres shortening to their end-systolic lengths.  At the subcellular level, 

myofilament activation begins with Ca2+ binding to cTnC site II, exposing a hydrophobic 

region at the N lobe of cTnC and creating a new binding site for cTnI.  Cardiac TnI then 

dissociates from actin and binds tightly to the hydrophobic region of cTnC, causing a 

cascade of protein-protein interactions that allows Tm to move closer into the thin 

filament groove. This stage is referred to as the “closed” or “C” state.  This movement 

exposes myosin binding sites on actin and also appears to alter thin filament structure, 

allowing more cross-bridges to occur and moving Tm further into the thin filament groove 

(thus shifting into the “open” or “M” state).  Positive feedback may arise from bound 

cross-bridges causing an increased affinity for Ca2+ by cTnC (Pan & Solaro, 1987 as 

cited in (Solaro & Kobayashi, 2011).  At basal states of contractility, only 25% of 

available cTnC regulatory (site II) Ca2+ binding sites are occupied due to low cytosolic 

Ca2+ levels, resulting in a substantial cardiac reserve for recruitment of blocked cross-

bridges when required.   

After the valves close, the sarcomeres are quiescent as the ventricles prepare for 

refilling.  This relaxation phase is highly dependent upon the rate of cytosolic Ca2+ 

removal, the off-loading of Ca2+ from cTnC, and the cross-bridges returning to the 

weakly bound or blocked state.  Phosphorylation of the thin filament proteins, in 

particular the N-terminus of cTnI, plays a crucial role in drawing upon cardiac reserve, 

cross-bridge cycling rate and hence, relaxation, in a signaling cascade initiated by β-

adrenergic stimulation (see review by Tardiff, 2011).  These mechanisms are critically 

important when increased heart rate is required during exercise.  Considering that SCD 

in young FHC patients frequently occurs during exercise (Cha et al., 2007), thin filament 

mutations may have an inhibitory effect on phosphorylation signalling and cardiac 

reserve as well as other cross-bridge cycling effects. 



 

47 

Mechanisms of Sudden Cardiac Death in FHC troponin mutations 

Various mechanisms for SCD due to FHC have been suggested including 

arrhythmias arising from sinus nodal and atrioventricular nodal conduction abnormalities, 

and tachycardia due to re-entrant depolarization pathways from myocardial disarray and 

fibrosis, abnormal Ca2+ homeostasis, ventricular diastolic dysfunction or left ventricular 

outflow tract obstruction (Fatkin & Graham, 2002). With several underlying mechanisms 

leading to SCD, research is only beginning to define the link between the underlying 

molecular pathology and arrhythmogenesis in FHC-associated troponin mutations.    

One emerging issue is that studying patients with well-established disease for the 

purpose of linking phenotype to genotype has proven extremely difficult.  Like all 

monogenic disorders, there are myriad disease modifiers including genetic, 

environmental and lifestyle factors that influence disease progression and severity in a 

manner that is poorly understood.  What is also becoming apparent is that ventricular 

hypertrophy, fibrosis and obstructive disease are likely compensatory FHC features and 

based on complex signalling cascades arising from pathologies within the sarcomere.  

Perhaps longitudinal studies of patients prior to the onset of structural disease may 

uncover mutation-specific disease progression that parallels the molecular and 

biophysical effects observed in in vitro experiments, animal models and in silico 

predictions (Tardiff, 2011).  There is likely a less complex phenotype in FHC patients in 

the early disease stages allowing a more discernable link between genotype and 

phenotype.  A study of preclinical FHC patients provides evidence for this hypothesis 

(Ho et al., 2002).  In their study, most FHC cohorts presented with one common 

phenotype, namely prolonged diastolic relaxation on echocardiography, despite patients 

having different mutations within different genes.  This approach may also benefit 

treatment outcomes for preclinical FHC cohorts with targeted mutation-specific treatment 

to attenuate disease progression.  It makes sense to treat pre-symptomatic FHC patients 

long before gross phenotype becomes established.  Diltiazem, a calcium channel 

blocker, normalized Ca2+ regulation and attenuated ventricular hypertrophy in a mouse 

model (Semsarian et al., 2002) and the results of a clinical trial suggest that diltiazem 

therapy does improve early LV remodeling in FHC patients (Ho et al., 2015).  
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Recent approaches to identifying the pathophysiology of FHC mutations includes 

investigation of the dynamic properties of cross-bridge cycling at the molecular level and 

how Tn mutations disrupt precise molecular movements.  Such high-resolution 

investigations commonly incorporate computational approaches to examine protein 

flexibility and to predict changes in protein mobility caused by mutations, using molecular 

dynamics simulation programs such as GROMACS (Van Der Spoel et al., 2005) and 

CHARMM (Brooks et al., 2009).  Another approach is Nuclear Magnetic Resonance 

(NMR) imaging, allowing investigators to compare recombinant wild-type and mutated 

Tn complexes in different metal-binding states to measure conformational changes 

(Lassalle, 2010). 

Troponin T mutations 

Since the identification of cTNNT2 in 1993 as the first Tn-based gene associated 

with FHC (Thierfelder et al., 1993), cTnT mutations have been extensively studied and 

account for up to 15% of all FHC mutations (Watkins et al., 1995).  To date, there are at 

least 68 cTnT mutations identified associated with FHC (Willott et al., 2010), with a 

subset that present with a high frequency of SCD and/or ventricular arrhythmia in 

humans.  Alternative splicing of exons 4 and 5 of the cTNNT2 gene in the human heart 

results in four temporally regulated isoforms: one adult isoform (TnT3) and 3 fetal 

isoforms (TnT1, TnT2 and TnT4).  The variable cTnT N-domain contributes to the Ca2+ 

sensitivity of force development and the presence of fetal isoforms in adult myofilaments 

has been associated with increased myofilament Ca2+ sensitivity and diastolic 

dysfunction (Gomes, Guzman, Zhao, & Potter, 2002).  Tn complexes with fetal isoforms 

TnT1 and TnT2 (containing exon 5) have a reduced inhibition of actomyosin ATPase 

activity compared with the adult TnT3 isoform which suggests that the TnT isoforms 

have varying ability to modulate cross-bridge cycling and hence, cardiac contraction 

(Gomes et al., 2002).  These findings are noteworthy in that increased myofilament Ca2+ 

sensitivity and diastolic dysfunction occur with many FHC causing Tn mutations; 

however, studies investigating the expression of cTnT isoforms in diseased hearts and a 

possible contributory role in altered contractile performance remain unresolved with no 

as-yet obvious correlation between fetal isoform TnT4 expression and Ca2+ sensitivity in 

diseased hearts (see review by (Parmacek & Solaro, 2004). 
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The majority of cTnT mutations occur within the two structurally poorly resolved 

regions with a clustering of mutations within residues 69 to 110.  There are three “hot 

spots” occurring at residues 92, 94 and 110, of which R92L and F110I have been 

associated with high rates of SCD and/or ventricular arrhythmia.  Another mutational 

“hotspot” occurs at residues 160 to 163, which is found within a highly charged and a 

highly conserved sequence from 157 to 166.  This region is believed to be a flexible 

linker between H1 and H2 and whose structure has so far eluded resolution.  Closer to 

the C terminus is a scattering of mutations associated with dilated cardiomyopathy 

(DCM) as well as several FHC mutations.  It is believed that residues in this particular 

region affect Ca2+ sensitivity via allosteric interactions with the cTnC C domain, although 

actual evidence is lacking (Tardiff, 2011).   

FHC patients harbouring the I79N cTnT mutation commonly present with minimal 

or absent hypertrophy on echocardiography and are frequently asymptomatic (i.e. no 

syncope, dyspnea or chest pain at rest or with exertion), yet have the highest incidence 

of SCD among young cTnT mutation carriers (Watkins et al., 1995). It is one of the most 

investigated of all FHC mutations (see review by (Gomes & Potter, 2004)).  The F87L 

mutation also presents with mild hypertrophy (less than 16 mm ventricular wall 

thickness) but with a high incidence of SCD, including sub-adult patients, in a study of 

one multigenerational family (Gimeno et al., 2009).  Of great significance, the youngest 

mutation carriers were completely asymptomatic.  The R94L mutation was also studied 

within a single family and found to have marked myocyte disarray and frequent SCD in 

the absence of ventricular hypertrophy (Varnava et al., 1999 as cited in (Gomes & 

Potter, 2004).  FHC patients with the A104V cTnT mutation also have a high incidence 

of SCD with only moderate left ventricular hypertrophy (Szczesna et al., 2000 as cited in 

Gomes et al., 2004).  A longitudinal study involving R92W cTnT FHC patients revealed 

that clinically identifiable hypertrophy did not occur in this cohort until after 35 years of 

age and yet the highest occurrence of SCD was prior to cardiac remodelling, particularly 

in young males (Revera et al., 2007).  Another study by the same group (Revera et al., 

2008) reported that phenotype-negative R92W patients had higher basal contractility 

and delayed relaxation compared to their genotype-negative relatives. Given the mild 

phenotype of many cTnT mutation patients, there is likely a reporting and referral bias in 

these patients and are therefore likely under-recognized in FHC clinics where the 
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majority of patients have substantial hypertrophy and outflow obstruction that are 

relatively easy to diagnose non-invasively by echocardiography (Tardiff, 2011). 

A study comparing FHC cTnT mutation patients with other FHC patients who 

died suddenly revealed that the cTnT mutation patients were younger, had less 

hypertrophy and fibrosis, but more myocardial disarray than other patients (Varnava et 

al., 2001). Such findings suggest that the pathological mechanism is essentially 

myocellular as opposed to being related to the sequelae of ventricular hypertrophy and 

that ventricular wall thickness may not be an appropriate risk factor for SCD in cTnT 

patients.   

Troponin I mutations 

The first report of FHC-causing mutations in the TNNI3 gene was in 1997 

(Kimura et al., 1997), in which 5 missense mutations were discovered that co-

segregated with FHC.  Since then, approximately 35 mutations have been reported 

linked to FHC, of which several missense and deletion mutations are associated with 

SCD and/or ventricular arrhythmia.  There are 3 genes encoding 3 TnI protein isoforms, 

of which two are expressed in the human heart on a temporal basis.  The slow skeletal 

TnI (ssTnI from the TNNI1 gene) is the predominant isoform expressed within the fetal 

heart.  This isoform declines rapidly after birth and is generally replaced by the cardiac 

isoform (cTnI from the TNNI3 gene) by approximately 9 months of age in humans 

(Bhavsar et al., 1991, Hunkeler, Kullman and Murphy, 1991 and Sasse et al., 1993 in 

(Parmacek & Solaro, 2004).   The 31 residue N-terminus in cTnI is entirely absent in 

ssTnI and contains two serine residues at positions 23 and 24 that are substrates for 

phosphorylation by protein kinase A (PKA). Given that PKA phosphorylation of these 

serine residues reduces myofilament Ca2+ sensitivity and accelerates cross-bridge 

cycling during high heart rates (see below), it is not surprising that fetal myofilaments 

have an increased Ca2+ sensitivity and reduced length dependence of Ca2+ activation 

(Arteaga et al., 2000, Fentzke et al., 1999 and Wolksa et al., 2001 as cited in (Parmacek 

& Solaro, 2004). However, increased ssTnI expression is not observed in hearts with 

severe FHC phenotype (Sasse et al., 1993 as cited in Parmacek & Solaro, 2004), 
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suggesting that other factors, such as myocellular modifications due to FHC mutations, 

are at play. 

The clustering of FHC mutations within the highly flexible inhibitory domain and 

the mobile region of cTnI with its actin-Tm binding site are of extreme interest to 

researchers.  Perhaps this clustering represents a “tolerance” to alterations of the highly 

mobile regions of the thin filament, providing evidence that Tn mutations frequently 

modulate, but do not obliterate, thin filament movements. Some researchers have 

proposed that under sub-maximal cardiac loads, many of the discussed mutations are 

relatively benign.  However, increased cardiac loads, can create the arrhythmogenic 

substrate leading to SCD in a subset of FHC patients, which is in keeping with the 

observed high frequency of SCD occurring during or following physical activity (B. J. 

Maron, 2003).  

PKA phosphorylation of cTnI affects the cross-bridge cycling rate in response to 

β-adrenergic activation and represents a post-translational mechanism through which 

mutations can cause adverse effects to cardiac output and response to increased 

cardiac demands. Phosphorylation of cTnI at S23 and S24 causes a decrease in Ca2+ 

sensitivity of force generation, increase in off-rates of Ca2+ from TnC site II, increase in 

cross-bridge cycling rate and increase in relaxation rate (Metzger & Westfall, 2004 as 

cited in Tardiff, 2011).  Functional studies with the FHC cTnI R145G mutation provide 

evidence of an interaction between the N-terminus and the inhibitory domain of cTnI, as 

the expected desensitization after PKA-mediated phosphorylation was not observed with 

this mutant.  Perhaps the loss of a basic residue (arginine to glycine) depresses 

inhibition in the inhibitory domain and alters electrostatic interactions with the N-terminal 

of cTnI (Deng, Y.  et al., 2001 as cited in Tardiff, 2011). 

As with cTnT mutations, studies into patients with cTnI mutations are confounded 

by small family sizes and referral biases. Nonetheless, characterization of the ∆K183 

mutation in several families lead to striking discoveries of high penetrance, age-

independent SCD and highly variable ventricular remodeling with some patients, 

particularly in patients over 40 years, progressing to left ventricular dilatation (referred to 
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as “burned out” hypertrophic cardiomyopathy) within single, multigenerational families 

(Kokado et al., 2000).  A landmark study (Mogensen et al., 2004) reported the 

phenotype with 748 families ranging from severe restrictive cardiomyopathy, 

biventricular hypertrophy, or apical hypertrophy in some relatives to no disease features 

in others, complicating treatment options and risk stratification within families and 

suggesting that other genetic and/or environmental factors play a role in disease 

manifestation (Parmacek & Solaro, 2004). Unlike cTnT mutations, however, there have 

been no reported cases of SCD with mild disease presentation (Mogensen et al., 2004).  

Interestingly, most of the 13 cTnI mutations within this large cohort are found within the 

relatively narrow range of exons 7 and 8 encompassing the inhibitory and mobile 

domains of the C terminal domain. 

Troponin C mutations 

Cardiac TnC has only recently joined the list of FHC-causing genes and so far, 6 

mutations have been identified (Chung, Kitner, & Maron, 2011; Hoffmann, Schmidt-

Traub, Perrot, Osterziel, & Gessner, 2001; Landstrom et al., 2008; Willott et al., 2010). 

Cardiac TnC is a highly conserved protein found in all striated muscle among vertebrate 

species. In mammals, there are two paralogs of TnC: the fast skeletal TnC (sTnC) and 

the cardiac/slow skeletal TnC (cTnC), consisting of N- and C-terminal domains 

connected by a long central α-helix. Each domain contains a pair of EF-hand (helix-loop-

helix) motifs that bind Ca2+ (Kretsinger & Nockolds, 1973, as cited in (Li, 2009) and are 

numbered I to IV (Potter & Gergely, 1975; Zot & Potter, 1982 as cited in (Li, 2009).  Site 

III and site IV in the C-terminal domain have high Ca2+ binding affinity and are generally 

occupied by Mg2+ and Ca2+ ions under physiological conditions. Thus, the C-terminal 

domain almost always adopts a more open conformation, making it a “structural” domain 

that maintains the integrity of the Tn complex (Potter & Gergely, 1975; Zot & Potter, 

1982 as cited in (Li, 2009). The N-terminal domain exhibits a lower Ca2+ binding affinity 

of 106 M-1 (more than one order of magnitude lower affinity than sites III and IV) and is 

therefore sensitive to changes in cytosolic Ca2+ concentration, making it the “regulatory 

domain” (Potter & Gergely, 1975; Zot & Potter, 1982 as cited in (Li, 2009).  It is proposed 

that the N-terminal domain changes from a “closed” state to an “open” state upon Ca2+ 

binding. A reorientation of helices exposes the hydrophobic residues of the central helix, 
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where the inhibitory domain of TnI binds and triggers the overall conformational change 

of the Tn complex.  As cTnC does not have a functional Ca2+ binding site I, it tends to 

have a more closed conformation compared to sTnC even when site II is coordinating 

Ca2+ (Herzberg, Moult & James, 1986 as cited in (Li, 2009). 

What makes cTnC mutations unique is that they are dispersed relatively evenly 

throughout the gene.  As with other Tn mutations, investigations into cTnC mutations are 

confounded by small family sizes and in some cases, are limited to a single patient.  

Commercial and research laboratories have only recently added cTnC to their molecular 

genetic testing platforms (and some continue to omit cTnC from their screenings), 

leading one to propose perhaps some purportedly genotype-negative FHC patients 

could potentially harbour cTnC mutations. 

Only one cTnC mutation so far has been directly linked to the SCD of a 

previously undiagnosed and asymptomatic 19 year old man who had a witnessed 

collapse while working at his computer (Chung et al., 2011).  Autopsy revealed 

ventricular hypertrophy.  Genetic testing of his family revealed a novel cTnC duplication 

at nucleotide 363, leading to a frameshift mutation at Q122A and causing a premature 

stop codon at position 30 in the new reading frame (Q122AfsX30) in 4 out of 7 relatives. 

The primary concern was for his 16 year old genotype-positive, phenotype-negative 

sister, who can be monitored for disease manifestation.  To date, no functional analysis 

has been done on this mutation finding.  The premature stop codon created by this 

frameshift mutation is close to the C terminus, leading to speculation that the mutant 

protein is successfully translated, incorporated into the thin filament and creates adverse 

effects on Ca2+ sensitivity of force production similar to other cTnC mutations.  One 

could also propose that the protein undergoes nonsense-mediated decay, leading to 

haploinsufficiency of cTnC within the cardiac myocytes.  Future investigations will 

hopefully provide further insight to the pathogenic mechanisms of this newest cTnC 

mutation finding. 
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Arrhythmogenic mechanisms in FHC 

Many studies comparing FHC phenotype with suspected underlying mechanisms 

are plagued by the lack of genotyping of cardiomyopathy patients, perhaps related to the 

high cost and time-consuming work of genetic testing. To address this issue, Colombo et 

al. argue that some genotype-phenotype correlations can provide important information 

to target DNA analyses in specific FHC candidate genes (Colombo et al., 2008). Genetic 

testing may also clarify diagnosis and assist with optimal treatment strategies for more 

malignant phenotypes. In addition, genetic screening of first-degree relatives can assist 

in early identification and diagnosis of individuals at greatest risk for developing 

cardiomyopathy, allowing physicians to focus clinical resources on high-risk family 

members.  Determining the underlying mechanism of SCD resulting from FHC remains 

elusive, though recent studies have begun to focus on the three cardinal manifestations 

of FHC separately (i.e. cardiac hypertrophy, myocyte disarray and fibrosis), as 

researchers are postulating that they may arise from distinct and independent 

mechanisms (Varnava et al., 2001; Varnava, Elliott, Mahon, Davies, & McKenna, 2001; 

Wolf et al., 2005).  Myocyte hypertrophy is postulated by some to increase arrhythmia 

vulnerability through intrinsic automaticity changes, as some studies demonstrate that 

hypertrophied myocytes exhibit pacemaker current up-regulation (re-expression) and 

action potential prolongation by down-regulation of the potassium transient outward Ito 

current (Sanguinetti, 2002).   

Triggered arrhythmias can occur as delayed after-depolarizations (DADs), early 

after-depolarizations (EADs) or increased automaticity in non-ischemic FHC and are 

likely related to myocellular Ca2+ signalling and transport.  DADs are commonly believed 

to be caused by spontaneous Ca2+ release from the SR that occurs as a consequence of 

high SR Ca2+ levels.  This SR Ca2+ release causes a transient inward current (Iti) that 

can cause a threshold depolarization leading to an action potential.  Several studies 

suggest that the Na+/ Ca2+ exchanger current (INCX) is responsible for Iti in human 

ventricular myocytes (Pogwizd, Schlotthauer, Li, Yuan, & Bers, 2001).  Further to this, 

Ter Keurs’ research group has been investigating myofilament arrhythmogenic Ca2+ 

release to determine if non-uniform excitation-contraction coupling plays a role in the 

initiation of extra-systoles that create arrhythmias (Ter Keurs et al., 2006).  Ter Keurs 
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developed a model of non-uniform excitation-contraction using rat trabeculae and 

exposed a small muscle segment to BDM, a cross-bridge inhibitor, to recapitulate non-

contracting myocardium as found in diseased hearts.  Triggered propagating 

contractions were observed in the border zone of myocardium between non-contractile 

and contractile tissue when the trabeculae were stimulated to contract.  The triggered 

contractions may be due to a quick release-induced Ca2+ dissociation from cTnC site II, 

leading to a local Ca2+ surge that is above the threshold for inducing Ca2+-induced Ca2+ 

release.  This mechanism, referred to as “reverse excitation contraction coupling” 

(RECC), occurs when Ca2+ reuptake mechanisms have sufficiently recovered from the 

previous contraction during diastole (Boyden & ter Keurs, 2001).  In FHC, the 

myocardium may have focal regions of non-uniformity due to structural anomalies, such 

as fibrosis or myocardial disarray, or perhaps due to electrical remodelling or gene 

dosage effects from Tn mutations.  Increased Ca2+ binding to cTnC leading to a high 

Ca2+ buffering capacity may cause a large Ca2+ surge during rapid myofilament 

shortening during RECC. Hence, RECC may be an underlying pathological mechanism 

of arrhythmogenesis seen in FHC patients and warrants further investigation. 

Electrical alternans, in which there is alternating long and short action potential 

duration (APD), increases the risk of ventricular tachycardia that can degrade to 

ventricular fibrillation and SCD. The underlying mechanism may to be related to Ca2+ 

transient amplitude alternans. At high pacing frequencies, slow ryanodine receptor 

and/or Ca2+ current recovery may result in alternating SR Ca2+ release, due to 

alternating availability of ryanodine receptors (RyR). Prolonged Ca2+ transient decay 

rates, as seen in some transgenic FHC animal models may play a role here (see below).  

Spatially discordant alternans is thought to be a prerequisite to dangerous arrhythmias, 

as there is a non-synchronous electrical substrate within the heart (Bers, 2008).  Animal 

models support this hypothesis; increased myofilament Ca2+ sensitivity was associated 

with an arrhythmogenic substrate in transgenic cTnT mice, despite the absence of 

structural heart disease (Baudenbacher et al., 2008).  Addition of a myofilament Ca2+ 

sensitizing agent, EMD, resulted in repolarization alternans at high pacing rates, beat to 

beat variation in APD, shorter effective refractory periods and increased spatial 

conduction velocity dispersion in wild-type cat and mouse hearts, paralleling the findings 

as observed in mutant cTnT I79N transgenic mice.  Several mechanisms were proposed 
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for the induction of ventricular tachyarrhythmias:  increased Ca2+ binding to cTnC 

resulting in reduced Ca2+ transients with slower decay rates responsible for the shorter 

APD seen in transgenic I79N cTnT mice, and dysfunctional myocardial relaxation as 

seen in transgenic mice and in human patients also causing APD shortening.  However, 

transgenic mice have differing ion channel and Ca2+-handling protein expression from 

human hearts (Wetzel & Klitzner, 1996).  The high heart rates of mice, roughly 10 times 

faster than humans, can influence the refractory period associated with the incidence of 

arrhythmias, as mentioned previously.  Additionally, studies of human HCM patients 

suggested that T-wave alternans (surface ECG recording associated with action 

potential alternans) may not be a useful SCD prediction tool (Fuchs & Torjman, 2009). 

It has proven difficult to elucidate the exact mechanisms linking FHC pathology 

and arrhythmogenicity in humans with limited access to fresh cardiac tissue from FHC 

patients. Studies currently utilize tissue from myectomy samples and explanted hearts in 

which there is profound disease phenotype.  Thus, explorations of disease progression 

in pre-clinical patients are normally limited to non-invasive imaging techniques and 

electrophysiology.  In addition, there is inherent patient referral bias for research studies 

as most FHC patients seen in surgical referral centres already have profound disease 

manifestation (Tardiff, 2011). 

Stored electrograms from implantable cardiac defibrillators indicate that SCD 

largely results from sustained ventricular tachycardia and/or ventricular fibrillation (B. J. 

Maron, 2010).  One suggested trigger for SCD is sympathetic excitation, given that the 

initiating rhythm in many cases is sinus tachycardia, which may underlie the high SCD 

rate in athletes and sub-adult FHC populations (Cha et al., 2007).  Several studies of 

HCM patients wearing Holter monitors identified a higher rate of SCD for younger 

patients (age 30 and under) with non-sustained ventricular tachycardia (NSVT) detected 

at least once during the 48 hour monitoring period.  While NSVT is usually asymptomatic 

and frequently occurs during periods of increased parasympathetic (vagal) tone, it is 

associated with an increased SCD risk, especially in children and young adults (Elliott et 

al., 2000; Monserrat et al., 2003). However, most SCDs occur in patients without 

ambulatory ECG episodes of NSVT; clearly other contributory factors leading to risk of 

SCD are at play.  A more recent study identified an increased SCD risk with ventricular 
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arrhythmias triggered by exercise (Gimeno et al., 2009), which is more in keeping 

findings of triggered arrhythmias during sinus tachycardia, implicating sympathetic 

excitation during physical activity (Cha et al., 2007).  This is also in keeping with in vitro 

experimental evidence of a blunted response to β-adrenergic stimulation through 

phosphorylation of cTnI (i.e. reduced inhibitory response of phosphorylated cTnI on Ca2+ 

sensitivity for cTnC) (Deng, Y. et al., 2001 as cited in Tardiff, 2011) and the resultant 

diastolic dysfunction. 

Cardiac magnetic resonance (CMR) imaging has allowed clinicians to precisely 

determine myocyte fibrosis and scarring in non-ischemic FHC, including phenotype-

negative FHC patients who have experienced life-threatening arrhythmias (Makhoul, 

Ackerman, Atkins, & Law, 2011; Strijack et al., 2008).  Detection of fibrosis by late 

gadolinium enhancement in CMR is associated with increased propensity for VT on 

ambulatory ECG monitoring (Adabag et al., 2008) and is being considered as a clinical 

SCD risk marker (B. J. Maron, 2010). Fibrosis and scarring may promote localized zones 

of slowed conduction resulting in re-entrant arrhythmias (Cha et al., 2007).  CMR 

imaging can detect focal or diffuse regions of fibrosis and hypertrophy morphologies that 

are missed by traditional echocardiography (M. S. Maron, 2009) and will likely continue 

to improve in resolution leading to improved risk stratification for FHC patients.   

Myocyte disarray is another common feature in FHC patients and a recent study 

of myectomy samples from a small pediatric HCM cohort suggests that myocyte disarray 

has a significantly higher correlation with diastolic dysfunction than either hypertrophy or 

fibrosis (Menon et al., 2009).  Extensive myocyte disarray has been linked to SCD in 

younger FHC patients (Varnava et al., 2001), especially those with cTnT mutations 

(Varnava et al., 2001) in the absence of, or with minimal hypertrophy.   

2.3.2. Dilated cardiomyopathy 

Dilated cardiomyopathy is degenerative disorder characterized by the presence 

of left ventricular enlargement and reduced systolic dysfunction with an ejection fraction 

of less than 50%.  The incidence of DCM is believed to be roughly 1:2,500 with many 
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patients being diagnosed in their third decade of life or later (Rakar et al., 1997).  

Familial DCM is believed to be responsible for between 20 to 48% of all DCM cases and 

is proven to be genetically heterogeneous with mutations discovered in over 50 genes to 

date (see Table 6 for the most common DCM candidate genes) (Hershberger, Hedges, 

& Morales, 2013).  Depending upon the candidate gene, inheritance usually follows an 

autosomal dominant pattern, but there may also be X-linked and rarely, autosomal 

recessive patterns observed (Hershberger & Morales, 2015).  There is variable 

penetrance with DCM, even within families carrying the same genetic mutation.  Further 

complicating the clinical picture, some patients develop a severe phenotype in early 

childhood and yet their parents can exhibit no sign of myocardial disease.  A recent 

molecular genetic study suggests that the genetic landscape of DCM differs between 

adults and children and furthermore, childhood onset may not be as rare as previously 

believed (Pugh et al., 2014).  Examining childhood DCM patients may also offer an 

opportunity to examine mutational effects on cardiac structure and function prior to the 

onset of age-dependent cardiac factors. 

Clinically, DCM patients may present symptoms of edema, dyspnea (at rest or 

with exertion) and fatigue due to heart failure or reduced cardiac output, syncope due to 

arrhythmia/conduction disease and thromboembolic stroke.  Arrhythmic events in 

patients with mutations in certain candidate DCM genes (LMNA, SCN5A and DES) may 

not correlate with the degree of left ventricular dysfunction (Hershberger & Morales, 

2015).  Hence, they may suffer SCD with minimal structural heart disease.  What makes 

DCM a candidate disorder underlying SUDY cases is that onset of the disease can occur 

in early infancy and without presentation in the parents, due to sporadic, de novo 

mutations or poor penetrance.  Additionally, some patients show a higher propensity for 

arrhythmic events without overt disease phenotype (“arrhythmogenic DCM”) 

(Spezzacatene et al., 2015). 
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Table 2-6 Dilated cardiomyopathy candidate genes and frequency 

Gene Locus Protein Frequency* 

ACTC 15q14 α-Cardiac actin <1% 

ACTN2 1q43 Α-Actinin-2 <1% 

ANKRD1 10q23.31 Ankyrin repeat domain-containing protein 1 2.2% 

BAG3 10q26.11 BAG family molecular chaperone regulator 3 2.5% 

cTNNC1 3p21.1 Cardiac troponin C <1-1.3% 

cTNNI3 19q13.4 Cardiac troponin I  ~1.3% 

cTNNT2 1q32 Cardiac troponin T 2.9% 

LDB3 10q23.2 LIM domain-binding 3 1% 

LMNA 1q22 Lamin-A/C 6% 

MYBPC3 11p11.2 Myosin-binding protein C 2-4% 

MYH7 14q11.2-q12 β-myosin heavy chain 4.2% 

MYH6 14q11.2-q12 α-Myosin heavy chain 3-4% 

RBM20 10q25.2 RNA-binding protein 20 1.9% 

SCN5A 3p21-p24 Alpha subunit of Nav1.5 2-4% 

TCAP 17q12 Titin-cap protein (Telethonin) 1% 

TMPO 12q23.1 Lamina-associated polypeptide 2, isoform alpha 
(Thymopoietin) 

1.1% 

TPM1 15q22.1 Tropomyosin 1α <1-1.9% 

TTN 2q31 Titin 10-20% 

VCL 10q22.2 Vinculin 1% 

*(Ackerman et al., 2011) 

2.3.3. Arrhythmogenic Right Ventricular Cardiomyopathy 

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is characterized by 

progressive replacement of myocardium by fibro-fatty tissue mainly within the right 

ventricle but also in the left ventricle in up to 50% of cases.  These structural and 

perhaps mechanical alterations are believed responsible for electrical disturbances 

resulting in ventricular arrhythmias, syncope and a high rate of SCD, especially in men.  

It is believed to be the second most common cause of SCD in young people and 
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especially athletes.  Exercise is a known trigger of ventricular arrhythmias and has been 

shown to accelerate the phenotypic features of ARVC (see review by Campuzano et al., 

2013).  The arrhythmogenic mechanism is likely the result of intraventricular electrical 

conduction interference due to fibro-fatty replacement of myocardium and hence, allows 

the onset of re-entrant arrhythmias (Thiene, Corrado, & Basso, 2007).  The prevalence 

of ARVC globally is estimated to be between 1:2,000 and 1:5,000, but there are higher 

ranges in local populations, such as in Northern Italy and Germany, estimated at 

20:5,000 (Nava et al., 1988; Thiene et al., 2007).  In Newfoundland, one subset of ARVC 

(TMEM43 gene-associated) has been studied in 5,000 individuals which may be the 

highest incidence of ARVC in the world (Heart and Stroke Foundation of BC and Yukon, 

2010).  

What makes ARVC particularly worrisome is that the disease progression can be 

insidious as many patients are completely asymptomatic until their first clinical 

presentation, which in many cases, is sudden cardiac death (Dalal et al., 2006).  The 

diagnosis may be made at autopsy when the structural disease is observed; however, 

patients may suffer cardiac arrest prior to the manifestation of structural heart disease.  

Thus, the actual prevalence of ARVC is probably higher than estimated due to non-

diagnosed or misdiagnosed cases.  The disease progression of ARVC has 4 defined 

phases; the first of which is a subclinical phase in which the structural abnormalities are 

concealed.  The first (and perhaps the last) manifestation of the disease may be sudden 

cardiac death.  ARVC progresses to an overt electrical disorder phase with a clinical 

presentation of ventricular arrhythmias of right ventricular origin with symptoms of 

syncope and palpitations.  The arrhythmias can range from ectopic beats to sustained 

ventricular tachycardia, which can deteriorate to ventricular fibrillation leading to sudden 

cardiac arrest/death.  The disease continues to progress to right ventricular failure, and 

finally biventricular failure due to the expansion of fibro-fatty replacement of myocardium.  

At this stage, congestive heart failure can result with the overall phenotype mimicking 

dilated cardiomyopathy (see reviews by Campuzano et al., 2013 and Thiene et al., 

2007). 

ARVC is frequently familial and usually follows an autosomal dominant pattern of 

inheritance and with variable penetrance favouring a male preponderance (Nava et al., 
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1988).  To date, there are now over 800 mutations in at least 12 candidate genes 

associated with familial ARVC (see Table 7); five of which encode desmosomal proteins 

(desmoplakin, DSP, plakophilin, PKP2, desmoglein-2, DSG2, desmocollin-2, DSC2 and 

junction plakoglobin, JUP) and 7 non-desmosomal proteins (desmin, DES, 

transmembrane protein 43, TMEM43, transforming growth factor β-3, TGFβ3, lamin A/C, 

LMNA, titin, TTN, phospholamban, PLN and αT-catenin, CTNNA3 (Campuzano et al., 

2013; Tester & Ackerman, 2009).  The overall mutation discovery rate in patients is at 

least 60%, making molecular genetic testing a valuable investigative tool to aid in 

diagnosis and for cascade screening of relatives.  Genetic testing of autopsy-negative 

SUDY cases has identified ARVC-associated mutations in 5% to 10% of cases, of which 

nearly 25% were found in the PKP2 gene (Oliva et al., 2011; Quarta et al., 2011).   

The heterogeneous nature of ARVC, plus its insidious disease progression that 

includes a concealed arrhythmogenic phase make it a candidate disorder that should be 

screened in SUDY cases.  Although ARVC normally manifests during the 3rd or 4th 

decade of life, early onset in childhood can and does occur.  Furthermore, ARVC is 

difficult to diagnose in children (Sanatani, Duncan, & Chan, 2008). 

Table 2-7 Arrhythmogenic right ventricular cardiomyopathy candidate genes 
and frequency 

Gene Locus Protein Frequency* 

CTNNA3 10q21.3 αT-catenin 35-40%  

DES 2q35 Desmin Unknown 

DSC2 18q21 Desmocollin-2 1-13% 

DSG2 18q12.1 Desmoglein-2 3-19% 

DSP 6p24 Desmoplakin 1-16% 

JUP 17q21 Junction plakoglobin Rare 

LMNA 1q22 Lamin-A/C Unknown 

PKP2 12p11 Plakophilin-2  Unknown 

PLN 6q22.1 Phospholamban Unknown 

TGRB3 14q24.3 Transforming growth factor β-3 Rare 

TMEM43 3p25.1 Transmembrane protein 43 Unknown, but likely the highest 
ARVC frequency globallyⱡ 

TTN 2q31.2 Titin Unknown 

*(Jacob et al., 2012), ⱡ (Heart and Stroke Foundation of BC and Yukon, 2010) 
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2.4. Interaction of IAS Mutations and Environmental Risk 
Factors in infant/child SUD 

In general, the actual risk of SUD in infants is determined by the complexity of 

gene and environmental interactions.  The “triple risk” hypothesis was proposed to 

account for SUDI via three factors – a vulnerable infant going through critical 

developmental periods, predisposing factors such as genetic makeup, and an 

environmental trigger event, such as an infection (Filiano & Kinney, 1994).  For example, 

there appears to be a correlation between prone sleeping position and thermal stress 

(Hunt & Hauck, 2006).  Links with genetic risk factors such as ventilatory or 

cardiorespiratory control deficits (such as with 5-HTT gene polymorphisms) may put the 

child into increased risk of sleep-related hypoxemia and secondary acidosis.  This in 

turn, may increase the risk of fatal arrhythmias in the presence of a cardiac ion 

channelopathy or at least polymorphisms in genes encoding cardiac ion channels (Plant 

et al., 2006).  Recent molecular genetic studies of SIDS cases have identified a 

significant number of variants that have a relatively high allele frequency (> 1%) globally.  

The effects of these polymorphisms may be additive or at least increase the risk for 

lethal arrhythmia.  For example, functional analysis of a common polymorphism, KCNH2 

K897T suggested that its presence in infants can markedly accentuate loss-of-function 

of mildly defective hERG channels leading to a LQT2 phenotype and a predisposition to 

lethal arrhythmia (Nof et al., 2010).  Another common SNP with high allele frequencies in 

SIDS cases of African-American descent and causing gain-of-function in the cardiac 

sodium channel NaV1.15 (SCN5A S1103Y), suggests an ethnic-specific genetic risk for 

SUDI (Plant et al., 2006).  Wang et al. performed functional analysis of variants identified 

in SUDI cohorts and demonstrated that a significant number of these variants were 

dysfunctional only under conditions of acidosis (D. W. Wang et al., 2007).  Therefore, 

thermal stress, either from fever or overheating from clothing or blankets, may play a 

role in sodium channel function in compromised infants with a cardiac ion channel 

mutation or polymorphism.  In combination with the prone sleeping position (with 

decreased vagal activity), these factors could put the child over the threshold for a lethal 

arrhythmia. 
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Given that FHC is the one of the most commonly identified causes of SCD in 

young individuals, it stands to reason that some infants and young children may die from 

SCD attributed to FHC.  Further to this, as discussed earlier, some Tn mutants, 

particularly the cTnT mutants, have negligible or mild hypertrophy that may not be 

observed grossly during the post mortem exam.  Brion et al. examined a SIDS cohort for 

FHC candidate gene mutations. Their findings of 14 cases with 7 genetic variants from 4 

different FHC genes, including cTnT and cTnI, from 140 SIDS tissues suggests that 

some SIDS cases may be associated with FHC-causing mutations (Brion et al., 2009; 

Dettmeyer & Kandolf, 2009).  The relatively recent emergence of FHC-associated Tn (in 

particular, cTnC) gene mutations make these candidate genes previously unrecognized 

and perhaps under-represented factors to be considered in future SIDS investigations.  

To date, very few studies have sequenced SUDI cases for both ion channelopathy and 

cardiomyopathy candidate genes.  With the advent of high throughput next generation 

sequencing technology, more reports will likely be forthcoming.  Hertz and colleagues 

studied 47 SUDI and SIDS cases for mutations in 100 genes and discovered 16 (34%) 

had one or several variants likely to have functional effects.  In total, 19 variants were 

observed, of which 7 were assumed to be novel variants as they have not been reported 

previously.  All variants were suspected to be pathogenic in the in silico evaluation, had 

evidence supporting pathogenicity and had frequencies below the disease prevalence of 

the diseases in the Danish control population and/or the European-American population 

provided by the Exome Sequencing Project (Hertz et al., 2015).  

In summary, cardiac ion channelopathies and cardiomyopathies are estimated to 

cause a minimum of 5 to 15% of SUDI cases.  Cardiac ion channel polymorphisms may 

contribute an even higher proportion as nearly one third of infants in a large study in 

2005 possessed at least one genetic variant (as indicated in ethnic-matched reference 

alleles) in one of the five cardiac ion channel genes examined (Tester, Will, Haglund, & 

Ackerman, 2005).  These findings, in addition to the SIDS infants found with other IAS-

associated mutations, indicate that there is a direct or indirect role for IAS in SUDI 

mechanisms.  Future studies are well and truly warranted.  Besides SIDS and SUDI 

cases, how many cases have gone unrecognized in post mortem investigations following 

the sudden, unexpected death of children and young adults? 
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Chapter 3.  
Determining the current practices of investigation of 
sudden unexpected death in the young in Canada 

3.1. Abstract 

Sudden unexpected death in the young (SUDY) refers to the non-traumatic 

sudden unexpected death of a seemingly healthy individual less than 40 years of age.  

Given that at least one-third of autopsy-negative SUDY cases are attributable to 

inheritable arrhythmia syndromes (IAS), there is a high probability that surviving relatives 

may also be affected and at risk for sudden death.  In Canada, SUDY cases are 

investigated by a coroner- or medical examiner-based agency within each 

province/territory.  In other countries and jurisdictions, SUDY investigation practices vary 

widely, leading to the development of autopsy guidelines in Europe and Australia/New 

Zealand.  It is not currently known if each Canadian provincial/territorial agency provides 

similar or standardized investigation strategies to find a diagnosis in SUDY cases.  Two 

questionnaires were designed to obtain information on SUDY investigative practices and 

how SUDY-affected families are managed in each province/territory.  One questionnaire 

was distributed by email to Canadian cardiac electrophysiologists via the Canadian 

Heart Rhythm Network.  The other questionnaire was distributed via email to all thirteen 

Canadian provincial and territorial death investigation agencies.  For the cardiac 

electrophysiologists questionnaire: 34 responses were obtained from 94 members 

(36.2%).  Most (58.8%) of respondents indicated they have worked with a medical 

examiner to assist in establishing a cause of death in SUDY, yet only 40% of 

respondents have had families referred to them by a death investigation agency.  Nearly 

all respondents (85.7%) have had SUDY-affected families referred to their practices.  
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During clinical evaluations, 40% of respondents were able to access post mortem tissue 

from the deceased relative for molecular genetic testing and 20% indicated that no post 

mortem tissue was available when requested.  All respondents (100%) indicated that 

they have had cases where access to post mortem tissue would have been beneficial 

but was not available.  The main reasons given for the lack of available tissue were that 

no tissue was retained from autopsy, the tissue was not suitable for genetic testing, or 

no autopsy was performed.  In some cases, post mortem tissue availability was limited 

by a lengthy time interval (ie. more than 5 years) since the death.  For the death 

investigation agency questionnaire: 11 out of 13 agencies responded.  All respondents 

conduct a thorough investigation that includes autopsy, toxicology, review of the medical 

history, scene, circumstances and family history.  Most agencies (66.7%) do not use a 

specific SUDY investigation protocol.  One agency uses a SUDY protocol for cases aged 

2 - 40 years and two agencies use an infant SUDY protocol.  Four agencies retain post 

mortem tissue for assessment by specialists and/or for molecular genetic testing; the 

agencies that do not retain tissue listed the main limitations as lack of policy, guidelines 

or protocols and financial restraints.  Responses were variable on what each agency 

would list as the cause and manner of death for different SUDY death scenarios.  All 

respondents make recommendations to SUDY-affected families to be clinically 

assessed, with discrepancies in how this information is conveyed; one agency sends a 

written letter directly to the family and six agencies list the recommendation in the 

autopsy report or have a verbal discussion with the family.  This study suggests 

heterogeneity in practices regarding SUDY death investigation - in particular, post 

mortem tissue retention, as frequently there is either no tissue available, or the tissue is 

not suitable for molecular genetic testing when surviving family members are undergoing 

clinical assessment.  This lack of standardization supports the need for SUDY 

investigation protocols, post mortem tissue retention, cause/manner of death 

classification and written recommendations for SUDY-affected relatives.  National 

guidelines would provide standardized approaches for SUDY investigation throughout 

Canada and has the potential to reduce the risk of future SUD in surviving relatives. 
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3.2. Introduction 

Sudden unexpected death in the young (SUDY) refers to the non-traumatic, but 

unexpected death of an apparently healthy individual within 24 hours of onset of 

symptoms (Basso, Corrado, & Thiene, 1999).  An upper age limit of 35 to 50 years of 

age is applied to minimize overlap with the more common occurrence of sudden cardiac 

death due to coronary artery disease that claims approximately 45,000 Canadians each 

year (Davis & Tang, 2004).  SUDY is recognized as a significant global health issue 

(Chugh et al., 2004; Kaltman et al., 2011), although the global prevalence of SUDY is 

difficult to estimate due to heterogeneous practices by death investigation agencies.  It is 

likely underestimated as many cases due to heritable disease, such as various heart 

rhythm disorders and seizure disorders, may be under-detected as they are not normally 

identified through autopsy (Papadakis et al., 2009).  Cardiac-related causes are usually 

discovered during the post mortem examination as the heart disease can be seen 

grossly or microscopically.  In some cases, however, the autopsy fails to reveal an 

anatomic cause of death.  These cases are commonly referred to as “autopsy-negative 

SUD” (Tester & Ackerman, 2009) and are more prevalent in younger individuals without 

structural heart disease.   

Post mortem genetic testing of the SUDY victim and clinical investigations of 

surviving family members have demonstrated that a significant portion, perhaps over 

50%, of autopsy-negative SUDY cases are attributed to inherited arrhythmia substrates 

(IAS) (Behr et al., 2008; Tan, Hofman, van Langen, van der Wal, & Wilde, 2005; Tester 

& Ackerman, 2007).  IAS include primary electrical disorders in which structural heart 

disease is absent (and therefore not normally identified at autopsy), such as long QT 

syndrome (LQTS), Brugada syndrome (BrS) and catecholaminergic polymorphic 

ventricular tachycardia (CPVT) (Basso et al., 2008; Brugada & Brugada, 1992; Keating & 

Sanguinetti, 2001; Roden & Spooner, 1999).  Some SUDY cases are due to structural 

heart disease in which the autopsy may not detect the abnormality as there can be a 

“concealed” but arrhythmogenic phase prior to the onset of the structural phenotype.  

These disorders include familial hypertrophic cardiomyopathy (FHC), arrhythmogenic 

right ventricular cardiomyopathy (ARVC) and dilated cardiomyopathy (DCM).  Sudden 
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death is sometimes the first manifestation in young individuals as the disease is difficult 

to diagnose at these early stages (Sanatani, Duncan, & Chan, 2008; Spezzacatene et 

al., 2015; Varnava et al., 2001).   

Most IAS are inherited in an autosomal dominant fashion, therefore, finding a 

diagnosis, or even a suspicion that heritable factors are at play in a SUDY case, has 

critical implications for the surviving family members.  Other first-degree relatives may 

also harbor the same IAS-associated mutation and therefore are at risk for SUD.  Given 

that many autopsy-negative SUDY cases are attributed to IAS, when a family 

experiences SUDY, it is recommended that all first-degree relatives undergo clinical 

assessment to reduce the risk of another tragic death in the family.  Although there is 

consensus in the clinical community of the necessity to thoroughly investigate SUDY, 

there is a general lack of standardization in this process by the medicolegal community.  

To address the heterogeneous investigative practices of SUDY, several societies have 

published guidelines in Europe, New Zealand and Australia (Ackerman et al., 2011; 

Basso et al., 2008).  However, it is not known if death investigation agencies in Canada 

follow these guidelines. 

In Canada, all SUD cases, by legal statute, must investigated by a death 

investigator, who is a representative of either a medical examiner or coroner-based 

system depending on which province or territory within which the death occurred.  There 

are 3 types of death investigation agencies nationally: physician coroner-based (Ontario 

and Prince Edward Island), lay coroner-based (British Columbia, Saskatchewan, 

Quebec, New Brunswick, and the Yukon, Nunavut and Northwest Territories) and 

medical examiner-based systems (Alberta, Manitoba, Newfoundland and Nova Scotia).  

A major difference between coroner and medical examiner agencies is that medical 

examiners must be formally trained and recognized forensic pathologists, whereas 

coroners are either licenced physicians (for the physician coroner systems) or have a 

medicolegal background (e.g. nurse, paramedic or retired police officer) for most of the 

provincial lay coroner systems.  Regardless of their provincial designation, the 

investigative tasks of all Canadian death investigators are mandated by provincial 

legislation under which they are compelled to determine who died, when and where they 

died, how they died (medical cause of death) and by what means (classification of death 
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– natural, accidental, suicide, homicide or undetermined).  There is frequently a second 

mandate; which is to prevent or reduce the risk of this type of death from occurring 

again.  Thus, coroners and medical examiners should be recommending that SUDY-

affected relatives undergo clinical assessment at specialist clinics to reduce the risk of 

another tragic SUDY event.  Although there is over a decade of research demonstrating 

that a large proportion of SUDY cases are due to IAS, it is not known if Canadian death 

investigation agencies are mandating new policies or procedures, such as including 

molecular genetic testing or encouraging collaborations between pathologists and 

multidisciplinary cardiogenetics teams to assist in establishing a cause of death in SUDY 

cases.  Therefore, this study was conducted to determine the standard of care for SUDY 

victims and their surviving relatives in Canada. 

3.3. Objectives 

The main objectives of this study are to: 

• Determine the current practices for management of families affected by SUDY 
in Canada 

• Determine the current practices of SUDY investigation by coroners and 
medical examiners in Canada. 

3.4. Methods 

3.4.1. Cardiac electrophysiologist survey 

A questionnaire was created for cardiac electrophysiologists to obtain information 

on current clinical practices and challenges regarding the clinical care and management 

of families affected by SUDY in Canada.  The questionnaire was designed with a focus 

on 3 topics: 
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• Part I:  Description of the clinical practice to determine demographics of the 
various clinicians throughout Canada (Questions 1 – 5); 

• Part II:  Referrals of SUDY cases and SUDY-affected families to the practice 
to determine if SUDY-affected relatives are being referred to the practice (and 
by whom) and if coroners and medical examiners are utilizing clinical expertise 
to assist with their SUDY case investigations (Questions 6 – 18); 

• Part III: Clinical investigations of SUDY-affected families to determine the 
standards of care available in Canada for surviving relatives following SUDY 
(Questions 19 – 25). 

Prior to the release of the survey to the cardiology community, it was sent to 4 

cardiac electrophysiologists from different provinces to obtain feedback and refine the 

survey to ensure adequate response rates and viable data.  The questionnaire was 

subsequently distributed by email to all members of the Canadian Heart Rhythm Society 

on March 15, 2011 and remained open for submissions until May 31, 2011. 

3.4.2. Coroner/medical examiner survey 

The survey proposal was presented at the annual Association of Chief Coroners 

and Chief Medical Examiners of Canada meeting in Winnipeg in June, 2011.  The 

presentation addressed the issues of SUDY investigation in Canada in light of our 

previous survey results for cardiac electrophysiologists and highlighted the need for 

standardized national guidelines.  During the presentation, all attendees were invited to 

participate in the survey and in the consultation process following completion of the 

survey.  

This study was conducted with the full cooperation of the Association of Chief 

Coroners and Chief Medical Examiners of Canada.  The Association Chair agreed to 

distribute the online questionnaire URL to each death investigation agency in Canada, 

and forwarded via email an electronic copy (in pdf format) of the questionnaire for 

anyone who was unable to complete the survey online.  The survey questions did not 

request any case identifiers, such as names, specific addresses, dates of birth, and 

other information that may lead to identification of any deceased individuals.  The 
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questions were related to current policy and investigational practices.  Some questions 

(specifically within Part II: Investigation Practices, questions 25 – 28) involved the use of 

a fictitious scenario that was not based on any actual SUDY case.  Prior to the release of 

the questionnaire to each agency, the questionnaire was sent to 4 death investigation 

employees, two of whom were regional coroners (from two different provinces), another 

was a full-time coroner and the fourth was previously a Chief Medical Examiner.  They 

provided feedback to refine the questionnaire prior to its distribution to all 13 death 

investigation agencies.  A French version of the questionnaire was also developed and 

distributed in an effort to ensure an adequate response rate. 

Briefly, the 3 main topics of the questionnaire were: 

• Part 1: Description of the general provincial/territorial agency practices (i.e. 
coroner or medical examiner system, qualifications of field investigators, use 
of an electronic database for tracking cases). 

• Part II: Investigation practices (i.e. what investigation protocols are currently 
utilized when a SUDY death occurs). 

• Part III: Practices regarding communication and follow-up for SUDY-affected 
families (i.e. determining when and if families are being recommended for 
clinical follow-up after experiencing a SUDY and how this information is 
conveyed to families). 

The survey URL was distributed by the Chair of the Chief Coroner/Chief Medical 

Examiners Association of Canada via email to all Chief Coroners and Chief Medical 

Examiners on December 13, 2011.  The survey remained open until December 31, 

2012. 

Both the clinician and coroner/medical examiner questionnaires were designed 

using the “SurveyMonkey” online cloud-based survey software and questionnaire tool 

(www.surveymonkey.com) using BC Children’s Hospital secure account at 

SurveyMonkey.com. 
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3.5. Results 

3.5.1. Cardiac electrophysiologists survey 

From a potential total of 94 cardiac electrophysiologists (EPs) who were 

members of the Canadian Heart Rhythm Society during the timeframe of the survey, we 

received 34 responses (36.2%).  This is likely a conservative estimate as at least one 

respondent conducted the survey on behalf of all EPs (5 EPs in one case) in his group 

practice.  The IP addresses were used to estimate provincial distribution of the 

respondents (Figure 3.1).  Three respondents completed the survey while out of the 

country, so their provincial location could not be determined. 

Part I:  Description of the clinical practice 

The majority (94.1%) of respondents work at a university hospital/teaching centre 

in large urban centres, (500,000 to 3,000,000 population) with most working in larger 

centres in Ontario (Figure 3.1).  Most (94.1%) worked in a group practice with one than 

one EP in the group.  Adult EPs made up 85.3% of the respondents and 14.7% indicated 

they were pediatric EPs.  Most respondents (82.4%) had one or more EPs in their group 

practice that specialize in IAS.  
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Figure 3-1 Respondent distribution by province 

Part II: Referrals of SUDY cases and SUDY-affected families 

A slight majority (58.8%) of respondents, with most residing in Ontario (Figure 

3.2) indicated that they had worked with a coroner/medical examiner to assist in 

establishing a diagnosis in a SUDY case.  Most (85.7%) have had families referred to 

their practice within the previous 3 years that have been affected by a SUDY death, but 

only 40% indicated (mostly Ontario respondents) that families were referred as a result 

of a coroner’s or medical examiner’s recommendation for clinical evaluation (Figure 3.3).  

When the respondents were asked to estimate how many families were referred by 

coroners/medical examiners within the previous 3 years, the majority of respondents 

(58.3%) indicated they received 1 to 5 referred families, 16.7% had 6 to 10 and 25% had 

seen over 10 families.  Estimates for the number of SUDY-affected families evaluated in 

the last 3 years (regardless of who referred them) ranged from 1 to 20 families.  Of the 

patients that were referred, 43.3% were adults (over 18 years of age), 13.3% were 

children and 43.3% of respondents assessed both adults and their children together.  
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There were two comments from respondents indicating that most children that they 

assessed were older adolescents or teenagers (14 years of age and older).  Nearly two-

thirds of respondents (64.7%) lacked a formal system (such as a patient database) for 

keeping track of patients/families affected by a SUDY death. 

 

Figure 3-2  Provincial distribution of responses to the question "Have you ever 
worked with a coroner/medical examiner to assist in establishing a 
diagnosis in a SUDY case?" 

The last four questions of Part II of the survey were regarding access to post 

mortem tissue of a SUDY victim when surviving family members have been evaluated 

and present with an IAS phenotype.  When asked about availability of post mortem 

tissue from the deceased relative of a SUDY-affected family, 40% indicated that they 

were able to access tissue for molecular genetic testing within the previous 3 years, 

while 20% indicated that no post mortem tissue was available when requested.  The 

other 40% of respondents did not make any requests for post mortem tissue during this 

timeframe.  Of those 40% who were able to acquire post mortem tissue, all of the 

respondents indicated they accessed tissue from their own province/territory, 16.7% 

were able to access tissue from another province/territory and 16.7% were able to 

acquire post mortem tissue from another country.  All of the respondents also indicated 
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that they had cases within the previous 3 years where access to post mortem tissue 

would have been beneficial, but was not available.  When asked to describe why tissue 

was not available, 81.3% had cases where no tissue was retained from the autopsy, 

37.5% had cases where no autopsy was performed, 18.8% had cases where access to 

retained tissue was refused and 43.8% of respondents indicated other reasons (Figure 

3.4).  There were numerous comments attached to this question to describe some of the 

reasons for their responses.  These included the statement that the tissue was not in a 

useable state (no DNA could be extracted), the timeframe between the death and the 

referral/request for tissue was too long (more than 5 years; retained tissue had been 

disposed), and there was no response by the death investigation agency when tissue 

was requested, or the request was outright refused by either the death investigation 

agency or the parents. 

 

Figure 3-3 Provincial distribution of responses to "Have families been referred 
to your practice as a result of a coroner's/medical examiner's 
recommendation for assessment? 

 



 

97 

 

Figure 3-4 Respondent replies to the question "If you have had cases where 
access to post mortem tissue would have been beneficial but not 
available, why wasn't it available?" 

Part III: Clinical investigations of SUDY-affected families 

When asked which clinical tests are performed on first-degree relatives of SUDY-

affected families, all respondents perform an ECG on adults, adolescents (aged 12 to 18 

years) and children (under 12 years of age), followed by echocardiography (93.1%), 

exercise (treadmill) test (89.7%), 24 hour Holter monitor (75.9%), MRI scan (69%), drug 

provocation study (58.5%), signal-averaged ECG (51.7%), genetic testing (44.8%), EP 

study (31%), coronary artery catheterization (6.9%), biopsy (6.9%), and other tests (right 

ventricle voltage mapping, 3.4%) (Figure 3.5).  There were several comments added to 

the responses including the indication that genetic testing and other more invasive tests 

are dependent on clinical presentation.  Two respondents commented that children 

under the age of 12 years are not assessed by their group, while another indicated that 

the coronary artery catheterization and EP studies are applied selectively and not to 

children less than 12 years of age. 
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Figure 3-5  Clinical tests for SUDY-affected families based on age of patients, 
depicted from most common to least common (left to right). 

When asked if there is a specialized clinic at their centre for SUDY referrals, the 

majority (56.3%) answered no, but in the comments section, four EPs (11.8%) indicated 

that they were planning to have one in the near future (within 6 months to a year).  Most 

respondents (86.7%) utilize the services of a genetics counsellor for their SUDY-affected 

patients, although in the comments for this question, several indicated that the use of 

counselling was limited.  The final question asked the respondents if they participated in 

SUDY research, of which 68.8% answered yes and of these, 6 commented that they (or 

their centre) participate in the CASPER clinical trials 

(https://clinicaltrials.gov/ct2/show/NCT00292032). 

https://clinicaltrials.gov/ct2/show/NCT00292032
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3.5.2. Medical examiner/coroner survey 

The questionnaire was distributed via email to all thirteen Canadian death 

investigation agencies; eleven agencies responded, with complete or near-complete 

data received for nine of the respondents.  Four agencies were medical examiner 

agencies (Alberta, Manitoba, Nova Scotia and Newfoundland-Labrador), one was 

physician coroner-based (Ontario) and six were lay coroner-based (British Columbia, 

Saskatchewan, Quebec, New Brunswick, Northwest Territories and Nunavut). 

Part 1: General Information  

All respondents indicated that they were answering on behalf of their entire 

agency.  Of these eleven respondents, nine were either the chief coroner or chief 

medical examiner of their agency and the remaining two were the director of medical 

services and the research manager for their respective agencies.  Ten agencies filled 

out the English version, one agency (Quebec) filled out the French version.  Seven 

respondents indicated that their field/death investigators were non-physicians 

(sometimes referred to as “lay investigators”) with their qualifications described as 

ranging from “respected community members” with various levels of 

education/experience to nurses in fulltime positions.  

Seven agencies reported using an electronic database to keep track of all of their 

case investigations.  Five agencies did not have a system for specifically tracking SUDY 

cases; one respondent indicated that their existing system was satisfactory for tracking 

SUDY cases and another indicated that SUDY cases were treated the same as others in 

their database and coded according to the ICD-10 coding system. 

Part II: Death Investigation Practices  

All agencies responded that they perform full post mortem and toxicology 

examinations and a review of the decedent’s medical history, scene and circumstances 

surrounding the death event.  Two agencies indicated that they would perform additional 

ancillary testing such as full body X-ray and metabolic screening for infant deaths and 
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molecular genetic testing and/or other consultant examinations, depending on the case.  

Seven agencies indicated that they utilized the services of a local university/teaching 

hospital to assist in their SUDY case investigations and one agency used a 

university/teaching hospital from another province. 

When asked if their agency used a specific investigative protocol for SUDY 

cases, 5 agencies responded that they did not use any form of protocol specific for 

SUDY cases (see Figure 3.6).  One agency used a protocol for SUDY cases up to 40 

years of age and two agencies used one specific for infant SUD.  One agency 

responded that they currently didn’t use a specific SUDY protocol, but they were in the 

process of developing one.  Another agency used an investigation protocol for all child 

deaths (not just SUDY-related) aged newborn to 5 years of age. 

 

Figure 3-6 Responses to the question "Do you currently use an investigation 
protocol specifically for SUDY cases?" 

During the post mortem examination, four agencies used a pediatric pathologist 

to assist in their child SUD investigations, with age limits ranging from newborn to 5 

years, newborn to 16 years and newborn to 18 years – depending on the 

case/circumstances.  When asked if they consulted a cardiac pathologist for their SUDY 
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cases, four agencies utilize one in their child SUD cases and three for their adult SUD 

cases.  Two agencies who do utilize a cardiac pathologist indicated that this decision 

was frequently at the discretion of the pathologist conducting the autopsy.  Three 

agencies did not know if a cardiac pathologist was consulted and also stated that 

decision would be at the discretion of the pathologist conducting the autopsy, and for 

another agency they indicated would “have to review the records to trace this 

information”.  One agency indicated that they have a cardiac pathologist on staff.  

Additionally, whole organs, such as the heart, were retained for examination by a 

specialist clinician by four agencies.  Three agencies indicated that they did not retain 

any organs for specialist examinations.  In some cases, the respondents commented 

that attempting to quantify the number of cases that ancillary consultation was utilized 

was not clearly evident from reviewing the agency’s database; the data would only be 

available if each case file was reviewed directly. 

 

Figure 3-7 Responses to the question "If an IAS is suspected during a SUDY 
case investigation, what tissues does your agency retain?".  
Respondents had 5 choices (see legend) from which to select. 
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There was considerable heterogeneity regarding what specific tissues were 

retained during the post mortem examination (see Figure 3.7).  Five agencies retained 

fresh frozen tissue.  Other types of tissue retention included blood/tissue on FTA (blood 

spot) cards, blood in venoject (blood collection) tubes and three retained formalin-fixed 

and/or paraffin-embedded tissue.  Three agencies indicated that retention practices are 

dependent upon each hospital’s own protocols.  For the four agencies that indicated they 

do not routinely retain post mortem tissue, the main reasons for this decision were lack 

of policy, guidelines and protocols as well as ethical/privacy concerns for the relatives.  

Interestingly, five agencies indicated that they have used molecular genetic testing to 

assist in establishing a diagnosis in a SUDY case when an inherited arrhythmia 

syndrome is suspected.  Of these agencies, however, two indicated that they used 

genetic testing only in rare or very rare situations.  Another agency indicated that this 

practice will likely stop due to the high cost of genetic testing.  Furthermore, financial 

cost was one of the reasons why four agencies do not routinely conduct genetic testing 

for their SUDY cases (Figure 3.8).  The main reason given, however, was lack of 

policy/guidelines and protocols for genetic testing. 

 

Figure 3-8 Responses to the question "Please choose all that apply why your 
agency is not currently using molecular genetic testing during SUDY 
investigations". 
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The survey also included questions involving two scenarios:  in the first case, a 

21 year old man collapsed and died suddenly during football practice.  A thorough 

investigation, utilizing all of the current practices available at each agency’s disposal, 

however, fails to determine a cause of death, although foul play and physical trauma 

have been ruled out.  Each agency was asked what cause and classification of death 

(manner of death) would be used for this man's death in the death report.  Five agencies 

indicated they would use “undetermined” and four agencies would use “natural” for 

manner of death.  Three agencies would use “undetermined” for the cause of death 

while the other responses ranged from “natural death, exact cause unknown”, “sudden 

unexpected death”, and “no anatomic cause of death”. 

The second scenario involved a 21 year old man who collapsed and died 

suddenly during football practice.  A thorough investigation, utilizing all of the current 

practices available at each agency’s disposal, however, fails to determine a cause of 

death, although an IAS is suspected (but not confirmed).  Each agency was asked what 

cause and classification of death (manner of death) would be used for this man's death 

in the death report.  Three agencies chose “undetermined” and five agencies chose 

“natural” for the manner of death.  For cause of death, three agencies chose 

“undetermined” while five chose “probable cardiac arrhythmia” and one agency chose 

“sudden arrhythmic death syndrome” but with the stipulation “if the arrhythmia is seen as 

the likely cause, otherwise, “natural death - exact cause unknown”. 

Part III: Communication and follow-up with the next of kin  

In cases of SUDY where an IAS is the suspected (or confirmed) cause of death, 

all respondents make a recommendation to the next of kin that family members be 

referred to their physician and/or specialist for assessment.  The agencies differed, 

however, in how this information is conveyed to the families.  Responses varied between 

the investigator/medical examiner/staff having a telephone conversation with the next of 

kin to including recommendations in the autopsy and/or coroner’s report, to writing a 

formal letter directly for the next of kin (see Figure 3.9). 
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Figure 3-9 Responses to the question "Please choose all that apply how the 
recommendation for clinical assessment is conveyed to the SUDY-
affected family" 

3.6. Discussion 

The sudden and unexpected death of a child or young adult is devastating for 

families, their communities and health care professionals.  The trauma may be 

exacerbated when no cause of death can be ascertained after autopsy, toxicology and 

other ancillary examinations.  To assist the forensic medicine community in finding a 

diagnosis in these cases, guidelines were published in Europe, New Zealand and 

Australia (Ackerman et al., 2011; Basso et al., 2008).  They included recommendations 

for collection of scene, circumstantial and historical data (such as determining previous 

SUD events in the family) to assist the pathologist conducting the autopsy, as well as 

thorough autopsy procedures and ancillary testing, including molecular genetic testing of 

post mortem tissue for both structural and non-structural (electrical) heritable heart 

disease.  Perhaps most importantly, they also recommended clinical assessment of first-
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degree relatives (and genetic testing when indicated) when heritable disease is 

suspected or confirmed, or when the cause of death remains unexplained. 

Our main objectives in this study were to determine the current practices of 

SUDY investigation by coroner and medical examiner agencies in Canada, as well as 

current practices for management of surviving relatives after they experienced SUDY.  

To that end, two questionnaires were created and distributed; one for coroner/medical 

examiner authorities and the other for clinicians (EPs) with expertise in investigating and 

diagnosing heritable disorders that may predispose individuals to sudden cardiac death.  

Overall, the results show heterogeneity in SUDY investigation practices by coroners and 

medical examiners and their approaches to connect SUDY-affected relatives with the 

clinical expertise to reduce the risk of another tragic death. 

The overall response rate for the EP questionnaire was low (36%) compared to 

the coroner/ME survey response rate (11/13 or 86%).  The EP response rate was likely 

higher due to at least one EP responding on behalf of his entire clinic (with 5 EPs in 

total).  Most of the EP respondents were from Ontario.  This result is not surprising, 

given that Ontario has the highest population of all of the provinces.  Quebec should 

have had the second highest number of responses as it has the highest population after 

Ontario, yet we received only 3 responses from Quebec.  Perhaps a French version of 

the questionnaire would have resulted in a higher number of responses.   

According to our results, it appears that most agencies do not use an 

investigation protocol specific to SUDY.  Only one agency, (Ontario) used an 

investigation protocol for SUDY cases aged 2 to 40 years and two agencies used a 

sudden infant death protocol.  Therefore, it is unclear if death investigators are collecting 

pertinent data that may assist the pathologist conducting the autopsy to suspect IAS 

involvement in the death and prioritize further investigations.  These ancillary 

investigations may include expert cardiac pathology with retention of the heart, and 

tissue for genetic testing (see more detailed discussion below).  However, when asked if 

a cardiac pathologist was consulted in their SUDY cases, two agencies indicated that 

this decision was frequently at the discretion of the pathologist conducting the autopsy 
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and another three agencies did not know if a cardiac pathologist was consulted.  They 

indicated that they would need to review the records directly to trace this information.  

Therefore, a standardized SUDY protocol that includes collection of pertinent data prior 

to the autopsy as well as guidelines for cardiac consultation and post mortem tissue 

retention (including a tracking system for tissue) would be beneficial. 

The survey results also suggest heterogeneity in the selection of classification 

(manner) of death and the description of cause of death used for the coroner’s or 

medical examiner’s report.  The death investigation agencies were presented with a 

fictitious SUDY case in which no cause of death could be ascertained after a thorough 

investigation.  The respondents were almost evenly divided between “Undetermined” 

and “Natural” for the classification of death, and showed considerable heterogeneity in 

choosing the cause of death, ranging from “undetermined”, “natural death, exact cause 

unknown”, “sudden unexpected death”, to “no anatomic cause of death”.  Similar 

findings were observed when they were presented with another SUDY case scenario in 

which no cause of death was identified after thorough investigation, although an IAS was 

suspected as contributory.  Again, respondents showed mixed findings with the 

classification of death, although more respondents chose “natural” over “undetermined” 

in this context, and considerable variety in the description of the cause of death, 

choosing “undetermined”, “probable cardiac arrhythmia” or “sudden arrhythmic death 

syndrome”.  The main concern here is the potential impact on the subsequent clinical 

investigation of family members.  If a family takes the coroner’s report to their family 

physician and it shows “undetermined” for both the cause and manner of death, it 

provides minimal information and guidance as to where the family should be referred.  

Some physicians may choose not to refer relatives to any specialist clinicians if there is 

no mention of the potential role of an inheritable disorder and that first-degree relatives 

could be at risk for sudden death.  Therefore, assessment and treatment of any at-risk 

relatives could be delayed, especially if there is no written recommendation (and 

justification for the recommendation) from the death investigator regarding referral to 

specialist clinicians. 

It appears that at least some families are making their way into the specialist 

offices and clinics as 85.7% of EPs indicated they have assessed SUDY-affected 
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families in the previous 3 years.  However, only 40% of respondents indicated they have 

received families that were referred by a coroner or medical examiner.  Interestingly, all 

of the coroner/medical examiner respondents indicated that they do make a 

recommendation to the next of kin that family members be referred to their physician 

and/or specialist for assessment.  What varies, however, is how this recommendation is 

conveyed to the family; responses varied between having a telephone conversation with 

the next of kin (7 agencies), to including recommendations in the autopsy report (6 

agencies) and/or coroner’s report (4 agencies), to one agency writing a formal letter 

directly to the next of kin.  A formal letter that provides contact information for expert 

clinicians and discusses why there is a need to refer the family to a specialist is the ideal 

method as the letter can be read, reviewed and copied to other members of the family as 

required – especially if advised to copy and disseminate the letter.  Having a 

recommendation in the autopsy report or coroner’s report may not be as effective as a 

formal letter sent directly to the next of kin.  First of all, the autopsy report and coroner 

report may not be completed for months, resulting in considerable delay before the 

families are assessed.  Secondly, anecdotal experience suggests that not all families 

make a request for either report, and if or when they do, they may not review these 

reports immediately, if at all.  In some cases, they may not request these reports until 

many months to years after the death occurred.  A telephone call with the next of kin is 

likely the least effective method, given that the emotional and mental status of the 

parents may be compromised by the anxiety and grief of the situation.  They may not 

remember the details of the conversation and may not consider writing down important 

details such as contact information for expert clinicians and the suspected causes for 

their child’s death.  It is also possible that despite the coroner/medical examiner’s 

recommendation, first-degree relatives may decide not to undertake clinical assessment, 

or they may decide to go at a later date.  In summary, there can be considerable delay 

between when the recommendation for clinical assessment is conveyed to the family 

and when they actually walk into the specialist office.  Delays in assessment can lead to 

further trauma for the family; they may be at risk of another SUDY event prior to onset of 

treatment and management if the cause of death in the proband was due to an IAS.  

Secondly, finding answers for the decedent’s cause of death becomes increasingly more 

difficult with a long timeframe between the death and the referral of the family (see 

below). 
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While the families are undergoing clinical assessment, it can be beneficial to 

acquire post mortem tissue from the deceased relative for molecular genetic testing for 

IAS mutations.  First of all, given the heritable nature of IAS, the finding of a disease-

associated mutation in the decedent that is also found in living phenotype-positive 

relatives may provide a diagnosis for the decedent as well as answers for the family.  It 

may also assist with risk assessment and treatment options for the surviving relatives.  

One of the major challenges faced by EPs as outlined in this study is the failure to 

acquire post mortem tissue.  All of the EP respondents had cases where they made a 

request for tissue but were unable to obtain it.  The main reason appears to be that no 

tissue was retained during the autopsy (81.3% of respondents).  This result contrasted 

with the coroner/ME survey results in which eight death investigation agencies indicated 

that they do retain tissue for their SUDY cases, though there was considerable variety in 

which tissues are retained, how they are retained and how often they are retained.  

Three agencies indicated that tissue retention policies were dependent upon each 

hospital’s protocols and can vary throughout the province.  This suggests that post 

mortem tissue retention practices may be highly variable within, as well as between, the 

death investigation agencies.  Another reason for the discrepancy between the EP and 

coroner/ME survey results may be the potentially lengthy timeframe between the death 

and the request for tissue (greater than 5 years according to some respondents and the 

tissue was discarded).  In fact, several EPs commented on this issue and also indicated 

that in many cases, the tissue was not in a useable state for genetic testing (no DNA 

could be extracted).  It was not preserved in a “DNA-friendly” manner (e.g. formalin fixed 

and/or paraffin embedded as opposed to ideally fresh frozen tissue stored at -70 ⁰C).  

Further to this, four death investigation agencies responded that they do not routinely 

retain post mortem tissue mainly due to lack of policy, guidelines and protocols; one 

agency commented that “once the death investigation is completed, the coroner has no 

authority for tissue retention”.  The results of genetic testing of retained tissue have 

significant implications for surviving family members – therefore, statements such as 

these need to be addressed through policy changes or in some cases, provincial 

legislative amendments. 

Guidelines for post mortem tissue retention, including what types of tissue, how 

to best preserve it for molecular genetic testing (or other ancillary tests) and protocols for 
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advising the family on how long it will be retained (and where it is retained) would be 

very beneficial.  Support for the utility of such guidelines comes from Ontario.  The 

Ontario Coroner’s Service is the only jurisdiction with guidelines for the investigation of 

sudden cardiac death to assist coroners and the pathologists who conduct autopsies 

under coroner’s warrant.  The guidelines were developed in 2008 to aid in the 

standardization of autopsy practices for “negative” autopsies in cases of sudden cardiac 

death in the young aged 2 to 40 years.  At the time of this survey, they were also the 

only agency that had a SUDY protocol.  This approach ensures that appropriate ancillary 

testing by specialist clinicians is undertaken to exclude other possible causes of death 

and that appropriate and adequate tissue is retained.  They also ensure that the family is 

aware of this retained tissue that will be made available if the family decides to 

undertake genetic analysis of the tissue (usually during their own clinical assessments).  

There were also recommendations that affected families be referred and provided 

avenues for clinical follow-up, when a genetic component is considered likely or found 

during the autopsy.  Furthermore, these guidelines were created by a collaboration 

between the Ontario Coroners’ Office and several electrophysiologists, cardiac genetic 

counsellors and other health care providers with expertise in IAS.  At the time of this 

study, no other province in Canada had a standardized approach to SUDY.  Our study 

findings suggest that the Ontario guidelines are beneficial; the number of Ontario EPs 

outnumbered all of the other EPs in every other province who have worked with a 

coroner to assist in establishing a diagnosis in a SUDY case (Figure 2).  The results 

were similar for the referral of SUDY-affected families by a coroner/ME; the number of 

Ontario EPs outnumbered all of the other provincial EP respondents combined (Figure 

3).  However, it is difficult to properly evaluate this data, given that we know of one EP 

who answered on behalf of his clinic which consists of 5 EPs in total.  Although this 

particular respondent was based in Ontario, there may have been other EPs who 

responded similarly from other provinces. 

When families do arrive at the specialist clinics, the clinical tests that are 

performed are fairly consistent.  All of the relatives undergo non-invasive standard tests 

first, such as ECG, followed by echocardiography, exercise testing and a 24 hour Holter 

monitor or MRI scan as required.  The other more invasive tests (drug provocation study, 

coronary artery catheterization, biopsy, etc.) are dependent on clinical presentation and 



 

110 

are applied selectively (e.g. as one EP commented “the finding of a long QT interval on 

ECG indicates that MRI and signal averaged ECG may not be performed”).  The only 

inconsistencies appeared to be with the utility of genetic counselling.  Although most 

respondents (86.7%) utilized the services of a genetics counsellor for their SUDY-

affected patients, the use of counselling was limited with comments such as “hit or miss” 

or “selective” in the responses, suggesting that not all patients received genetic 

counselling in their care. 

The final question asked the respondents if they participated in SUDY research, 

of which 68.8% answered yes and of these, 6 commented that they (or their centre) 

participate in the CASPER clinical trials 

(https://clinicaltrials.gov/ct2/show/NCT00292032) though it is likely that many more of 

the respondents (possibly most of the 68.8%) are participants.  CASPER represents a 

national registry and is the acronym for “Cardiac Arrest Survivors with Preserved 

Ejection fraction Registry”.  At the time of this study, CASPER functioned in 11 centres 

and presently encompasses 14 specialist centres across Canada (Steinberg et al., 

2016).  The CASPER approach has demonstrated the benefits of systematic clinical 

testing (including drug provocation and advanced imaging) resulting in unmasking of the 

cause of apparently unexplained cardiac arrest in over 50% of patients (Krahn et al., 

2009).  It also assists in directing genetic testing to diagnose IAS, which can result in 

successful family screening and monitoring.  What is missing, however, is an efficient 

mechanism to ensure that SUDY-affected families do find their way to these specialists 

centres soon after they experience sudden death. 

This study is the first, to our knowledge, to explore how SUDY cases are 

investigated by coroners and medical examiners.  Our study was specifically aimed at 

Canadian death investigation agencies with the main objective of determining if the 

current practices of Canadian coroners and medical examiners are consistent, 

standardized and inclusive of the published guidelines in Europe and Australia/New 

Zealand (Ackerman et al., 2011; Basso et al., 2008).  To our knowledge, there has only 

been one other similar study, in which forensic pathology practitioners in SUDY 

investigation were surveyed across many jurisdictions worldwide.  Their findings 

suggested that molecular genetic testing is rarely performed in routine forensic 

https://clinicaltrials.gov/ct2/show/NCT00292032
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investigations.  Approximately 60% of respondents did not have the means to perform 

genetic testing and 40% did not collect and retain appropriate post mortem tissue to 

conduct testing at a later date, despite working at university hospitals.  Other problems 

included financial restraints to perform adequate SUDY investigations, lack of contact 

with family members and/or family physicians as well as lack of collaboration with expert 

clinicians, such as cardiologists and geneticists.  This study was limited, however, to the 

post mortem and ancillary investigations conducted by pathologists, in contrast to our 

study wherein we were able to collect data on more of the actual death investigation.  

Regardless, the results demonstrate that despite existing autopsy/pathology guidelines, 

significant discrepancies exist globally.  Guidelines that are more specialized for the 

death investigation agencies, who are the authority for conducting the entire death 

investigation, would be highly beneficial. 

Since this study was conducted, there have been a few improvements to SUDY 

investigative practices, although they are limited to either specific agencies or specific 

age ranges of SUDY.  For example, in June 2012, the Canadian Chief Coroners and 

Chief Medical Examiners agreed to adopt standardized cause and manner of death to 

describe unexpected infant deaths where no cause is identified following complete 

autopsy, examination of the death scene, and review of the clinical history.  They would 

avoid such terms such as SIDS, Sudden Unexpected Infant Death (SUID) and Sudden 

Unexplained Death in Infancy (SUDI) as these had a tendency to confuse rather than 

clarify the circumstances for families as well as health care practitioners.  They also 

agreed that the collection of standardized data is a crucial component of sudden infant 

death investigations and future work will focus on adopting a standardized approach for 

all provinces (from BC Coroners Service Child Death Review Panel: A Review of 

Unexpected Infant Deaths 2008-2012, accessed at 

http://www2.gov.bc.ca/assets/gov/public-safety-and-emergency-services/death-

investigation/child-death-review-unit/reports-publications/unexpected-infant-death.pdf.  

Although this is a step forward, it is limited to infant SUD cases (up to 12 - 24 months of 

age). 

In 2015, the Ontario Coroner’s Service revamped their guidelines and created 

the “Investigation of Sudden Cardiac Death (SCD) and Vascular Catastrophe” document 

http://www2.gov.bc.ca/assets/gov/public-safety-and-emergency-services/death-investigation/child-death-review-unit/reports-publications/unexpected-infant-death.pdf
http://www2.gov.bc.ca/assets/gov/public-safety-and-emergency-services/death-investigation/child-death-review-unit/reports-publications/unexpected-infant-death.pdf
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(See Chapter 5, Supplementary Materials).  It includes a revised checklist “Issues to 

consider when investigating a recognized or potential SCD” for the scene investigation, 

autopsy and post-autopsy procedures.  There is also a list of the heart rhythm 

disorder/hereditary heart disease clinics across Canada and aortopathy / arteriopathy 

clinics in the Greater Toronto area for referral of relatives.  These updated guidelines 

were created by a cardiac pathologist working for the Ontario Forensic Pathology 

Service and evaluated by the chief coroner / chief forensic pathologist of Ontario, 

regional coroners, electrophysiologists, genetic counsellors and other cardiac 

pathologists prior to their dissemination.  It is anticipated that these guidelines will be 

shared with the other agencies attending the 2017 annual Chief Coroner/Chief Medical 

Examiners of Canada meeting.  It remains to be seen how many agencies will 

incorporate any of the guidelines into their own practices. 

Despite these advances, a recent study highlights that heterogeneity in SUDY 

investigation practices and in particular, post mortem tissue retention and storage, is an 

ongoing issue in Canada.  Clinicians working at specialist (inherited heart rhythm) clinics 

continue to experience barriers to post mortem tissue acquisition – for example, tissue 

was unavailable when requested in 43% of SUDY cases, and even when it could be 

obtained, the tissue was not properly preserved/stored for genetic testing in 41% of 

SUDY cases (Roston et al., 2016).  Therefore, there continues to be a need for 

standardized SUDY investigation protocols and in particular, post mortem tissue 

retention protocols, nationally. 

3.7. Study Limitations 

Although we had a reasonable number of responses to our EP survey (over one-

third of potential respondents), we had poor representation from Quebec.  A French 

version of the survey may have increased the response rate.  The response rate for the 

coroner/medical examiner survey was much higher (11 out of 13 agencies), however, 

there was reliance of these results on one person responding on behalf of his/her entire 

agency.  There are likely discrepancies on how field investigators and coroners/medical 
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examiners conduct SUDY investigations within each province and territory, and as such, 

we were not able to collect this data.  In future, perhaps a similar questionnaire can be 

distributed nationally to field investigators, community coroners and medical examiners 

to help us collect more detailed intra-provincial data.  Given that there appears to be 

reliance of some lay coroner agencies on the discretion of pathologists to conduct further 

ancillary testing (including genetic analysis) following the autopsy, a questionnaire 

designed for specifically for pathologists to determine their SUDY investigation practices 

may also be warranted.  

3.8. Conclusion 

Our study demonstrated that SUDY investigation practices by Canadian coroners 

and medical examiners are heterogeneous – both between and within their 

provincial/territorial jurisdictions.  It appears that in many cases, no post mortem tissue is 

retained from the autopsy of a SUDY victim or, the retained post mortem tissue is not 

suitable for genetic analysis, which impedes clinicians’ abilities to provide a diagnosis 

and to assist in treatment options/risk assessment for the surviving relatives.  

Furthermore, there can be considerable delay between when the death occurred and 

when families attend specialist clinics for assessment, leading to increased risk for 

another SUD in the family.  Our findings support the need for SUDY scene investigation 

protocols and standardized post mortem tissue retention, cause/manner of death 

classification and written recommendations for SUDY-affected relatives.  National 

guidelines would provide standardized approaches for SUDY investigation throughout 

Canada. 
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(page 13 of the survey was a blank page) 
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S 2 Responses from the coroner/medical examiner questionnaire 

 

  



 

138 

 

  



 

139 

 

  



 

140 

 

  



 

141 

 

  



 

142 

 

  



 

143 

 

  



 

144 

 

  



 

145 

 

  



 

146 

 

  



 

147 

 

  



 

148 

 

  



 

149 

 

  



 

150 

 

  



 

151 

 

  



 

152 

 

  



 

153 

 

  



 

154 

 

  



 

155 

 

  



 

156 

 

  



 

157 

 

  



 

158 

 

  



 

159 

 

  



 

160 

 

  



 

161 

 

  



 

162 

 

  



 

163 

 

  



 

164 

Chapter 4. Investigating the genetic causes of 
sudden unexpected death in young children 

This chapter is modified from the following original research article in submission: 

Dewar, L.J.*, Alcaide, M.*, Fornika, D., Stevens, C.M., Shafaat Talab, S., D’Amato, 

L., Balachandra, T., Phillips, S.M., Sanatani, S., Morin, R.D.¥, Tibbits, G.F.¥ 

Investigating the genetic causes of sudden unexpected death in young children through 

targeted next generation sequencing analysis. 

* These authors contributed equally to this work 

¥ These authors are co-senior authors.  

My contribution to this work included study conception, tissue preparation, DNA 

extraction, variant interpretation, and project management.  This manuscript was written 

by me under advisement of the co-authors. 
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4.1. Abstract 

Inherited arrhythmia syndromes (IAS) are responsible for a significant portion of 

autopsy-negative sudden unexpected death in the young (SUDY) cases, but molecular 

genetic testing (molecular autopsy) used to identify potentially causal variants is not 

routinely included in SUDY investigations.  Furthermore, there are a number of genes 

that are uniquely or differentially expressed in infants and young children that have not 

been examined for causality in SUDY.  We collaborated with a medical examiner’s office 

to assist in finding a diagnosis for their autopsy-negative child SUD cases.  Our main 

objective was to design and validate a next generation sequencing panel and workflow 

using known inherited arrhythmia syndromes (IAS) and sudden unexpected death in the 

young (SUDY) genes, and genes not previously or routinely investigated for IAS.  Our 

second objective was to determine if the prevalence of variants identified herein could 

inform the use of molecular genetic testing in autopsy-negative SUDY.  191 child SUD 

cases (<5 years of age) were selected for analyses.  We developed a next generation 

sequencing panel with 38 IAS candidate genes and another 33 genes not previously 

investigated for IAS or SUDY.  We uncovered 12 previously published IAS- and other 

disease-associated (pathogenic) variants in 15 cases, 10 variants suspected as causal 

(likely pathogenic) in 14 cases, 60 variants of uncertain significance in 54 cases and 22 

novel variants predicted to be pathogenic in 20 cases.  Incorporating genes not 

previously investigated in SUDY/IAS increased our yield from 12 to 15 cases.  The 

overall yield of pathogenic and likely pathogenic variants was 15.2%.  All disease-

associated variants were reported to the medical examiner to notify surviving relatives 

and recommend clinical assessment.  We successfully identified variants that may assist 

in the diagnosis of 15% of autopsy-negative child SUD cases and reduce risk of future 

SUDY in surviving relatives.  We suggest inclusion of both cardiomyopathy and ion 

channelopathy candidate genes (and other critical cardiac genes) in molecular autopsy 

analyses, but recommend a cautious approach to variant identification and 

interpretation. 
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4.2. Introduction: 

Sudden unexpected death (SUD) of a young child is devastating for parents, 

care-givers, emergency personnel and the community at large.  It is particularly stressful 

to caregivers when the cause of death is not identified after a thorough death 

investigation that includes a careful autopsy and ancillary examinations including 

toxicology, microbiology, X-ray and other analyses.  It has long been postulated that 

ventricular arrhythmia is often the main suspect underlying “autopsy-negative” SUD. 

Since the early 2000’s, post mortem molecular genetic testing (sometimes 

referred to as “molecular autopsy”) has provided clues to the cause of death in at least a 

fraction of autopsy-negative sudden unexpected death in the young (SUDY), including 

infants and young children.  Molecular autopsy and/or clinical evaluation of surviving 

relatives demonstrates that at least one third of SUDY cases are due to lethal arrhythmia 

attributed to inherited arrhythmia syndromes (IAS) (Arnestad et al., 2007; Behr et al., 

2003; Glengarry et al., 2014; Skinner et al., 2011; Tan, Hofman, van Langen, van der 

Wal, & Wilde, 2005).  These include the primary electrical disorders of the heart – the 

so-called ion channelopathies including long QT syndrome (LQTS), Brugada syndrome 

(BrS), catecholaminergic polymorphic ventricular tachycardia (CPVT) and short QT 

syndrome (SQTS) (Tester, Medeiros-Domingo, Will, Haglund, & Ackerman, 2012).  

Primary cardiomyopathies, including familial hypertrophic cardiomyopathy (FHC), 

arrhythmogenic right ventricular cardiomyopathy (ARVC) and dilated cardiomyopathy 

(DCM) have also recently been shown to play a role in autopsy-negative SUDY (Hertz et 

al., 2015), given that these disorders may have a concealed but arrhythmogenic phase 

prior to manifestation of structural defects that would normally be discovered at autopsy 

(McNally, MacLeod, & Dellefave-Castillo, 2014). 

High throughput next generation sequencing technology offers the opportunity to 

identify potentially pathogenic variants at an ever decreasing cost.  Its clinical utility has 

been realized in recent years with a growing list of commercial laboratories available for 

genetic testing of patients with a suspicion of an IAS.  The list of candidate genes for IAS 

has also expanded dramatically in the same timeframe as targeted sequencing and 
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whole exome sequencing approaches have provided opportunities to explore new genes 

and other genomic regions of interest.  In Canada and elsewhere, physicians are 

referring their living patients, but the medical examiner and coronial community has not 

routinely used genetic testing to assist in the diagnosis of SUDY, despite international 

guidelines and protocols in existence since 2008 (Ackerman et al., 2011; Priori et al., 

2013; Skinner, Duflou, & Semsarian, 2008). 

In this study, we collaborated with a provincial medical examiner’s office to assist 

in the diagnosis of 191 child SUD cases in which the cause and manner of death was 

not identified by autopsy.  With this large study cohort, we also wanted to explore other 

potential candidate genes for IAS and SUDY.  We hypothesized that genetic variants 

that disrupt critical signalling pathways (for example, adrenergic signalling during 

physical or emotional exertion) and/or calcium homeostasis may play a role in creating 

the substrate for triggering arrhythmias. 

Our main objective in this study was to design and validate a next generation 

sequencing panel and workflow using known candidate genes for IAS/SUDY and genes 

not previously or routinely investigated for SUDY or IAS.  Our second objective was to 

determine if the prevalence of variants identified herein could inform the use of 

molecular genetic testing in all cases of SUDY in which no cause of death is identified. 

4.3. Methods: 

4.3.1. Selection of genes for the sequencing panel 

A total of 71 genes were selected for the sequencing panel.  In addition to 38 

candidate genes for inherited arrhythmia syndromes (IAS) including LQTS, SQTS, BrS, 

CPVT, FHC, ARVC and DCM (Table 4.1), we also included 33 genes that have not been 

previously or routinely investigated in IAS and/or SUDY cases (Table 4.2).  Some of 

these genes are associated with calcium homeostasis (e.g. ATP2A2 encoding the 
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SERCA2a Ca2+ pump), some modulate the function of IAS-associated gene proteins 

(e.g. PDE4D encoding the cAMP-specific phosphodiesterase protein found in the RyR2 

macromolecular complex) and others are involved in adrenergic signalling pathways 

(e.g. ADCY5, ADCY9 encoding adenylate cyclase paralogs 5 and 9).  Table S1 in the 

Supplementary Materials includes justification for including the additional 33 genes. 

4.3.2. Selection of SUD cases and DNA preparation 

Permission to conduct the analysis on forensic cases of child SUD was given by 

the Chief Medical Examiner of Manitoba and approval was obtained from the ethics 

review boards of Simon Fraser University, the University of Manitoba, the Winnipeg 

Health Sciences Center’s Pediatric Research Review Committee and the Pathology 

Access to Tissue Committee.  Cases of child SUD (age ≤ 5 years at time of death) were 

reviewed and included in the study if they met the study criteria of no identified cause of 

death after autopsy and investigation of the circumstances and scene.  The post mortem 

examinations were carried out rigorously following in-house protocols for child deaths 

occurring up to 5 years of age adapted from the Canadian Association of Pathologists 

Guidelines for Medicolegal Autopsies in Canada.  Each child had a full toxicology 

screen, a full skeletal X-Ray survey, bacterial/viral/fungal cultures, metabolic disorder 

screen and a neuropathology consultation (retention of the spinal cord and brain).  

Children with identifiable structural heart disorders (e.g. tetralogy of Fallot, valvular heart 

disease, etc.) and/or other potentially life-threatening medical conditions were excluded.  

Cases from 1993 to 2013 were carefully reviewed from which child SUD cases were 

selected.  Post mortem heart, psoas muscle or liver tissue retained from autopsy and 

stored at -70 ⁰C was de-identified and sent to our laboratory at Simon Fraser University 

for analysis.  Genomic DNA was extracted following the protocol provided by the 

manufacturer using a Qiacube robot (Qiagen) and quantified using a Qubit fluorometer 

(Thermo Fisher Scientific).  Genomic DNA quality was analyzed using 1% agarose gel 

electrophoresis.  100 ng of each DNA sample was sheared to 300 bp lengths using a 

Covaris M220 ultrasonicator (Covaris) and quality-checked using an Agilent 2100 

Bioanalyzer (Agilent Technologies). 
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4.3.3. Library preparation, targeted sequence enrichment and high 
throughput sequencing 

For each sample, 50 ng of DNA was used for library construction using the KAPA 

LTP Library Preparation kit following a modified protocol (Supplementary Materials).  

The final library DNA concentration was measured using a Qubit fluorometer and quality 

checked using an Agilent 2100 Bioanalyzer on a random, small number of samples. 

Targeted enrichment of the exonic regions of the genes of interest (Tables 4.1 

and 4.2) was achieved with custom-ordered biotinylated oligonucleotide probes using a 

modified IDT® XGen Lockdown capture protocol (Version 2.1, Supplementary 

Materials).  Post-capture library yields were evaluated using a Qubit fluorometer and 

enrichment was evaluated through a qPCR experiment relying on the amplification of 

one on-target locus versus one off-target locus.  The captures were sequenced on an 

Illumina MiSeq NGS platform with 150 bp paired-end reads. 

4.3.4. Data analysis, variant detection and validation 

After sequencing, the FASTQ files generated by the MiSeq were aligned to a 

reference sequence representing the 71 genes of interest derived from the human 

GRCh37.p13 (hg19/Ensembl75) genome sequence using Geneious v8.1.7 software 

(Biomatters Limited).  Paralogs and pseudogenes for these genes (where present in the 

reference genome) and highly similar loci were also included in this reference to avoid 

erroneous read mapping.  The aligned reads were processed and analyzed to identify 

variants (both single nucleotide variants (SNVs) and insertions/deletions (indels) using 

Geneious software, and annotated using the Oncotator application 

(http://portals.broadinstitute.org/oncotator/).  Through the dbNSFP (Liu, Jian, & 

Boerwinkle, 2013) Oncotator data source, variants were annotated with results derived 

from several functional prediction and conservation score algorithms (PolyPhen-2, SIFT, 

MutationTaster, Mutation Assessor, FATHMM, LRT, SiPhy, GERP++ and PhyloP) and 

used to classify variants most likely to affect a protein's function.  Indels were analyzed 

using the PROVEAN online software prediction tool (http://provean.jcvi.org/index.php). 

http://portals.broadinstitute.org/oncotator/
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Sequence variants were filtered using a minor allele frequency (MAF) threshold 

of ≤0.01 with a variant allele frequency of at least 20%.  Variants with allele frequencies 

above our threshold were not discarded; these variants were maintained in a separate 

database to be analyzed for clinical significance (e.g. variants described in the literature 

as having disease modifying effects).  Any variants with poor coverage (less than 30-

fold) or with poor read quality scores were validated using deep amplicon sequencing 

(Morin et al., 2013). 

All purportedly rare variants, including potentially novel variants were quality-

checked and frequency-filtered by searching variant databases including dbSNP 

(http://www.ncbi.nlm.nih.gov/SNP/), the 1000 genomes project 

(http://www.1000genomes.org/data), the NHLBI Exome Sequencing Project (ESP) 

database (http://evs.gs.washington.edu/EVS/) and the Exome Aggregation Consortium 

(ExAC) database (http://exac.broadinstitute.org/).  Besides being used as a frequency 

filter, these databases and several others including ClinVar, the Human Gene Mutation 

Database (HGMD), and Online Mendelian Inheritance of Man (OMIM) were extensively 

searched to assist in determining clinical relevance.  Any variants discovered in the 

above databases were categorized using the five tier classification system 

recommended by the ACMG and also used for clinical relevance in ClinVar: pathogenic, 

likely pathogenic, uncertain significance, likely benign and benign (Richards et al., 2015).  

Any variants implicated in a disease were promoted as potentially causal.  Novel 

variants predicted to prematurely truncate the protein either by introducing a stop codon 

or frame shift, as well as those with high prediction software scores (i.e. predicted to 

functionally impact the protein) were considered the best candidates and prioritized for 

functional analyses by ourselves and our collaborators.  These findings will be reported 

in future publications.  Selected variants of interest (that will be functionally analyzed) 

were validated using digital drop-PCR assay (Alcaide et al., 2016). 

4.3.5. Statistical Analysis 

The data were summarized using descriptive statistics (means, percentages). 

  

http://www.ncbi.nlm.nih.gov/SNP/
http://www.1000genomes.org/data
http://evs.gs.washington.edu/EVS/
http://exac.broadinstitute.org/
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Table 4-1 Previously identified IAS candidate genes used in the study 

Gene Locus Protein Clinical syndrome 

ACTC1 15q14 α-Cardiac actin FHC 

AKAP9 7q21-q22 A-kinase anchoring protein LQT11 

ANK2 4q25-q27 Ankyrin 2  LQT4 

CACNA1c 12p13.3 CaV1.2 BrS3, LQT8  

CACNB2 10p12 CaV1.2 beta-2 subunit BrS4 

CALM1 14q32.11 Calmodulin1 CPVT4, LQT14 

CALM2 2p21 Calmodulin2 LQT15 

CASQ2 1p13.1 Calsequestrin CPVT2 

CAV3 3p25 Calveolin-3 LQTS9 

DSC2 18q21 Desmocollin-2 ARVC 

DSG2 18q12.1 Desmoglein-2 ARVC, DCM 

GPD1L 3p22.3 Glycerol phosphate dehydrogenase 1-like BrS2 

HCN4 15q24.1 Hyperpolarization activated cyclic nucleotide-gated 
potassium channel 4 

BrS8, SSS2 

KCNE1 21q22.1 MinK LQT5 

KCNE2 21q22.1 MiRP LQT6 

KCNH2 7q35-36 hERG (Kv11.1) LQT2 

KCNJ2 17q23 Kir2.1 CPVT3, LQT7, SQT3 

KCNJ8 12p12.1 Kir6.1 J-wave syndromes 

KCNQ1 11p15.5 Kv7.1 (KvLQT1) LQT1, SQT2 

LMNA 1q22 Lamin A/C ARVC 

MYBPC3 11p11.2 Myosin-binding protein C FHC 

MYH6 14q11.2-q12 α-Myosin heavy chain FHC 

MYH7 14q11.2-q12 β-myosin heavy chain FHC 

PKP2 12p11 Plakophilin-2  ARVC 

PLN 6q22.1 Phospholamban ARVC, DCM, FHC 

RyR2 1q43 Cardiac ryanodine receptor  CPVT1 

SCN1B 19q13.1 Voltage gated sodium channel beta subunit type 1 BrS5 

SCN2B 11q23.3 Voltage gated sodium channel beta subunit type 2 Possible BrS candidate 

SCN3B 11q24.1 Voltage gated sodium channel beta subunit type 3 BrS7 

SCN4B 11q23.3 Voltage gated sodium channel beta subunit type 4 LQT10 

SCN5A 3p21-p24 Voltage gated sodium channel alpha subunit (Nav1.5) BrS1, DCM, CPVT 
candidate, LQT3, SSS1 

SCN10A 3p22.2 Voltage gated sodium channel alpha subunit 10 (NaV1.8) Possible BrS candidate 
gene 

TNNC1 3p21.1 Cardiac troponin C FHC 

TNNI3 19q13.4 Cardiac troponin I FHC 

TNNT2 1q32 Cardiac troponin T FHC 

TPM1 15q22.1 Tropomyosin 1α DCM, FHC 

TRDN 6q22.3115q14 Triadin  CPVT5 
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Table 4-2 Genes not previously investigated in IAS and/or SUD cases 

Gene Locus Protein 

ADCY5 3q21.1 adenylate cyclase 5 

ADCY9 16p13.3 adenylate cyclase 9 

ADRB1 10q25.3 Cardiac specific beta-1 adrenergic receptor 

ADRB2 5q32 Cardiac specific beta-2 adrenergic receptor 

mAKAP (AKAP6) 14q12 Muscle-specific A-kinase anchoring protein 

ASPH 8q12.3 Junctin (splice variant of ASPH) 

ATP2A2 12q24.11 SERCA2a (Sarcoplasmic/endoplasmic reticulum Ca2+-ATPase)  

CACNA1D 3p21.1 CaV1.3 (L-type calcium channel alpha 1-D subunit) 

CALM3 19q13.32 Calmodulin3 

CAMK2D 4q26 Ca2+/calmodulin-dependent protein kinase II-delta 

CAMK2G 10q22.2 Ca2+/calmodulin-dependent protein kinase II-gamma 

FKBP12.6 (FKBP1B) 2p23.3 Calstabin2 (FK506-binding protein 1B) 

HCN1 5p12 Hyperpolarization-activated, cyclic nucleotide-gated (HCN) 
potassium channel 1 

HCN2 19p13.3 HCN potassium channel 2 

HCN3 1q22 HCN potassium channel 3 

NOS1AP 1q23.3 Nitric oxide synthase 1 adaptor protein 

PDE4D 5q11.2-q12.1 cAMP-specific phosphodiesterase 

PPP1CA  11q13.2 Protein phosphatase type1 (PP1), catalytic subunit α 

PPP1CB 2p23.2 Protein phosphatase type1 (PP1), catalytic subunit β 

PPP1CC 12q24.11 Protein phosphatase type1 (PP1), catalytic subunit gamma 

PPP1R9B 17q21.33 Spinophilin (protein phosphatase type1 (PP1), regulatory 
subunit 9B) 

PPP2CA 5q31.1 Protein phosphatase type 2 (PP2) catalytic subunit α 

PPP2CB 8p12 Protein phosphatase type 2 (PP2) catalytic subunit β 

PRKAR1A 17q24.2 Protein kinase, cAMP-dependent, regulatory subunit, type-I α 

PRKAR1B 17p22.3 Protein kinase, cAMP-dependent, regulatory subunit, type-I β 

PRKAR2A 3p21.31 Protein kinase, cAMP-dependent, regulatory subunit, type-II α 

PRKAR2B 7q22.3 Protein kinase, cAMP-dependent, regulatory subunit, type-II β 

PRKACA; 19p13.12 Protein kinase, cAMP-dependent, catalytic subunit, type α 

PRKACB 1p31.1 Protein kinase, cAMP-dependent, catalytic subunit, type β 

PRKACG 9q21.11 Protein kinase, cAMP-dependent, catalytic subunit, type 
gamma 

S100A1 1q21.3 Calcium binding protein A1 

SLC8A1 2p22.1 NCX1 Sodium calcium exchanger (member 1)  

TNNI1 1q32.1 Slow skeletal troponin I 
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4.4. Results: 

4.4.1. Cohort and Sample Acquisition 

A total of 191 child SUD cases were selected for our cohort, of which 122 (64%) 

were males.  The age at time of death ranged from 1 day up to 4.5 years (54 months) 

with an average age of 4 months.  All but 6 cases were under the age of 12 months.  De-

identified autopsy reports were provided for any cases with disease-associated variants 

or novel variants predicted to be pathogenic or likely pathogenic.  The reports, however, 

did not contain detailed background information, such as ancestry, medical and/or family 

history or activity at the time of death which may have assisted in the interpretation of 

variant clinical relevance. 

All 191 post mortem tissue samples yielded ample amounts of high quality DNA 

despite some tissues being in storage for over 20 years.  The average DNA 

concentration was 192.53 (± 2.79) ng/mg of heart, 78.55 (± 24.63) ng per mg of psoas 

muscle and 387.85 (±140.14) ng per mg of liver tissue.  Minimal to no degradation of 

DNA was observed using gel electrophoresis. 

4.4.2. Sequencing Results 

After the reads were processed, a total of 346 total rare variants were found in 

157 cases.  Careful searching of various databases (as discussed in the Methods 

section) led to the discovery of 12 previously published, disease-associated variants in 

15 (7.8%) cases.  These variants were classified as pathogenic using the strict criteria 

outlined in the ACMG guidelines (Richards et al., 2015) and therefore were considered 

to be clinically relevant (see summary of results in Table 5.3).  Two cases had two 

pathogenic variants in two different IAS-associated genes (CACNA1C p.G402S and 

PKP2 p.W538* in one case; MYBPC3 p. V1125M and TNNC1 p. I148V in the second 

case).  Pathogenic variants in the CACNA1c gene cause dysfunction in the calcium 

Cav1.2 channel and may cause “Timothy syndrome” (LQT8) with abnormalities including 
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cardiac malformations, severe life-threatening arrhythmias, syndactyly and autism.  The 

CACNA1C p.G402S variant, however, is associated with an “atypical” Timothy syndrome 

phenotype in which patients experience severe arrhythmia events, but without the other 

physical manifestations (Hiippala, Tallila, Myllykangas, Koskenvuo, & Alastalo, 2015).  

Hence, it would be difficult to diagnose post mortem without molecular genetic testing. 

Table 4-3 SUD cases with variants in disease genes with an established 
association with the reported phenotype 

Sex Age  Hugo 
Symbol 

Amino Acid 
Change 

Variant 
Allele 
Freq. 

dbSNP RS 
identifier 

Associated 
Disease 
Phenotype 

ACMG 
Class’n 

F 54 mo CACNA1C p.G402S 45.00% rs587782933 TS2 (atypical) PS3, PS4 

PKP2 p.W538* 47.40% rs193922672 ARVC PVS1 

M 6 mo HCN2 p.PPP719del 45.00% rs56112230 FSD PS3, PS4 

F 3 wk HCN2 p.PPP719del 40.00% rs56112230 FSD PS3, PS4 

M 20 mo HCN2 p.PPP719del 37.00% rs56112230 FSD PS3, PS4 

M 2 mo HCN4 p.A485V 33.30%  FSB PS3, PS4 

F 12 mo KCNH2 p.R164H 55.90% rs199472866 LQT2 PS4,PP1, PP5 

M 2 mo LMNA p.R644C 40.00% rs142000963 Laminopathy PS3, PS4 

M 2 mo LMNA p.R644C 31.80% rs142000963 Laminopathy PS3, PS4 

M 18 d MYBPC3 p.R96Q 38.30% rs397515945 FHC PS4, PP5 

M 3 mo MYBPC3 p.V1125M 42.70% rs121909378 FHC PS4, PP5 

TNNC1 p.I148V 49.10% rs397516848 DCM PP2, PP4 

F 5 mo PKP2 p.R635W 37.50% rs778928536 ARVC PS3, PS4 

M 5 mo PKP2 p.R635W 73.30% rs778928536 ARVC PS3, PS4 

M 3 wk PKP2 p.R635W 22.70% rs778928536 ARVC PS3, PS4 

F 2 mo SCN5A p.E654K 50.40% rs199473138 LQT3 PP2, PP4, 
PM2 

F 3 mo SCN5A p.S1079F 37.50% rs199473188 LQT3 PS1, PS4, 
PM2 

ACMG – American College of Medical Genetics and Genomics, ARVC - Arrhythmogenic Right Ventricular 
Cardiomyopathy, DCM - Dilated Cardiomyopathy, FHC - Familial Hypertrophic Cardiomyopathy, FSB - 
Familial Sinus Bradycardia, FSD -  Febrile Seizure Disorder, LQTX - Long QT Syndrome Type X,, TS2 – 
Timothy Syndrome2 (atypical); mo – months, wk – weeks, d - days 

A potentially causal variant in the hyperpolarization-activated cyclic nucleotide-

gated channel-encoding gene HCN2 was discovered in 3 cases (HCN2 p.PPP719del).  

This variant has been previously identified in several child cases of febrile seizure 

disorder (Dibbens et al., 2010).  The HCN2 gene, to our knowledge, has not been 

routinely included in genetic testing for SUDY cases. 
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Table 4-4 SUD cases with variants in disease genes with a likely association 
with the reported phenotype 

Sex Age  Hugo 
Symbol 

Amino 
Acid 
Change 

Variant 
Allele 
Freq. 

dbSNP RS 
identifier 

Associated Disease 
Phenotype 

ACMG 
Classification 

M 2 mo CACNA1C G490R 48.60% rs121912775 BrS3 PS3, PP5 

F 4 mo KCNE1 p.V47I 55.00% rs199473353 LQT5 PP5 

M 11 mo MYBPC3 p.V321M 30.00% rs200119454 Cardiomyopathy PS4,PM1, PP1 

M 12 mo MYBPC3 p.A216T 51.90% rs201098973 Cardiomyopathy  PS4, PP5 

F 6 mo MYH7 p.R1677H 43.70% rs730880914 DCM PM2, PP5 

F 2.5 mo MYH7 p.A1763T 38.80% rs727504355 FHC PS4, PP3 

M 12 mo MYH7 p.A1763T 45.70% rs727504355 FHC PS4, PP3 

F 2 mo MYH7 p.A1763T 50.50% rs727504355 FHC PS4, PP3 

F 28 d MYH7 p.A1763T 42.30% rs727504355 FHC PS4, PP3 

M 8 mo MYH7 p.M982T 41.70% rs145532615 Cardiomyopathy  PP3, BP5 

M 13 mo MYH7 p.V964L 47.10% rs45496496 Cardiomyopathy  PM1, PP3, BP5 

M 2 mo RYR2 p.D1375H 35.70% rs193922626 Cardiomyopathy PP5 

M 3 mo SCN5A p.P648L 47.10% rs45609733 LQT3, DCM PM2,PP5 

M 7 wk SCN5A p.P648L 56.10% rs45609733 LQT3, DCM PM2,PP5 

ACMG – American College of Medical Genetics and Genomics, DCM - Dilated Cardiomyopathy, FHC - 
Familial Hypertrophic Cardiomyopathy, LQTX - Long QT Syndrome Type X; mo – months, wk – weeks, d - 
days 

At least another 10 likely pathogenic variants (suspected to be disease-causing) 

were discovered in 14 cases (7.3%).  These variants either lacked co-segregation 

studies in families, had no functional analyses (or weak evidence for functional impact), 

or were found at higher allele frequencies than expected, though still within the rare 

variant threshold (Table 5.4).  Hence, they were interpreted to be likely pathogenic using 

the ACMG criteria (listed in Table 5.4).  There was a higher incidence of 

cardiomyopathy-associated variants (19) compared to ion channelopathy variants (9) 

overall.  The yield, not including any potentially pathogenic novel variants, was 15.2% in 

our SUD cohort.  All disease-associated variants were reported to the medical examiner 

to notify surviving relatives and to recommend clinical assessment. 

We also uncovered 60 variants previously published/identified as having 

uncertain or unknown significance or submitted to the ClinVar database as having 

“conflicting interpretations of pathogenicity” in 54 cases (hence, they are interpreted as 
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“variants of unknown significance” or VUS using the ACMG guidelines).  Twenty-two 

novel variants that are predicted to be pathogenic using in silico analyses were found in 

20 cases.  More information regarding clinical relevance of the novel variants and a 

select number of previously published VUS will be reported separately following 

completion of ongoing functional analyses. 

Despite several attempts to increase captures by refining protocols, some of the 

genes (e.g. CAMK2D and CAMK2D) had very low coverage.  Therefore, heterozygous 

variants may have been missed in our cohort due to poor representation of a few genes 

in our captures.  

There were no rare potentially pathogenic variants identified in 34 cases (17.8%) 

in the SUD cohort.  Twenty of these cases were selected and subjected to whole exome 

sequencing to determine if they have rare variants in any IAS-candidate genes not 

included in our 71 gene panel and will be included in a future report.   

4.5. Discussion: 

In this study, we report the finding of potential disease-causing (pathogenic and 

likely pathogenic) variants in a large cohort of autopsy-negative child SUD cases.  In 

Canada (as discussed in Chapter 3 of this dissertation) and elsewhere, genetic testing to 

assist in identifying a cause of death is not common practice for death investigators.  

One of the main drawbacks for conducting post mortem genetic testing is the lack of 

appropriate post mortem tissue retained at autopsy, as well as lack of policy and 

protocols (Michaud, Mangin, & Elger, 2011).  In most jurisdictions, if tissue is retained, it 

is frequently formalin-fixed and/or paraffin embedded, which limits the amount and 

quality of nucleic acids that can be extracted.  All 191 samples in our cohort produced 

adequate amounts of good quality genomic DNA which exemplifies that fresh frozen 

post mortem tissue stored at -70 ⁰C is an ideal source of high quality DNA for molecular 

genetic testing. 
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The main objectives for this study were to determine if pathogenic variants could 

be found in an autopsy-negative child SUD cohort and if the incidence of variants will 

inform the use of molecular genetic testing for future child SUD case investigations.  We 

successfully identified 12 previously published, disease-associated variants in 15 (7.8%) 

cases that are classified as “pathogenic” using the stringent ACMG guidelines.  We 

identified another 10 variants that are suspected to be disease-associated in 14 cases 

(7.3%) for an overall yield of 15.2 % of cases with pathogenic or likely pathogenic 

variants.  There were more cardiomyopathy-associated variants discovered compared to 

ion channelopathy variants. 

Another objective for this study was to determine if adding genes not previously 

investigated for IAS and/or SUDY to the sequencing panel would increase diagnostic 

yield.  We report the finding of a pacemaker gene variant, HCN2 p.PPP719del, that was 

previously reported in 6 unrelated patients with febrile seizure disorder with early onset 

(mean age = 2 years).  Functional analysis provided evidence of gain-of-function in If, 

potentially leading to neuronal hyperexcitability (Dibbens et al., 2010).  It should also be 

noted that HCN2 is expressed in both the brain and heart, leading to speculation of a 

potential role for cardiac If.   

We also identified 9 novel variants that are predicted to have functional impact on 

the encoded protein in 7 genes not previously or routinely investigated for IAS 

and/SUDY.  These novel variants will undergo functional analysis to provide additional 

evidence for clinical relevance.  This study suggests that the diagnostic yield may be 

increased by expanding the gene panel to incorporate other candidate genes, including 

members of the HCN gene family beyond HCN4.  A recent study by Bagnall et al. (2016) 

supports this suggestion; genetic analysis of a large sudden unexplained death cohort 

(490 cases aged 1 to 35 years) revealed a 9% diagnostic yield in the conventional 

molecular autopsy genes (4 genes –KCNQ1, KCNH2, SCN5A and RYR2).  Genetic 

analysis of an additional 55 cardiac genes increased the diagnostic yield to 27%.  In 

addition, 62 cases in their cohort underwent genetic analysis of 72 epilepsy genes with 

the finding of 4 potentially causal variants for a yield of 6% in this subset.  Their finding 

suggests that undiagnosed heritable seizure disorders may be a potential cause 

underlying SUDY. 
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There were 34 cases in our cohort that did not have a potentially pathogenic 

variant identified using our targeted 71 gene panel.  These cases are currently 

undergoing whole exome sequencing to determine if they have pathogenic variants in 

other disease-associated candidate genes there were not included in our gene panel.  

Considering that there are now well over 100 candidate genes for IAS, we anticipate 

finding variants that will increase our overall yield in this cohort and will also help to 

inform which genes should be included to further refine our targeted sequencing 

approach. 

The overall yield in this study (15.2%) is considered to be somewhat low 

compared to other similar studies (35% or higher) due, in part, to our decision to exclude 

the 24 novel variants predicted to be pathogenic until they undergo functional analysis, 

and eventually we have co-segregation data for any phenotypically positive surviving 

relatives (expected in the next phase of this study).  In our cohort three novel nonsense 

variants were found in the AKAP9, CAMK2G and GPD1L genes.  These variants are 

predicted to prematurely truncate the protein (and all three variants were located closer 

to the 5’ than the 3’ terminus of the gene) which is highly likely to impact protein function.   

In our priority to limit false positive results, we followed the more stringent criteria 

recommended by the recent ACMG guidelines, which urges caution when using “absent 

from controls” due to in some cases, poor quality read calls in NGS (in particular, in/del 

variants) and for relying on in silico algorithms for variant classification (see below for 

discussion on recent changes to variant interpretation).  We also checked for rare and 

common variants that may “rescue” the functional impact of purportedly pathogenic 

mutations.  For example, the SNTA1 p.A257G has been previously reported to be 

associated with LQTS, but the common variant, SNTA1 p.P74L is believed to alleviate 

the pathogenicity.  This may explain why the A257G variant has been discovered in 

control cohorts (and 3 infant SUD cases) when they also harbor the P74L variant (Cheng 

et al., 2011).  Both the SNTA1 p.A257G and the common P74L variant was found in two 

of our cases.  Another common variant, SCN5A p.H558R has also been reported as a 

genetic modulator that improves sodium channel activity in mutated channels by 

“repairing” abnormal channel gating kinetics and membrane trafficking.  For example, 

two variants SCN5A p.V1951L and p.P2006A have both been previously reported as 
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LQT3 candidates, but in the presence of the H558R variant, sodium channel function in 

vitro was similar to wild type channel current (Shinlapawittayatorn et al., 2011).  We 

found the combination of SCN5A p.V1951L + H558R in 3 cases, and SCN5A p.P2006A 

+ H558R in another case.  We propose these variants are not LQT3-associated, given 

the above findings, their status in the ClinVar database (e.g. classifications of “likely 

benign” for P2006A) as well as their relatively high allele frequencies in control 

populations.  Conversely, SCN5A p.H558R was demonstrated to exacerbate sodium 

channel dysfunction in the presence of A572D, which in isolation is not likely to have 

functional impact (e.g. it is classified as “likely benign” in ClinVar and with a relatively 

high allele frequency,. 3.9%, including 5 homozygous individuals, in the ExAC 

database).  The combination of both SCN5A p.A572D and H558R showed moderate 

sodium channel dysfunction in vitro, suggesting some evidence of being a potential 

LQT3 candidate (Tester et al., 2010).  The potential interaction of common and rare, 

possibly pathogenic variants speaks to the complexity of variant interpretation that 

requires careful scrutiny (including how much importance to place on in vitro functional 

analyses and how much functional impact is required in these analyses for clinical 

significance).   

Our comparatively low diagnostic yield may also reflect that the majority of our 

subjects are infants (under 1 year of age) and fall within the Sudden Unexpected Death 

in Infancy (SUDI) subset of SUD cases.  This might also explain the disproportional 

distribution of males (64%) over females (36%) in our cohort, which parallels other 

reports in which males account for approximately 61% of SUDI cases 

(https://www.cdc.gov/mmwr/preview/mmwrhtml/00001294.htm).  The diagnostic yield in 

SUDI cases has traditionally been much lower than other age categories, in the range of 

5 to 15%, perhaps because until recently, many of these studies incorporated only ion 

channelopathy candidate genes (see review by (Klaver, Versluijs, & Wilders, 2011).  

One recent study incorporating an NGS panel using 100 ion channelopathy and 

cardiomyopathy candidate genes had a much higher diagnostic yield of 34% in 47 SUDI 

cases of previously published and novel variants.  However, novel variant pathogenicity 

interpretations were based on conservation, computational prediction and allele 

frequency and were not verified with family or functional studies (Hertz et al., 2015).  

Interestingly, similar to our findings, this study also found a significant number of 
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potentially causal variants in the cardiomyopathies.  Brion et al. investigated a large 

cohort of infant autopsy-negative SUD for FHC-associated variants and found that 4% 

harbored a pathogenic or likely pathogenic variant, with the highest frequency in 

MYBPC3 (Brion et al., 2009).  Recently, Nunn et al. investigated 59 autopsy-negative 

SUDY cases, (including pediatric SUD cases) using a panel of 135 ion channelopathy 

and cardiomyopathy candidate genes and found several variants that were also 

identified in our cohort, including LMNA p.R644C and two ion channelopathy-associated 

variants, CACNA1C p.G37R and KCNH2 p.P347S (discussed below) (Nunn et al., 

2015).  Most recently, Anderson et al. (Anderson, Tester, Will, & Ackerman, 2016) 

employed whole exome sequencing, focussing on 100 ion channelopathy and 

cardiomyopathy candidate genes, to investigate the genetic causes of exertion-related, 

autopsy-negative pediatric SUDY.  Although the cohort was small (n=21), they also 

uncovered a novel, potentially pathogenic ARVC candidate gene variant, PKP2 

p.N634fs.  The heterogeneous nature of ARVC, plus its insidious disease progression 

that includes a concealed, arrhythmogenic phase (McNally et al., 2014) make it a 

candidate disorder that we suggest should be screened in SUDY cases.  What makes 

DCM another candidate disorder underlying SUDY cases is that onset of the disease 

can occur in early infancy and without presentation in the parents, due to sporadic, de 

novo mutations or poor penetrance.  Additionally, some patients show a higher 

propensity for arrhythmic events without overt disease phenotype (“arrhythmogenic 

DCM”) (Spezzacatene et al., 2015).  Some FHC patients, especially those who are 

younger, may also present with minimal or negligent hypertrophy, and yet have a high 

risk for sudden cardiac death (Watkins et al., 1995).  All of the studies discussed above 

provide a strong indication that cardiomyopathies do play a significant role in SUD cases 

including child/infant SUD. 

High throughput sequencing has facilitated development of large population-

based exome databases (e.g. the ExAC 60,000+ cohort database), which in turn have 

revealed higher than expected frequencies of previously reported disease-associated 

variants in reference populations.  Several recent reports are now suggesting 

downgrading many variants from pathogenic (or likely pathogenic) to VUS or even to 

likely benign.  For example, we found the following variants in our cohort: SCN5A 

p.F2004 and V1951L, KCNH2 p.S347S, and CAV3 p.C72W that have recently been 
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found in controls and reference population databases at allele frequencies higher than 

the expected disease allele frequencies (Andreasen et al., 2013; Kapa et al., 2009).  

Another previously published variant CACNA1C p.G37R (found in 2 BrS patients, 1 

idiopathic ventricular fibrillation patient and an early repolarization syndrome patient) 

(Burashnikov et al., 2010), has also been discovered at relatively high frequencies (1.4% 

in the ExAC database) and has been classified as “likely benign” by many submitters in 

the ClinVar database.  Nunn et al. (2015) recently reported the G37R variant in a SUD 

proband with phenotype positive relatives who, at the time of publication, were awaiting 

genotyping; the outcome of which may influence future classification of this variant.  The 

recent and ongoing changes to previously published putative disease-associated 

variants highlights the issue that interpretation of pathogenicity requires a cautious 

approach and is subject to frequent updates/revisions.  It also speaks to the need of a 

robust, flexible and comprehensive reference database of clinically relevant variants that 

is easily cross-referenced with exome and perhaps whole genome sequence data.  

ClinVar is the only existing database, to our knowledge, that allows updated annotations 

for variants and will likely expand its contribution to variant interpretation with increased 

submissions in future. 

4.6. Limitations 

Although this study incorporated a relatively large child SUD cohort, we had 

limited access to clinical information on the deceased child and as yet, no access to 

family data.  Without co-segregation analysis, it is unknown if the identified variants are 

inherited or sporadic, impeding interpretation of some of the variants.  In most cases, 

ethnicity and ancestry were unknown which prevented variant cross-checking with 

appropriate ethnicity-matched reference databases.  We have not yet undertaken or 

completed functional analyses for the novel variants predicted to have functional impact 

on the protein, which also limits our interpretation of these novel findings for the time 

being. 
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Some of the genes (e.g. CAMK2D and CAMK2G) had very low coverage despite 

several refinements to experimental protocols.  Therefore, heterozygous variants may 

have been missed due to poor representation of a few genes in our captures. 

4.7. Conclusions 

We investigated a large cohort of autopsy-negative child SUD cases using post 

mortem molecular genetic testing to assist in finding a diagnosis.  Incorporating genes 

that have not been previously or routinely included in genetic testing for IAS and/or 

SUDY increased our overall yield from 12 to 15 cases with a potential diagnosis.  Our 

overall yield, not including potentially pathogenic novel variants was 15.2%.  We also 

found a high proportion of cardiomyopathy-associated variants, which provides strong 

indication that both cardiomyopathy and ion channelopathy candidate genes (as well as 

other genes not previously or routinely investigated in IAS or SUDY) should be included 

in NGS panels investigating SUDY.  Although this study was successful in discovering 

potentially causal variants for death investigation agencies investigating SUDY cases, 

we strongly urge that variant interpretation requires a cautious and stringent approach. 
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4.9. Supplementary 

Supplementary Methods #1 

KAPA LTP LIBRARY PREP V2.0 
 

MORIN LAB 
 

Written by Miguel Alcaide 
 

February 18th 2015 

 
NOTES: 
 
STANDARD, UNINTERRUPTED PROTOCOL: BLACK FRONT 
 
PROTOCOL WITH SAFE STOPPING POINTS: GREY FRONT 
 
All reagents mentioned in this protocol can be found in the CAPP-seq box and KAPA LTP kit 
boxes 
 
INPUT DNA 

 
DNA extracted from tumour, blood or other tissues needs pre-shearing. Use the COVARIS 
instrument to fragment your DNA to an average size of 300 bp. Fill one of the covaris tubes with 
at least 25 ng of DNA, 100 ng recommended if you have lots of DNA (final volume has to be 50 μl 
in 10 mM Tris-HCl ph=8.0) , close the cap and follow COVARIS instructions. 

 
Plasma-derived cell-free DNA is already fragmented (around 170 bp, on average) and ready to 
be used for this protocol. 

 
This protocol works well with input DNAs ranging from 1 to 250 ng. The more input DNA you 
use, the more diverse your library will be. The main limitation factor here is how much DNA is 
available for your sample. The number of PCR cycles during the library enrichment step will be 
later adjusted according to the starting amount of input DNA. 
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1.  END REPAIR REACTION 
 
 

Component    
 

    
 

End Repair Master Mix:    
 

Water  8 μl  
 

      
 

 10X KAPA End Repair Buffer   7 μl  
 

     
 

 KAPA End Repair Enzyme   5 μl  
 

    
 

 Mix   20 μl  
 

Total master mix volume    
 

       
 

Other components of the final reaction:  
 

Fragmented DNA + Water (1-250 ng)  50 μl 
 

Total reaction volume  70 μl  

        

        
 

 
Mix, and incubate at 20 °C for 30 min. Take AMPURE XP beads out of the fridge and proceed 
immediately to the next step after incubation is complete. 
1.B END REPAIR CLEANUP 

 

To each 70 μl end repair reaction, add 120 μl (1.71x) of AMPURE XP magnetic beads 
 
Mix thoroughly by pipetting up and down multiple times. 
 

 Incubate the plate/tube at room temperature for 5 – 15 min to allow the DNA to bind to the 
beads. 

 Place the plate/tube on a magnet to capture the beads. Incubate until the liquid is clear. 
 Carefully remove and discard the supernatant. 
 Keeping the plate/tube on the magnet, add 200 μl of 80% ethanol. 
 Incubate the plate/tube at room temperature for ≥30 sec. 
 Carefully remove and discard the ethanol. 
 Keeping the plate/tube on the magnet, add 200 μl of 80% ethanol. 
 Incubate the plate/tube at room temperature for ≥30 sec. 
 Carefully remove and discard the ethanol. Try to remove all residual ethanol without 

disturbing the beads. 
 Allow the beads to dry at room temperature, sufficiently for all the ethanol to 

evaporate. Caution: over-drying the beads may result in dramatic yield loss. 
 Remove the plate/tube from the magnet. 
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†For a safe stopping point, resuspend the beads from the end repair reaction in 20 μl 1X A-Tailing Buffer, 
cover the reaction and store at 4 ºC for up to 24 hours. Resume the reaction by adding the rest of the 
reaction components, as outlined in the following table: 
 

Component      

Resuspend beads in mix of:      

Water   
18 μl  

       

 10X KAPA A-Tailing Buffer    2 μl  
      

 KAPA A-Tailing Enzyme    0 μl  

Total volume of mix  
 

20 μl  
      

To resume, add mix of:      

Water   
24 μl  

10X KAPA A-Tailing Buffer   
3 μl  

KAPA A-Tailing Enzyme   
3 μl  

Total volume of mix  
 

30 μl  
      

Other components of the final reaction:     

End repaired DNA with beads    0 μl 

Total reaction volume    50 μl 
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2.  A-TAILING REACTION 

 

To each well/tube containing beads with end-repaired 
 

DNA, add: 
 

Component 
 

A-Tailing Master Mix:   

Water 42 μl 
    

 10X KAPA A-Tailing Buffer  5 μl 
   

 KAPA A-Tailing Enzyme  3 μl 

Total master mix volume 50 μl 
  

Other components of the final reaction:  

End repaired DNA with beads  0 μl 

Total reaction volume  50 μl 
      

 
 

 Thoroughly resuspend the beads by pipetting up and down multiple times. 


 Incubate at 30 °C for 30 min. Proceed immediately to the next step. 
 

 

 



 

191 

2.B A-TAILING CLEAN-UP 
 
 

To each well/tube containing the 50 μl A-tailing reaction with beads, add 90 μl (1.8x) of 

PEG/NaCl SPRI solution. Equilibrate SPRI solution at room T before use. 
 

 Thoroughly resuspend the beads by pipetting up and down multiple times. 
 Incubate the plate/tube at room temperature for 5 – 15 min to allow the DNA to bind to the 

beads. 
 Place the plate/tube on a magnet to capture the beads. Incubate until the liquid is clear. 
 Carefully remove and discard the supernatant. 
 Keeping the plate/tube on the magnet, add 200 μl of 80% ethanol. 
 Incubate the plate/tube at room temperature for ≥30 sec. 
 Carefully remove and discard the ethanol. 
 Keeping the plate/tube on the magnet, add 200 μl of 80% ethanol. 
 Incubate the plate/tube at room temperature for ≥30 sec. 
 Carefully remove and discard the ethanol. Try to remove all residual ethanol without 

disturbing the beads. 
 Allow the beads to dry at room temperature, sufficiently for all the ethanol to 

evaporate. Caution: over-drying the beads may result in dramatic yield loss. 
 Remove the plate/tube from the magnet. 

 
For a safe stopping point, resuspend the beads in 20 μl 1X Ligation Buffer, cover the reaction and store at 4 °C 
for up to  
24 hours. Resume the reaction by adding the rest of the reaction components, as outlined in the following 
table: 
 

Component     

Resuspend beads in mix of:     

Water  16 μl  
      

 5X KAPA Ligation Buffer   4 μl  
     

 KAPA T4 DNA Ligase   0 μl  

Total volume of mix  20 μl  
     

To resume, add mix of:     

Water  14 μl  
     

 5X KAPA Ligation Buffer   6 μl  
     

 KAPA T4 DNA Ligase   5 μl  

Total volume of mix  25 μl  
     

Other components of the final reaction:    

End repaired DNA with beads   0 μl 

Adapter + water (see ligation reaction for more details)   5 μl 

Total reaction volume   50 μl 
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3. ADAPTER LIGATION REACTION 

 
How to prepare adapters 

 
We have two types of adapter in the lab: 
 
Regular Y-shaped TrueSeq adapters – Compose of the annealing of these two oligoes: 
 
PE adapter-01 
5’ - ACACTCTTTCCCTACACGACGCTCTTCCGATC*T - 3’ 
 
TrueSeq Adapter-02 
5’-/5Phos/GATCGGAAGAGCACACGTCTGAACTCCAGTC-3’ 
 
*stands for a phosphorothioate bond 
 
This adapter is mostly used with tumour and germline samples 
 
Custom WSWSW barcode adapters – Compose of the annealing of these two oligoes: 
 
TrueSeq-Adapter-Tag-01 
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATCTWSWSWGAC*T-3’ 
 
TrueSeq-Adapter-Tag-02 
/5Phos/GTCWSWSWAGATCGGAAGAGCACACGTCTGAACTCCAGTC 
 
This adapter is mostly used with plasma samples 
 
Protocol to prepare fresh adapters (at least every six months). It is known that multiple 
freezing/thawing cycles diminish the ligation efficiency of adapters. 
 
For each pair, add 10 μl of each oligo (stocks at 100 μM), 10 μl of 10x Annealing buffer and 70 μl 
of water.  
Incubate at 98°C for 5 min, then decrease -0.1°/s until reaching 25°C, and then incubate 1 hour 
at 25°C. This is the program you have to look for in the thermocycler: Adaptor Annealing. 
Measure DNA concentration in Qubit. Write down concentration in tube, aliquot stock if 
possible and store at -20°C. 
 
Now, to each well/tube containing the dried beads with A-tailed DNA, add: 
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Component     
     

Ligation Master Mix:     

Water  30 μl  
      

 5X KAPA Ligation Buffer   10 μl  
     

 KAPA T4 DNA Ligase   5 μl  

Total master mix volume  45 μl  
     

Other components of the final reaction:    

A-tailed DNA with beads   0 μl 

Adapter (125 ng) + Water   5 μl 

Total reaction volume   50 μl 
        

 
 The adapter has to be added to the reaction in last position to minimize the formation 

of adapter dimers 


 Thoroughly resuspend the beads by pipetting up and down multiple times. 


 TUMOUR/GERMLINE SAMPLES: Incubate at 20 °C for 15 min. Proceed immediately to the 
next step. 



 PLASMA SAMPLES: Incubate at 16 °C overnight. 

 
3B. ADAPTER LIGATION CLEAN-UP 

 

To each 50 μl adapter ligation reaction with beads, add 40 μl (0.8x) of PEG/NaCl SPRI solution 
 

 Thoroughly resuspend the beads by pipetting up and down multiple times. 
 Incubate the plate/tube at room temperature for 5 – 15 min to allow the DNA to bind to the 

beads. 
 Place the plate/tube on a magnet to capture the beads. Incubate until the liquid is clear. 
 Carefully remove and discard the supernatant. 
 Keeping the plate/tube on the magnet, add 200 μl of 80% ethanol. 
 Incubate the plate/tube at room temperature for ≥30 sec. 
 Carefully remove and discard the ethanol. 
 Keeping the plate/tube on the magnet, add 200 μl of 80% ethanol. 
 Incubate the plate/tube at room temperature for ≥30 sec. 
 Carefully remove and discard the ethanol. Try to remove all residual ethanol without 

disturbing the beads. 
 Allow the beads to dry at room temperature, sufficiently for all the ethanol to 

evaporate. Caution: over-drying the beads may result in dramatic yield loss. 
 Remove the plate/tube from the magnet. 
 Thoroughly resuspend the beads in 25 μl of elution buffer (10 mM Tris-HCl, pH 8.0). 
 Incubate the plate/tube at room temperature for 2 min to allow the DNA to elute off 

the beads. 
 Transfer the supernatant (not the beads) to a new low-binding PCR tube. Ligated DNA 

can be stored at -20°C for up to 72 hours 
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4. LIBRARY AMPLIFICATION REACTION 

 

Assemble each library amplification reaction as follows: 
 

Library DNA 20 μl 
   

 Library Amplification Master Mix  25 μl 
   

Indexed PCR primers Fw+Rv (5 5 μl 

μM each primer)   
  

Total volume per well/tube 50 μl 
     

 
List of indexed PCR primers available in the lab 

      INDEX       

 Indx PCR Prim1F 5'-  CAAGCAGAAGACGGCATACGAGAT CGTGAT GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim2F 5'-  CAAGCAGAAGACGGCATACGAGAT ACATCG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim3F 5'-  CAAGCAGAAGACGGCATACGAGAT GCCTAA GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim4F 5'-  CAAGCAGAAGACGGCATACGAGAT TGGTCA GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim5F 5'-  CAAGCAGAAGACGGCATACGAGAT CACTGT GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim6F 5'-  CAAGCAGAAGACGGCATACGAGAT ATTGGC GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim7F 5'-  CAAGCAGAAGACGGCATACGAGAT GATCTG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim8F 5'-  CAAGCAGAAGACGGCATACGAGAT TCAAGT GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim9F 5'-  CAAGCAGAAGACGGCATACGAGAT CTGATC GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim10F 5'-  CAAGCAGAAGACGGCATACGAGAT AAGCTA GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim11F 5'-  CAAGCAGAAGACGGCATACGAGAT GTAGCC GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim12F 5'-  CAAGCAGAAGACGGCATACGAGAT TACAAG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim13F 5'-  CAAGCAGAAGACGGCATACGAGAT AGTCAA GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim14F 5'-  CAAGCAGAAGACGGCATACGAGAT AGTTCC GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim15F 5'-  CAAGCAGAAGACGGCATACGAGAT ATGTCA GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim16F 5'-  CAAGCAGAAGACGGCATACGAGAT CCGACC GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim17F 5'-  CAAGCAGAAGACGGCATACGAGAT GTAGAG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim18F 5'-  CAAGCAGAAGACGGCATACGAGAT GTCCGC GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim19F 5'-  CAAGCAGAAGACGGCATACGAGAT GTGAAA GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim20F 5'-  CAAGCAGAAGACGGCATACGAGAT GTGGCC GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim21F 5'-  CAAGCAGAAGACGGCATACGAGAT GTTTCG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim22F 5'-  CAAGCAGAAGACGGCATACGAGAT CGTACG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim23F 5'-  CAAGCAGAAGACGGCATACGAGAT GAGTGG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  

 Indx PCR Prim24F 5'-  CAAGCAGAAGACGGCATACGAGAT GGTAGC GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T  -3'  
         

Indx PCR Prim1R  5'-  AATGATACGGCGACCACCGAGATCTACAC CGTGAT ACACTCTTTCCCTACACGACGCTCTTCCGATC*T  -3' 

Indx PCR Prim2R  5'-  AATGATACGGCGACCACCGAGATCTACAC ACATCG ACACTCTTTCCCTACACGACGCTCTTCCGATC*T  -3' 
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Indx PCR Prim3R 5'- AATGATACGGCGACCACCGAGATCTACAC GCCTAA ACACTCTTTCCCTACACGACGCTCTTCCGATC*T -3' 

Indx PCR Prim4R 5'- AATGATACGGCGACCACCGAGATCTACAC TGGTCA ACACTCTTTCCCTACACGACGCTCTTCCGATC*T -3' 

Indx PCR Prim5R 5'- AATGATACGGCGACCACCGAGATCTACAC CACTGT ACACTCTTTCCCTACACGACGCTCTTCCGATC*T -3' 

Indx PCR Prim6R 5'- AATGATACGGCGACCACCGAGATCTACAC ATTGGC ACACTCTTTCCCTACACGACGCTCTTCCGATC*T -3' 

Indx PCR Prim7R 5'- AATGATACGGCGACCACCGAGATCTACAC GATCTG ACACTCTTTCCCTACACGACGCTCTTCCGATC*T -3' 

Indx PCR Prim8R 5'- AATGATACGGCGACCACCGAGATCTACAC TCAAGT ACACTCTTTCCCTACACGACGCTCTTCCGATC*T -3' 

Indx PCR Prim9R 5'- AATGATACGGCGACCACCGAGATCTACAC CTGATC ACACTCTTTCCCTACACGACGCTCTTCCGATC*T -3' 

Indx PCR Prim10R 5'- AATGATACGGCGACCACCGAGATCTACAC AAGCTA ACACTCTTTCCCTACACGACGCTCTTCCGATC*T -3' 

Indx PCR Prim11R 5'- AATGATACGGCGACCACCGAGATCTACAC GTAGCC ACACTCTTTCCCTACACGACGCTCTTCCGATC*T -3' 

Indx PCR Prim12R 5'- AATGATACGGCGACCACCGAGATCTACAC TACAAG ACACTCTTTCCCTACACGACGCTCTTCCGATC*T -3' 
PCR indexed primers premixes available (N=24): 1F/1R, 2F/2R, 3F/3R, 4F/4R, 5F/5R, 
6F/6R, 7F/7R, 8F/8R, 9F/9R, 10F/10R, 11F/11R, 12F/12R, 13F/1R, 14F/2R, 15F/3R, 
16F/4R, 17F/5R, 18F/6R, 19F/7R, 20F/8R, 21F/9R, 22F/10R, 23F/11R, 24/12R. These 
premixes are available in three PCR strip tubes in the CAPP-seq box. 

 
PCR cycling conditions: (e.g. 5 ng kapa PCR program, use pre-heat lid at 105°C) 

 
Step Temp Duration Cycles 

 

    
 

Initial 98 °C 45 sec 1 
 

denaturation    
 

    
 

Denaturation 98 °C 15 sec Minimum 
 

   number 
 

   
required for  

Annealing 60 °C 30 sec  

 
 

   optimal 
 

Extension 72 °C 30 sec amplification  

    

    
 

Final 72 °C 60 sec 1 
 

extension    
 

    
 

Stop 4 °C Hold Hold 
 

reaction    
 

    
 

Template DNA Number of cycles 
1 ng 12 
5 ng 9 
10 ng 8 
25 ng 7 
50 ng 6 

100 ng 5 
250 ng 4 
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Note: The actual optimal number of amplification cycles may be 1 - 2 cycles higher, particularly for libraries 
constructed from FFPE DNA or other challenging samples, or libraries with a broad fragment size distribution. 
4B. PCR AMPLIFICATION CLEAN-UP 

 

To each 50 μl PCR amplification reaction add 40 μl (0.8x) of AMPURE XP beads 
 

 Mix thoroughly by pipetting up and down multiple times. 
 Incubate the plate/tube at room temperature for 5 – 15 min to allow the DNA to bind to the 

beads. 
 Place the plate/tube on a magnet to capture the beads. Incubate until the liquid is clear. 
 Carefully remove and discard the supernatant. 
 Keeping the plate/tube on the magnet, add 200 μl of 80% ethanol. 
 Incubate the plate/tube at room temperature for ≥30 sec. 
 Carefully remove and discard the ethanol. 
 Keeping the plate/tube on the magnet, add 200 μl of 80% ethanol. 
 Incubate the plate/tube at room temperature for ≥30 sec. 
 Carefully remove and discard the ethanol. Try to remove all residual ethanol without 

disturbing the beads. 
 Allow the beads to dry at room temperature, sufficiently for all the ethanol to 

evaporate. Caution: over-drying the beads may result in dramatic yield loss. 
 Remove the plate/tube from the magnet. 


 A) TUMOUR/GERMLINE INPUT DNA: Thoroughly resuspend the beads in 25 μl of 

elution buffer (10 mM Tris-HCl, pH 8.0). 
 Incubate the plate/tube at room temperature for 2 min to allow the DNA to elute off 

the beads. 
 Transfer the supernatant (not the beads) to a new low-binding tube. END 



 B) PLASMA INPUT DNA: Proceed with a second 0.8x clean-up to remove excess of 
adapter dimers. Resuspend beads in 40 μl of PEG/NaCl SPRI solution. 

 Thoroughly resuspend the beads by pipetting up and down multiple times. 
 Incubate the plate/tube at room temperature for 5 – 15 min to allow the DNA to bind to the 

beads. 
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 Place the plate/tube on a magnet to capture the beads. Incubate until the liquid is clear. 
 Carefully remove and discard the supernatant. 
 Keeping the plate/tube on the magnet, add 200 μl of 80% ethanol. 
 Incubate the plate/tube at room temperature for ≥30 sec. 
 Carefully remove and discard the ethanol. 
 Keeping the plate/tube on the magnet, add 200 μl of 80% ethanol. 
 Incubate the plate/tube at room temperature for ≥30 sec. 
 Carefully remove and discard the ethanol. Try to remove all residual ethanol without 

disturbing the beads. 
 Allow the beads to dry at room temperature, sufficiently for all the ethanol to 

evaporate. Caution: over-drying the beads may result in dramatic yield loss. 
 Remove the plate/tube from the magnet. 
 Thoroughly resuspend the beads in 25 μl of elution buffer (10 mM Tris-HCl, pH 8.0). 
 Incubate the plate/tube at room temperature for 2 min to allow the DNA to elute off 

the beads. 
 Transfer the supernatant (not the beads) to a new low-binding tube. END 

 

Figure: Final library construct (with custom WSWSW barcode adapters) 

 
 
3.  LIBRARY QUALITY CONTROL 

 

 
1. Measure DNA concentration of final libraries in Qubit. Successful libraries commonly range 

between 5-100 ng/  
 

μl in an elution volume = 25 μl. qPCR using P5/P7 primers is even more accurate, 

particularly if you are concerned about a good balancing of your libraries during 

pooling strategies. 
 

2. Run Agilent Bionanalyzer experiment using High Sensitivity DNA chips
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EXTRA NOTES 
 

 Use freshly prepared 80% ethanol 
 Use low-binding plastic tubes 
 Only the PCR step requires heating the lid. The rest of the enzymatic reactions can be 

carried out in the thermocycler without a heated lid. 
 It is important to remove excess unligated adapter and adapter-dimer molecules from 

the library prior to library amplification or cluster generation. 
 While a single SPRI® bead cleanup removes most unligated adapter and adapter-dimer, 

a second SPRI® bead cleanup is recommended to eliminate any remaining adapter 
species from the library. The amount of adapter and adapter-dimer carried through the 
first cleanup is dependent on the adapter concentration in the ligation reaction. 

Over-amplification of libraries often results in the observation of secondary, higher molecular weight 
peaks when amplified libraries are analyzed electrophoretically. These higher molecular weight 
peaks are artefacts, and typically contain authentic library molecules of the appropriate length. To 
eliminate these artefacts, optimization of library amplification reaction parameters (cycle 
number and/or primer concentration), rather than post-amplification size selection, is 
recommended 
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Supplementary Methods #2 
 
IDT XGEN LOCKDOWN CAPTURE PROTOCOL V2.0 
 
MORIN LAB 
 
Written by Miguel Alcaide & Stephen Yu 
 

February 20th 2014 

 
Fig: IDT XGen Lockdown capture workflow 

 
 

 Prepare a balanced pool of your KAPA libraries (up to 12 libraries per capture). 
Gather about 500 ng of total DNA (Going lower is risky, but can work too). For 
large pools >8 libraries a higher amount of input DNA (e.g. 600-700 ng) is also OK. 
Add 1 µl of the Blocking Oligo 1 (1 nmol), 1 µl of the Blocking Oligo 2 (1 nmol) 
and 5 µl of Cot-1 Human DNA (stock at 1 µg/µl) to the library pool. Blocking 
oligoes hinder library fragments self-hybridization and Cot-1 human DNA helps 
getting rid of the repetitive fraction of the human genome. 

 
Blocking Oligo 1: 5’-AAT GAT ACG GCG ACC ACC GAG ATC TAC ACN NNN NNA CAC TCT TTC CCT 
ACA CGA CGC TCT TCC GAT CT/3SpC3/-3’ 

 
Blocking Oligo 2: 5’-CAA GCA GAA GAC GGC ATA CGA GAT NNN NNN GTG ACT GGA GTT CAG ACG 
TGT GCT CTT CCG ATC T/3SpC3/-3’ 

 

 Dry down the contents of the tube completely using one of the MBB SpeedVacs. 
Make sure to use 1.7 ml low-binding Eppendorf tubes. 

 

 Resuspend in 8.5 μL Nimblegen 2X Hybridization buffer (vial 5), 3.4 μL 
Nimblegen 
Hybridization Component A (vial 6), and 1.1 μL Nuclease-free water (this may 
take up to 10 minutes to go into solution). 
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Transfer resuspended material to a 0.2 mL low-bind PCR tube and incubate in a thermal 
cycler at 95°C for 10 min  
 Add 4 μL of the Lockdown pool of probes (1 pmol/μL) to the tube. Final volume 

should be 17 μL. Add the probes directly in the thermocycler. Vortex and briefly 
spin down. Bring tube back into the thermocycler and close lid. 



 Incubate hybridization reaction at 65°C (set heated lid at 75°C) for a minimum of 
4 hours. Overnight hybridizations are also OK and even preferred in the case of 
plasma-derived KAPA libraries; just make sure to add 20 μL of mineral oil on top 
to prevent excessive evaporation. 



 Prepare Sequence Capture and Bead Wash Buffers. Dilute 10X Wash Buffers (I, 
II, III, and Stringent) and 2.5X Bead Wash Buffer to create 1X working solutions. 

 
  Volume Nuclease- Final 
  Required (μL) Free Volume of 
   Water (μL) 1X Buffer* 
    (μL) 
     

 10X Wash Buffer I 30 270 300 
 10X Wash Buffer II 20 180 200 
 10X Wash Buffer III 20 180 200 
 10X Stringent 40 360 400 
 Wash Buffer    

 2.5X Bead Wash 200 300 500 
 Buffer    

 
* Volumes are for a single experiment. Store 1X buffers at room temperature (15–25°C) for up to 2 
weeks. 

 

 For each capture reaction, preheat the following wash buffers to 65°C in 
the thermoblock (make sure to add water to the wells you are going to 
use): 
400 μL 1X Stringent Wash Buffer 
100 μL 1X Wash Buffer I 
 Equilibrate buffers at 65°C for at least 2 hrs before starting wash steps of the captured DNA.  

 

 Prepare the Streptavidin Dynabeads. 

 
o Allow Dynabeads M-270 Streptavidin to equilibrate to room temperature for 30 

min before use. Mix the beads thoroughly by vortexing for 15 sec.   
o  Aliquot 100 μL streptavidin beads per capture into a single 0.2 mL low-bind PCR 
tube  
o Place the tube in a magnetic separation rack. Allow the beads to separate from the 

supernatant. Carefully remove and discard the clear supernatant ensuring that all of 
the beads remain in the tube.  
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o  Add 200 μL 1X Bead Wash Buffer per 100 μL beads. Vortex for 10 sec.  
Place the tube back in the magnetic rack to bind the beads. Allow the beads to separate 
from the supernatant. Carefully remove and discard the clear supernatant ensuring that 
all of the beads remain in the tube. 
 

o  Repeat washing. 
 

o After removing the buffer following the second wash, add 1X the original 
volume of beads of 1X Bead Wash Buffer and resuspend by vortexing.   

o Transfer 100 μL of the resuspended beads into a new 0.2 mL low-bind PCR 
tube for each capture reaction.   

o Place the tube in a magnetic rack to bind the beads. Allow the beads to separate 
from the supernatant. Carefully remove and discard the clear supernatant 
ensuring that all of the beads remain in the tube.  

 
Important: Proceed immediately to the next step, Bind hybridized target to the streptavidin beads. Do not 
allow the Dynabeads to dry out. Small amounts of residual Bead Wash Buffer will not interfere with 
downstream binding of the DNA to Dynabeads. 

 Bind hybridized target to the streptavidin beads. 

 

o  Transfer the hybridization samples to the tube containing prepared streptavidin 
beads  

(ring of beads without liquid) 
o  Mix thoroughly by pipetting up and down 10 times.  
o Place the tube into a thermal cycler set to 65°C for 45 min (set heated lid at 

75°C) to bind the DNA to the beads.  
o  Vortex the tubes for 3 sec every 15 min to ensure that the beads remain in 
suspension. 

 

  Wash streptavidin beads to remove unbound DNA. 
 

o  Add 100 μL pre-heated 1X Wash Buffer I to the tube and vortex for 10 sec to 
mix. 
o  Transfer the mixture to a fresh low-bind 0.2 mL PCR tube. 
o  Place the tube in the magnetic separation rack. Allow the beads to separate 
from the supernatant. Using a pipette, remove the supernatant containing unbound 
DNA and discard.  
o  Add 200 μL preheated 1X Stringent Wash Buffer and pipette up and down 10 

times to mix. Incubate at 65°C for 5 min in pre-heated thermoblock (toss tube 
directly into the wells filled with warm water) 
o  Place the tube in the magnetic separation rack. Allow the beads to separate 
from the supernatant. Using a pipette, remove the supernatant containing unbound 
DNA and discard. 

o  Add 200 μL room temperature 1X Wash Buffer I and vortex for 2 min to mix. 
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o Place the tube in the magnetic separation rack. Allow the beads to separate from 
the supernatant. Using a pipette, remove the supernatant and discard. 

o  Add 200 μL room temperature 1X Wash Buffer II and vortex for 1 min to mix.  
o Place the tube in the magnetic separation rack. Allow the beads to separate from 

the supernatant. Using a pipette, remove the supernatant and discard.  
o  Add 200 μL room temperature 1X Wash Buffer III and vortex for 30 sec to mix.  
o Place the tube in the magnetic separation rack. Allow the beads to separate from 

the supernatant. Using a pipette, remove the supernatant and discard.   
o Remove the tube from the magnetic rack and add 20 μL Nuclease-Free 

Water to resuspend the beads. Mix thoroughly by pipetting up and down 10 
times.  

 

 

 Post-Capture PCR 
  

Repeat wash with 1x Stringent Wash Buffer. Make sure to do all this process quickly. 
For instance, bring the magnetic plate besides the thermoblock to place your tube 
quickly, go back to your bench, remove the supernatant and head back to the 
thermoblock to add more pre-heated 1x stringent buffer. 
 

 2X KAPA HiFi™ HotStart ReadyMix 25 μL 

 10 μM Illumina P5 Primer 2.5 μL 

 10 μM Illumina P7 Primer 2.5 μL 

 Beads plus captured DNA 20 μL 

 Total Volume 50 μL 
lease, remember to run the PCR in the presence of beads (your captured DNA is bound to the beads). 

 
P5: 5' AAT GAT ACG GCG ACC ACC GA 3' 

 
P7: 5' CAA GCA GAA GAC GGC ATA CGA GAT 3' 

 
o Briefly vortex the mixture and quick spin. Place reactions in the thermocycler and 

run the idtpcrenrich program.   
1. 98°C 45 sec   
2. 98°C 15 sec   
3. 65°C 30 sec   
4. 72°C 30 sec   

5. (go to 2 x12 cycles)  

6. 72°C 1 min  
7. 4°C Hold  

 

 

 Purify the post-capture PCR fragments using 75 μL (1.5X volumes) Agencourt 
AMPure XP beads for tumour/normal samples or 40 μL (0.8X volumes) for plasma 
or FFPE samples (to get rid again of undesired primer dimers), according to the 
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manufacturer’s protocol. Elute in 22 μL of IDTE pH 8.0 (1X TE Solution). 

 d. Transfer 20 μL of eluted product to a fresh low-bind 1.7 mL tube, ensuring no 

beads are carried over. 
 Proceed with Capture Validation (Qubit, Bioanalyzer, qPCR, pre-MiSeq run etc.) 
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Table S1. Genes not previously investigated in SUDY or IAS cases and justification for inclusion 
into the study. 

Gene Protein Justification for use in the study 

ADCY5, 
ADCY9 

adenylate cyclase 
(AC) (paralogs 5 
and 9) 

Adenylate cyclases are a family of enzymes that produce cyclic AMP (cAMP) from ATP 
upon extracellular stimulation.  To date, at least 9 membrane-bound adenylate cyclases 
have been isolated and characterized, of which paralogs AC2-AC9 (mainly AC5 and AC9) 
are expressed in cardiac tissue.  Intracellular signaling via cAMP generates downstream 
effects including changes in ion channel function, intracellular energy metabolism and 
gene transcription1. 

ADRB1 Cardiac specific 
beta-1 adrenergic 
receptor 

The beta-1 adrenergic receptor is a G-protein coupled receptor associated with the Gs 
heterotrimeric G-protein and is expressed predominantly in cardiac tissue.  Gs activates 
adenylate cyclase (see above), resulting in increased cAMP which activates protein 
kinase A (PKA) and the counterbalancing phosphatase PP2A (see below)3.  A variant in 
ADRB1 have been associated with resting heart rate variability2. 

ADRB2 Cardiac specific 
beta-2 adrenergic 
receptor 

This receptor is associated with L-type Ca2+ ion channels and is coupled to the Gs G 
protein complex, which activates adenylyl cyclase, catalyzing the formation of cAMP 
which then activates protein kinase A (PKA) and the counterbalancing phosphatase 
PP2A (see below)3. 

mAKAP 
(AKAP6) 

Muscle-specific A-
kinase anchoring 
protein 

mAKAP anchors PKA which phosphorylates and activates the ryanodine receptor4. 

ASPH Junctin (splice 
variant of ASPH) 

Junctin is involved in regulation of the calcium homeostasis through co-localization in 
cardiac junctional sarcoplasmic reticulum with the ryanodine receptor and triadin.  
Deletion of junctin in a mouse model results in fatal arrhythmia5. 

ATP2A2 SERCA2a The SERCA (sarco/endoplasmic reticulum Ca2+ ATPase) pump specifically maintains low 
cytosolic Ca2+ concentrations by actively transporting Ca2+ from the cytosol into the 
sarcoplasmic reticulum lumen6. 

CACNA1D CaV1.3 A variant in CACNA1D was detected in a family with SA nodal dysfunction 
(bradycardia)7. 

CALM3 Calmodulin3 Potential LQTS candidate gene with the finding of de novo mutations in 3 neonates with 
significant QT prolongation (> 600 ms)8, 9. 

CAMK2D 
CAMK2G 

Ca2+/calmodulin-
dependent protein 
kinase II (CaM 
kinase II or CaMKII  

Functionally, CaMKII increases Ca2+ entry through L-type Ca2+ channels and affects Ca2+ 
uptake and release through the SR by phosphorylation of the cardiac ryanodine 
receptor (RyR2), the sarcoplasmic endoplasmic reticulum Ca2+ ATPase (SERCA2a), and 
phospholamban10-14. 

FKBP12.6 
(FKBP1B) 

Calstabin2 FKBP12.6 stabilizes RyR2, preventing aberrant activation of the channel during diastole.  
During exercise, RyR2 phosphorylation by PKA (see below) partially dissociates 
FKBP12.6 from RyR2, increasing intracellular Ca2+ release and cardiac contractility.  
FKBP12.6-/- mice consistently exhibited exercise-induced cardiac ventricular arrhythmias 
and sudden cardiac death15, 16. 

HCN1 HCN potassium 
channel 1 

Hyperpolarization activated cyclic nucleotide-gated (HCN) potassium channels (HCN 
gene family) contribute to spontaneous rhythmic activity in both heart and brain.  
Variants in HCN1 have been associated with fever-sensitive, early infantile onset 
epilepsy disorders17. 

HCN2 HCN potassium 
channel 2 

Mutations in this gene may play a role in sudden unexpected death, particularly in 
seizure disorder and/or febrile patients 18. 

HCN3 HCN potassium 
channel 3 

No known mutations to date. 
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NOS1AP Nitric oxide 
synthase 1 adaptor 
protein 

A common variant was discovered in genome-wide association studies that is strongly 
correlated with QT prolongation19. 

PDE4D cAMP-specific 
phosphodiesterase 

PDE4D3 is found in the RyR2 macromolecular complex. PDE4D3 levels are reduced in 
failing human hearts, contributing to PKA-hyperphosphorylated, "leaky" RyR2 channels, 
cardiac dysfunction and arrhythmias20. 

PPP1CA, 
PPP1CB, 
PPP1CC 

Protein 
phosphatase type1 
(PP1) 

PP1 is composed of 3 catalytic subunits that form heterodimers with over 200 PP1 
regulatory subunits.  These regulatory subunits target PP1 to particular subcellular 
locations and selectively enhance its activity toward certain substrates.  Three types of 
catalytic subunits are expressed by different genes; PP1α (PPP1CA)– mainly myofibrillar 
expression, PP1γ (PPP1CC) – mainly junctional SR expression, and PP1δ also known as 
PP1β (PPP1CB) with longitudinal SR expression mainly.  Activation of PP1 leads to the 
dephosphorylation of phospholamban thus reducing calcium uptake by SERCA-2a.  It 
also dephosphorylates RyR2; hence it has opposing actions to PKA (as reviewed in 
Heijman et al., 201321).  

PPP1R9B Spinophilin Spinophilin anchors PP122. 

PPP2CA 
PPP2CB 

Protein 
phosphatase type 
2A (PP2A) catalytic 
subunits α and β 

PP2A activity is linked with multiple targets important in membrane excitability and 
excitation-contraction coupling including RyR2, Cav1.2, troponin, Na+/Ca2+ exchanger 
(NCX), and phospholamban (as reviewed by Heijman et al21).   

PRKA 
family 

Protein kinase A 
(PKA) 

PKA is the main mediator of cAMP signaling in mammals and is one of many proteins 
comprising the macromolecular complex regulating RyR2 function.  PKA is a tetramer 
consisting of 2 regulatory subunits (of which there are 4 types: PRKAR1A PRKAR1B 
PRKAR2A and PRKAR2B), and 2 catalytic subunits (of which there are 3 types: PRKACA; 
PRKACB, and PRKACG)23 

S100A1 Calcium binding 
protein A1 

S100A1 is a regulator of myocardial contractility by regulating SR calcium ion handling 
and myofibrillar calcium ion responsiveness (enhancing both RyR2 and SERCA2A 
activity)24, 25.  Du et al. found that S100a1-null mice had normal cardiac function under 
baseline conditions, but they showed significantly reduced contraction and relaxation 
rate responses to beta-adrenergic stimulation that were associated with reduced Ca2+ 
sensitivity 21. 

SLC8A1 NCX1 Sodium 
Calcium exchanger 
(member 1)  

A common variant in SLC8A1 was found in genome-wide association studies that is 
associated with QT prolongation 26 

TNNI1 Slow skeletal 
troponin I 

TNNI1 is the dominantly expressed troponin I paralog in fetal and infant hearts until at 
least 9 months of age27. 
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Chapter 5.  
 
Recommendations for sudden unexpected death in 
the young investigation and management in Canada 

This chapter is modified from the following original research article in preparation: 

Dewar, L.J., Phillips, S., Balachandra, T., Sheps, S. and Tibbits, G.F. 

Recommendations for the Investigation of Sudden Unexpected Death in the Young 

(SUDY) in Canada. 

This study was fully conceived and written by me under advisement of the co-authors. 
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5.1. Abstract: 

Sudden unexpected death in the young (SUDY) is devastating for families, 

communities and medical personnel.  The trauma may be exacerbated when no cause 

of death is identified after autopsy, toxicology and other ancillary examinations.  

Approaches are needed that engage death investigators to make maximal use of their 

medicolegal authority to ascertain the cause of death and to exercise what is frequently 

their second mandate – reduction in recurrence of SUDY by ensuring the family is 

notified and recommended for clinical assessment by appropriate clinicians.  In this 

report, we discuss the findings (both successes and limitations) from our recent 

molecular autopsy study of child SUD cases, to assist in developing standardized SUDY 

investigation guidelines.  Our sequencing results support previous studies’ findings that 

a significant portion of SUDY cases are attributed to inherited arrhythmia syndromes.  By 

combining our research findings with previous literature and guidelines, we propose 

recommendations for future guideline and policy development for death investigation 

agencies to standardize their approaches to SUDY investigation in Canada.   
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5.2. Introduction: 

In October, 2008, a 16 year old girl was found unconscious in her home in West 

Vancouver, BC and subsequently died.  The death was devastating for her family, 

friends and community.  It was sudden and completely unexpected, but what 

exacerbated their grief were the media headlines (e.g. “16-year-old West Vancouver girl 

has mysteriously died after a night of partying”).  The girl’s demise was implicated to be 

related to illicit drug and/or alcohol use – despite the family’s insistence otherwise.  The 

negative findings of the post mortem examination and toxicology report brought little 

solace to the family.  Although overdose was ruled out, the cause of death remained 

unknown.  At the conclusion of the death investigation, the coroner’s report listed the 

cause of her death as “undetermined”, leaving the family without answers as to why a 

seemingly healthy teenager could die so suddenly and unexpectedly.  The girl’s father 

searched online and found other families who had experienced similar tragedies.  He 

was directed to the Canadian SADS Foundation website (http://www.SADS.ca) and 

learned about inherited arrhythmia syndromes that can predispose some individuals to 

sudden cardiac death.  The family was clinically assessed and underwent molecular 

genetic testing, which identified long QT syndrome in several relatives.  What remained 

to be determined was whether or not their teenaged daughter also had long QT 

syndrome, and if she died from a lethal cardiac arrhythmia as a result of this disorder.  

However, no post mortem tissue was retained from her autopsy so that genetic testing 

could not be conducted.  Although there is no conclusive evidence, her cause of death is 

assumed to be lethal cardiac arrhythmia due to long QT syndrome.  Seven months after 

the girl’s sudden death, the family had their answer, although it can only be assumed 

that her death was due to an inherited arrhythmia syndrome.  "The cost of the discovery 

was extremely high" said the father. "But now we know" (http://bc.ctvnews.ca/teen-s-

sudden-death-caused-by-rare-condition-1.395761). 

Deaths in youth as described above are commonly termed “Sudden Unexpected 

Death in the Young” (SUDY), which refers to the non-traumatic, but unexpected death of 

an apparently healthy young individual within 24 hours after the onset of symptoms 

(Basso, Corrado, & Thiene, 1999).  An upper age limit of 35 to 50 years is applied to 

http://www.sads.ca/
http://bc.ctvnews.ca/teen-s-sudden-death-caused-by-rare-condition-1.395761
http://bc.ctvnews.ca/teen-s-sudden-death-caused-by-rare-condition-1.395761
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reduce overlap with sudden death due to atherosclerotic coronary artery disease 

(HRUK, 2008).  The prevalence of SUDY varies globally with estimates ranging from 1.3 

upwards to 10 per 100,000 people annually (Bagnall, Weintraub et al., 2016; Basso et 

al., 1999; Driscoll & Edwards, 1985; Lim, Gibbs, Potts, & Sanatani, 2010; Pilmer, Kirsh, 

Hildebrandt, Krahn, & Gow, 2014; Vaartjes et al., 2009).  Identifying the actual 

prevalence of SUDY is difficult due to heterogeneous investigative practices by death 

investigation agencies globally (Boczek, Tester, & Ackerman, 2012).  The heterogeneity 

is likely the result of several factors: variable description of the cause and manner of 

death used on medical certificates of death, discrepancies in age ranges used in SUDY 

cohorts, and differences in post mortem examination practices which may lead to highly 

variable diagnoses.  Furthermore, the fundamental mechanisms underlying SUDY 

pathophysiology have only recently been understood and that knowledge is still likely 

incomplete.  The inclusion of a thorough post mortem examination by qualified 

pathologists, toxicology analyses and other ancillary testing, such as genetic testing for 

inherited cardiac syndromes, could lead to very different classifications and causes of 

death in SUDY investigations.  Furthermore, the incidence of SUDY is believed to be 

underestimated as many cases due to inherited disorders, such as various heritable 

cardiac and seizure disorders, may be under-detected as they are not normally identified 

through autopsy (Papadakis et al., 2009).  Cases of sudden cardiac death and sudden 

death in epilepsy are not routinely or systematically reported, nor are there common 

standards or definitions for reporting such deaths.  This dearth of evidence can lead to 

disagreements regarding etiology and thus about the best methods to reduce the 

incidence of SUDY in future (Mitka, 2013). 

In Canada, all sudden and unexpected deaths are normally reported to a death 

investigator who is a representative of either a physician coroner, lay coroner or medical 

examiner system, depending upon the province in which the death occurred (Avis, 

1998).  One of the main objectives for any death investigation is to gather information 

that can assist in establishing a cause of death.  An autopsy is frequently included in the 

investigation – especially in young people with no obvious external traumatic injuries or 

history of life-threatening disease.  Autopsy studies on sudden cardiac death cases have 

suggested that for young people up to 35 years of age, 24 to 31% of deaths are due to 

coronary artery disease, 17 to 37% reveal cardiomyopathy and 31 to 35% remain 
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unexplained even after including ancillary testing such as histology and toxicology 

examinations (Doolan, Langlois, & Semsarian, 2004; Eckart et al., 2004).  In these 

“autopsy-negative” SUDY cases, the cause is frequently attributed to lethal ventricular 

arrhythmia.  Though it was once believed that autopsy-negative SUDY was relatively 

rare, some studies have shown that its prevalence in young adult deaths could be over 

50% (Tester & Ackerman, 2012) and as high as 70 to 80% in infant SUD cases 

(Arnestad, Vege, & Rognum, 2002; Cote, Russo, & Michaud, 1999).  

There are now over 15 years of data demonstrating that a significant portion 

(perhaps 35 to 50% or higher) of SUDY cases are attributed to inherited arrhythmia 

syndromes (IAS), such as long QT syndrome, Brugada syndrome, catecholaminergic 

polymorphic ventricular tachycardia and other primary electrical disorders (Behr et al., 

2008; Tan, Hofman, van Langen, van der Wal, & Wilde, 2005; Tester & Ackerman, 

2007).  Other syndromes such as familial hypertrophic cardiomyopathy, (FHC), dilated 

cardiomyopathy (DCM) and arrhythmogenic right ventricular cardiomyopathy (ARVC) 

(Basso et al., 1999; Basso, Calabrese, Corrado, & Thiene, 2001; Brugada, 2000; di 

Gioia et al., 2006; Sanatani et al., 2006) and other inherited disorders such as seizure 

disorder (Bagnall, Crompton et al., 2016; Goldman, 2015; Tu, Waterhouse, Duflou, 

Bagnall, & Semsarian, 2011) should also be considered as potential culprits.  Given that 

the majority of the heritable disorders described above follow autosomal dominant 

inheritance, first-degree relatives of the deceased have a 50% chance that they have the 

same pathogenic variant and hence, are at risk for sudden death.  Therefore, close 

relatives of SUDY victims, especially those with a suspicion of an IAS, should undergo 

clinical assessment to reduce the risk of another SUD in the family.  It is logical that post 

mortem molecular genetic testing, sometimes called “molecular autopsy" should be part 

of the death investigation when a young person dies suddenly, unexpectedly and the 

autopsy and ancillary testing fails to uncover a cause. 

Health care professionals and the general public are becoming increasingly 

aware of IAS, thanks in part to media coverage of high profile athletes who experience 

syncope or cardiac arrest during sporting events, as well as ease of access to a wealth 

of data available through the internet.  With the broader availability of genetic testing for 

IAS and recent medical advances, health care practitioners and families are challenging 
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the health care system to provide diagnoses in cases of IAS.  Despite all these 

advances, systematic reorganization of investigative processes have not yet been made 

to ensure that all SUDY deaths will be thoroughly investigated to the same standard of 

care in every Canadian province and territory.  The current system leaves a significant 

number of SUDY cases undiagnosed.  Policy and protocols have not yet been instituted 

to ensure that families affected by SUDY are informed of the heritable causes underlying 

SUDY and that they should undergo clinical assessment.  Surprisingly, given current 

evidence, it also appears that few death investigation agencies in Canada (Lee, Krahn, 

Sanatani, & McFadden, 2014) or elsewhere (Michaud, Mangin, & Elger, 2011) consider 

post mortem genetic testing as part of their routine investigative protocols. 

In this report, we discuss the findings from our recent molecular autopsy study of 

child SUD cases.  We discuss both the successes as well as limitations of this study, to 

assist in developing standardized SUDY investigation guidelines in Canada.  Our 

sequencing results support previous studies’ findings that a significant portion of SUDY 

cases are attributed to IAS and possibly other disorders, such as seizure disorder.  By 

combining our research findings with previous literature and guidelines, we propose 

recommendations for future guideline and policy development for Canadian death 

investigation agencies to standardize their approaches to SUDY investigation.  The 

proposed recommendations are not meant to replace the previously published 

guidelines and expert consensus documents, but rather to augment them to improve 

SUDY investigation practices in Canada. 

5.3. Objectives and Methods: 

5.3.1.  Targeted next generation sequencing panel 

The main objectives of this genetic study were to: 

• Design a genetic testing panel that targets 71 genes including IAS candidate 
genes as well as other genes not previously or routinely investigated for IAS 
susceptibility  
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• Design protocols for DNA extraction, quantification and qualification from de-
identified post-mortem tissue samples and stored at -70°C 

• Test the panel using a cohort of autopsy-negative child SUD cases from the 
Office of the Chief Medical Examiner (OCME) of Manitoba from 1994-2013 

• Report variants likely to be clinically relevant (pathogenic or likely pathogenic) 
to the OCME to ensure that surviving relatives are notified and recommended 
for clinical assessment. 

• Advance the scientific framework for future guidelines and policy development 
for Canadian death investigation agencies to standardize their approaches to 
SUDY investigation. 

The specific methods of this sequencing study are reported in Chapter 4 of this 

dissertation.  In brief, a total of 71 genes were selected for the sequencing panel.  In 

addition to 38 of the more common candidate genes for IAS, we also included 33 genes 

that have not been previously or routinely investigated in IAS and/or SUDY cases.  For 

example, we selected genes encoding proteins involved in membrane excitability in both 

heart and neuronal tissue, such as the HCN gene family encoding hyperpolarization-

activated cyclic nucleotide-gated (HCN) channels and may be implicated in heritable 

seizure disorders (Tu et al., 2011).  

Cases of child SUD (age ≤ 5 years at time of death from 1994 to 2013) were 

reviewed and included in the study if they met the study criteria of no identified cause of 

death after autopsy and investigation of the circumstances and scene.  Genomic DNA 

was extracted from post mortem heart, psoas muscle or liver tissue retained and stored 

at -70 ⁰C during autopsy.  DNA quality was checked using 1% agarose gel 

electrophoresis and an Agilent 2100 Bioanalyzer (Agilent Technologies).  Libraries were 

prepared using the KAPA LTP Library Preparation kit and targeted enrichment of the 

exonic regions of the genes of interest was achieved with custom-ordered biotinylated 

oligonucleotide probes.  The captures were sequenced on an Illumina MiSeq NGS 

platform with 150 bp paired-end reads. 

After sequencing, alignment and processing of the reads, variants were 

annotated with results derived from several functional prediction and conservation score 
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algorithms used to classify variants most likely to affect a protein's function.  All 

purportedly rare variants were quality-checked and frequency-filtered by searching 

variant databases (e.g. dbSNP (http://www.ncbi.nlm.nih.gov/SNP/), the 1000 genomes 

project (http://www.1000genomes.org/data), etc.).  Locus-specific databases, ClinVAR, 

the Human Mutation Database (HGMD), and Online Mendelian Inheritance of Man 

(OMIM) were extensively searched to assist in determining clinical relevance  Any 

variants implicated in a disease were promoted as potentially causal.  Novel variants 

predicted to prematurely truncate the protein either by introducing a stop codon or frame 

shift, as well as those with high prediction software scores (i.e. predicted to functionally 

impact the protein) were considered the best candidates and prioritized for functional 

analyses by ourselves and our collaborators. 

5.3.2. Literature Review 

The main objectives of this literature review were to: 

• Conduct a thorough search for best practice recommendations in published 
papers and from grey literature regarding SUDY recommendations and 
guidelines 

• Identify limitations or potentially overlooked aspects of the guidelines 
pertaining to SUDY investigation (with a focus on Canadian death 
investigation agencies) 

Research papers and evidence-based best practices from other countries were 

systemically searched on MEDLINE, Academic Search Premiere and Academic Search 

Complete using EBSCOhost (©2016 EBSCO Industries Inc.) for guidelines for SUDY 

investigation using the following boolean search criteria and limited to publication dates 

from 2008 (when the first SUDY guidelines were published) to 2016 and English 

language only for : “sudden unexpected death”, “sudden cardiac death”, “SADS”, “SCD”, 

“SUDY” ,”SUD”, OR sudden death in the young” AND “genetic testing”, “genetic 

screening” OR “molecular autopsy” AND “guidelines”, “recommendations”, “position 

paper”, “position statement” OR “consensus statement”.  Grey literature (e.g. internal 

http://www.ncbi.nlm.nih.gov/SNP/
http://www.1000genomes.org/data
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agency guidelines and protocols shared by colleagues or found online) was also 

reviewed for best practice recommendations. 

5.3.3. Recommendation development 

We combined the results of the literature searches with approaches from our 

sequencing study to develop recommendations that enhance existing SUDY 

investigation guidelines.  For the purposes of simplifying what can be perceived as a 

complicated investigative process, the death investigation process was divided into three 

sections: 

• Part I:  Initial scene investigation 

• Part II:  Post mortem examination (and subsequent ancillary testing), and  

• Part III:  Post investigation/follow-up with the next of kin. 

Descriptions for each section and the recommendations developed are provided 

in the Discussion of this report. The recommendations were evaluated using the US 

Public Health Service Grading System for Ranking Recommendations in Clinical 

Guidelines (adapted from the Canadian Task Force on the Periodic Health Examination, 

1979).  

5.4. Results: 

5.4.1. Targeted next generation sequencing panel 

Tissue acquisition and processing 

A total of 191 child SUD cases were selected by the OCME using the criteria as 

described above.  Post mortem tissue was sent to our laboratory at Simon Fraser 

University for DNA extraction and preparation for sequencing.  Most of the tissue was 
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cardiac (175 samples), with twelve psoas muscle and four liver samples, most of which 

was sectioned in the transverse plane and placed in plastic bags, sealed with a heat 

sealer and placed into a -70° C freezer during the autopsy procedure for storage.  We 

received two samples that were embedded in Tissue-Tek™ O.C.T. (Optimal Cutting 

Temperature) compound (10.24% polyvinyl alcohol, 4.26% polyethylene glycol and 

85.5% water) into cassettes before being placed into bags for freezing.  For six samples 

from late 2013, the tissue had been placed into 5 ml plastic vials with screw-cap lids. 

All 191 post mortem tissue samples yielded ample amounts of high quality DNA 

despite some tissues being in storage for 21 years.  The average DNA concentration 

was 192.53 (± 2.79) ng/mg of heart (n=182), 78.55 (± 24.63) ng per mg of psoas muscle 

(n=16) and 387.85 (±140.14) ng per mg of liver tissue (n=4).  Minimal to no degradation 

of DNA was observed using gel electrophoresis (Figure 5.1).  The OCT-embedded 

samples also yielded ample concentrations of DNA (477.58 ng/mg and 120 ng/mg 

respectively). 

 

Figure 5-1 1% TAE agarose gel showing 4 DNA samples extracted from 18 year old 
tissue with minimal degradation and > 10,000 bp length fragments 
compared to the 1 kb ladder on the left side of the column 
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The tissue that was stored in plastic screw-cap vials proved to be difficult to 

remove.  The vials had been packed solid with tissue.  The lids were very difficult to twist 

open as the tissue was frozen fast against the threads of the screw-cap lid and the walls 

of the vial, necessitating some thawing of the perimeter of the vials to allow extraction.  

This procedure did not appear to affect DNA quality for the current analysis, but there 

may be some DNA degradation or reduction in DNA yield observed in future extractions 

due to a freeze/thaw/refreeze effect (Shabihkhani et al., 2014). 

Scene/circumstance data analysis to assist with variant interpretation 

During this study, autopsy reports were provided for cases in which we identified 

disease-associated variants or novel variants predicted to be pathogenic or likely 

pathogenic.  The reports, however, frequently did not contain detailed background or 

autopsy information (e.g. ethnicity/ancestry, relevant medical history of first-degree 

relatives, subclinical cardiac pathology) which may have assisted in the interpretation of 

clinical relevance of the variants identified after sequencing. 

Genetic testing summary 

All of the 191 SUD cases were successfully sequenced for variants (Tables 4.3 

and 4.4).  We found pathogenic variants previously reported to be disease associated for 

ARVC in 4 cases, DCM in 3 cases, FHC in 2 cases, long QT syndrome in 4 cases and 

sick sinus syndrome in one case.  Furthermore, by adding other genes not previously 

investigated for SUDY or IAS, we found variants associated with febrile seizure disorder 

in 3 cases.  We also identified likely pathogenic variants that are suspected to be 

disease-associated for Brugada syndrome (1 case), long QT syndrome (3 cases), 9 

cases with suspected FHC variants and 2 cases with suspected DCM-associated 

variants.  These are termed “suspected” disease-associated variants because they 

either lacked co-segregation studies in families, had no functional analyses (or weak 

evidence for functional impact), or were found at higher allele frequencies than 

expected, though still within the rare variant threshold.  Interestingly, there was an 
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overall higher prevalence of cardiomyopathy-associated variants compared to ion 

channelopathy variants (19 cardiomyopathy variants versus 11 ion channelopathy-

associated variants) overall.  In summary, 15.2 % of our cohort were found to have 

previously published pathogenic or likely pathogenic variants associated with inherited 

disorders.  We also uncovered 22 potentially pathogenic novel variants that will be 

reported in a future manuscript, following completion of ongoing functional analyses.  

The disease-associated variants were reported to the Manitoba OCME which contacted 

the families of these cases to notify them of the results and to recommend clinical 

assessment.   

5.4.2. Literature review and analysis 

The online literature search initially returned 136 papers, filtered down to 85 with 

duplicates removed and with further analysis was reduced to 8 key papers with 

guidelines or recommendations specific to the investigation of SUDY (Table 5.1).  

The 8 peer-reviewed, published papers, and another 7 grey literature documents 

(Table 5.2) were carefully reviewed for recommendations and guidelines with the key 

principles categorized according to three main divisions of SUDY investigation, as 

described in the Methods section. 

Published reports 

Basso et al. was one of the first published papers (2008) to address the lack of 

standardization in SUDY investigation and management.  It also highlights that although 

8 years have passed, these approaches are still relatively new.  Their guidelines include 

recommendations for collection of pertinent data from the scene, circumstances and 

history of both the decedent and family (such as determining previous SUD events in the 

family) to assist the pathologist conducting the autopsy.  There are detailed 

recommendations for the autopsy procedures and ancillary testing, including molecular 

genetic testing of post mortem tissue retained for both structural and non-structural 

(electrical) heritable heart disease.  When heritable disease is suspected or confirmed, 
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or when the death remains unexplained, clinical assessment of first-degree relatives 

(and genetic testing when indicated) is also recommended.  The Heart Rhythm UK 

position paper (HRUK, 2008) also recommended that a SUDY death warrants clinical 

assessment of surviving relatives (with genetic testing conducted on any patients 

presenting with abnormalities) and retention of post mortem tissue from the deceased 

with genetic testing considered “in the context of the clinical deaths and assessment of 

the surviving family members”. 

In 2011, the Canadian Cardiovascular Society and the Canadian Heart Rhythm 

Society position paper (Gollob et al., 2011) also recommended that relatives of an 

autopsy-negative SUDY victim should be clinically assessed in an inherited arrhythmia 

specialist clinic.  They did not, however, recommend genetic testing of retained tissue 

from the decedent or of the relatives unless there is evidence of a clinical phenotype in 

surviving family members.  Therefore, they recommended that post mortem tissue be 

retained at autopsy and stored pending assessment of surviving family members.  Also 

in 2011, and contrary to the Canadian guidelines, the Heart Rhythm Society and the 

European Heart Rhythm Association (Ackerman et al., 2011) put together consensus 

statements regarding genetic testing for SUDY cases.  Specifically, they indicate that 

genetic testing be considered in autopsy-negative SUD and is recommended if 

circumstantial evidence suggests IAS (e.g. emotional stress, acoustic trigger or drowning 

prior to collapse (Table 1.1) as reported during the scene investigation).  They also 

recommended mutation-specific genotyping of family members when a suspected 

causal mutation is discovered in the decedent.  To facilitate genetic testing in the SUDY 

victim, they also recommended that post mortem tissue be retained in all SUD cases.  In 

addition, they specified ideal tissue types and amounts for optimal DNA analysis (e.g. 5–

10 mL whole blood in K2EDTA tube, blood spot card, or a frozen sample of heart, liver, 

or spleen).  An updated expert consensus document was published jointly in 2013 by the 

Heart Rhythm Society, the European Heart Rhythm Association and the Asian-Pacific 

Heart Rhythm Society (Priori et al., 2013) to enhance rather than replace the 2011 

consensus document.  The 2013 document includes an investigative strategy algorithm 

for the identification of IAS in the deceased and SUDY-affected relatives.  They created 

a detailed workflow (including specialist personnel involved) for the care and 

management of SUDY-affected families following referral to an inherited arrhythmia 
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clinic.  Also published in 2013 was a position paper (Middleton et al., 2013) with 

recommendations developed by the National Association of Medical Examiners (NAME) 

with the assistance of genetic counselors from both Canada and the United States.  

Their recommendations include procedures to enable post mortem genetic testing and 

DNA banking by death investigation agencies by clarifying appropriate sample 

acquisition and storage.  There are also recommendations for discussion with surviving 

family members and test planning.  The overall objective of these recommendations is to 

ensure that post mortem samples suitable for DNA banking/analysis are retained, 

allowing detection of potentially treatable genetic diseases with significant implications 

for surviving family members (Middleton et al., 2013). 

In 2014, a Canadian study (Lee et al., 2014) provided compelling evidence that 

post mortem retention of tissue at autopsy is essential for the diagnosis of IAS, and 

greatly enhances the emotional as well as clinical management of surviving relatives.  

Clinical assessment of the SUDY-affected relatives is necessary to identify, monitor and 

treat asymptomatic individuals and prevent future deaths.  They emphasize that 

standardization of autopsy practices, which vary widely across provincial, national, and 

international jurisdictions, is needed to give all SUDY-affected families the care required, 

regardless of where a deceased child’s autopsy is performed.  At a minimum, small 

amounts of tissue (frozen, not formalin-fixed) should be retained at autopsy for every 

SUDY victim.  Furthermore, they emphasize that all members of the death investigation 

team (pathologists, clinicians, coroner/ medical examiner), should work together with the 

family’s primary care provider to ensure prompt referral of the family to inherited 

arrhythmia specialists.  

Finally, in 2015, Swiss guidelines (Wilhelm et al., 2015) promoted a family-

directed multidisciplinary approach.  The key points in this paper were that all SUDY 

victims up to 40 years of age should undergo a full post mortem examination with frozen 

(at least –20 °C, ideally –80 °C) post-mortem material (blood and/ or solid tissue) 

collected for possible genetic testing and stored for at least 5 years.  The family should 

be informed of the autopsy results and multidisciplinary cardiogenetic counselling for the 

family of a SUDY victim with a suspected IAS is recommended.  The recommended time 

to perform post-mortem genetic testing is after cardiogenetic counselling of the family, 



 

223 

which helps to ensure that families are aware of the potential diagnosis of a heritable 

cardiac disorder and to encourage families to undergo clinical assessment to reduce the 

risk of another SUD.  
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Table 5-1 Published journal articles with recommendations for SUDY investigation 

Title and Reference Type  Year 
Published 

Investigation 
Division 

I II III 

Guidelines for autopsy investigation of sudden cardiac death (Basso et al., 2008) Guidelines 2008 X X  

Clinical indications for genetic testing in familial sudden cardiac death syndromes: an HRUK 
position statement (HRUK, 2008) 

Position Paper 2008  X X 

Recommendations for the Use of Genetic Testing in the Clinical Evaluation of Inherited Cardiac 
Arrhythmias Associated with Sudden Cardiac Death: Canadian Cardiovascular Society/Canadian 
Heart Rhythm Society Joint Position Paper (Gollob et al., 2011) 

Position paper 2011  X X 

HRS/EHRA Expert Consensus Statement on the State of Genetic Testing for the Channelopathies 
and Cardiomyopathies (Ackerman et al., 2011) 

Consensus 
statement 

2011  X X 

HRS/EHRA/APHRS expert consensus statement on the diagnosis and management of patients 
with inherited primary arrhythmia syndromes (Priori et al., 2013) 

Consensus 
statement 

2013 X X X 

National Association of Medical Examiners Position Paper:  Retaining Postmortem Samples for 
Genetic Testing (Middleton et al., 2013) 

Position paper 2013 X X X 

Postmortem genetic diagnosis of long QT syndrome in a case of sudden unexplained death of a 
young child: A case report and overview of regional guidelines for genetic testing (Lee et al., 
2014) 

Original research 
article (with 
guidelines) 

2014  X X 

Sudden cardiac death in forensic medicine – Swiss recommendations for a multidisciplinary 
approach (Wilhelm et al., 2015) 

Recommendations 2015  X X 

Investigation Divisions: I – initial scene investigation; II – autopsy and ancillary testing; III – post-investigation and follow-up. 
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Table 5-2 Grey literature guidelines and recommendations for SUDY investigation and management 

Title and Reference/URL Type Year Investigation 
Division 

I II III 

Post-mortem in sudden unexpected death in the young: Guidelines on autopsy practice 
(TRAGADY) 
http://www.cidg.org.nz/wp-content/uploads/2015/03/SUDYbestpracticedocumentAug28th20081.pdf 

Guidelines 2008 X X X 

Guidelines for the Investigation of Sudden Cardiac Death: Coroner’s Investigation and Medicolegal Autopsy 
(Ontario Coroners Service Memo 08-01) 
http://nsgc.org/d/do/978 

Guidelines 2008 X X X 

SADS Foundation (USA) Sudden Unexplained Death in Young People (age 40 and under) 
Information for Medical Examiners 
http://www.sads.org/SADS/media/ME-Coroner-Kit/Medical-Examiner-Guidelines.pdf 

Recommendations 2012 X X X 

A National Strategy for the Prevention of Sudden Death in the Young 
(Public Health Agency of Canada Report) 
Supplementary Materials  

Recommendations 2014 X X X 

Investigation of Sudden Cardiac Death and Vascular Catastrophe (Ontario Coroners Service and Ontario 
Forensic Pathology Service Memo 15-03)  
Supplementary Materials  

Guidelines 
Protocols 

2015 X X X 

Sudden Death in the Young (SDY) Registry website (NIH Heart Blood and Lung Institute) 
http://www.nhlbi.nih.gov/news/spotlight/fact-sheet/frequently-asked-questions-about-sudden-death-young-case-registry 

 SDY field investigation guide and family interview summary sheet Guidelines 
Protocols 

2015 X   

SDY Autopsy guidance Guidelines 
Protocols 

2015  X  

SDY Autopsy summary Guidelines 
Protocols 

2015  X X 

SDY Case Report (Child Death Review Case Reporting System) Protocols 2015 X X X 

Investigation Divisions: I – initial scene investigation; II – autopsy and ancillary testing; III – post-investigation and follow-up. 
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Grey Literature 

Overall, the grey literature guidelines were more explicitly detailed.  For example, 

the trans-Tasman Response AGainst Sudden Death in the Young (TRAGADY) 

guidelines include sequential autopsy procedures to assist in standardization of SUDY 

investigation, including collection of pertinent clinical information (and which key features 

to document), pre-autopsy procedures, specific ancillary testing and tissue retention 

steps during the autopsy and post autopsy, including notification and referral of family 

members for clinical assessment.  They list key principles that include a 

recommendation to describe and annotate the investigative findings in a standard 

fashion that will allow epidemiological data gathering.  They also include an 

“Investigator’s History Sheet” which is essentially a checklist to ensure appropriate data 

gathering for the investigation.  These guidelines were prepared by a group of over 50 

health professionals, scientists and patient advocates, and in 2008 was endorsed by the 

Royal College of Pathologists of Australasia and the National Heart Foundation of New 

Zealand (Cardiac Inherited Diseases Group, 2008).   

Similarly, the Ontario Coroner’s Service guidelines were created by health care 

professionals (cardiologists and cardiac genetic counsellors) and adopted/endorsed in 

2008 by the Office of the Chief Coroner of Ontario with directives for both coroners and 

the pathologists conducting autopsies under Coroner’s warrants.  Coroners utilize a 

“SCD Baseline Worksheet” that follows a fill-in-the-blank and checklist format similar to 

the TRAGADY work sheet described above.  Included are recommendations for the 

pathologist to retain post mortem tissue and for the investigating coroner to notify the 

next of kin to recommend referral for clinical assessment and that tissue is available if 

they (family) wish to pursue molecular genetic testing.  In 2015, newer guidelines 

“Investigation of Sudden Cardiac Death and Vascular Catastrophe” were developed for 

coroners and pathologists in Ontario that include a revised checklist “Issues to consider 

when investigating a recognized or potential SCD” for the scene investigation, autopsy 

and post-autopsy procedures.  There is also a list of the heart rhythm disorder/hereditary 

heart disease clinics across Canada and aortopathy/arteriopathy clinics in the Greater 

Toronto area for referral of relatives.  These updated guidelines were prepared in-house 
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by a cardiac pathologist working for the Ontario Forensic Pathology Service and vetted 

by the chief coroner / chief forensic pathologist of Ontario, regional coroners, 

electrophysiologists, genetic counsellors and other cardiac pathologists prior to their 

dissemination (and shared with permission – Supplementary Materials).  

The Sudden Arrhythmic Death Syndromes (SADS) Foundation website includes 

an “Information for Medical Examiners and Coroners” page 

(http://www.sads.org/Library/Informational-materials/Information-for-Medical-Examiners--

-Coroners) that provides guidance for death investigators investigating SUDY cases and 

in particular when the autopsy findings are “normal or inconclusive”.  This information 

includes specifics such as commercial laboratories where retained post mortem tissue 

can be tested.  They also provide resources for families after they experience SUDY. 

In Canada, a report called “A National Strategy for Prevention of Sudden Death 

in the Young” was prepared for the Public Health Agency of Canada by myself and 

Shubhayan Sanatani (Supplementary Materials) in 2014.  The main objectives of the 

report were to discuss current approaches to the investigation and management of 

SUDY in Canada, and to present opportunities to reduce its incidence.  The report 

included an environmental scan with input from clinicians, basic scientists, death 

investigators, pathologists, industry experts, parents of SUDY victims and patient/family 

advocates.  The recommendations of the report included development of standardized 

SUDY investigation guidelines for every provincial and territorial death investigation 

agency and to mandate processes and time guidelines for identifying and informing first-

degree relatives when a SUDY event occurs.  It also included the recommendation for a 

national SUDY registry to help track SUDY cases. 

In the United States, the Sudden Death in the Young (SDY) Case Registry, 

launched in 2014 (Mitka, 2013), is a collaborative effort between the National Institutes 

of Health’s National Heart Lung and Blood Institute (NHLBI), the Centers for Disease 

Control and Prevention’s (CDC) Division of Reproductive Health (DRH), the National 

Institute of Neurologic Disorders and Stroke along with the CDC’s Epilepsy program.  

The Registry was built upon the DRH’s successful Sudden Unexpected Infant Death 

http://www.sads.org/Library/Informational-materials/Information-for-Medical-Examiners---Coroners
http://www.sads.org/Library/Informational-materials/Information-for-Medical-Examiners---Coroners
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(SUID) Case Registry by expanding surveillance coverage to include SUDY cases up to 

19 years of age including sudden cardiac deaths (SCD) and Sudden Unexpected Death 

in epilepsy (SUDEP).  This Registry requires careful, thorough data collection during the 

child death investigation and as such, the National Centre for the Review and Prevention 

of Child Deaths prepared three documents: a Field Investigation Guide And Family 

Interview Summary Sheet for collection of pertinent scene, circumstances and history 

data, a SDY Registry Autopsy Guidance form for pathologists in collecting pertinent 

autopsy data and a SDY Autopsy Summary form for pathologists to summarize their 

findings after all post mortem examinations (including ancillary testing) are completed.  

These documents were designed to be surveyed by local child death review committees 

which then forward any cases that meet inclusion criteria for integration into the SDY 

Registry.  To facilitate this process, they also created a Child Death Review Case Report 

to be filled in during child death review committee meetings.  The CDC and NIH 

developed the SDY Case Registry to identify, count and monitor the number of cases 

and understand the causes and risk factors for infants, children and young adults who 

die suddenly and unexpectedly, and to inform strategies to prevent future deaths.  As of 

October, 2016, there are 10 states/jurisdictions that participate in the SDY Case Registry 

and 18 states/jurisdictions that participate in the SUID Case Registry covering nearly 

30% of all SUID deaths in the United States (http://www.cdc.gov/sids/caseregistry.htm). 

5.5. Discussion 

Sudden death in young people has been receiving increased attention globally, 

and in particular in the cardiology community given that a significant number of SUDY 

deaths are attributed to IAS.  Another focus of attention recently is in the neurology 

community as seizure disorder is another potential culprit in SUDY (Bagnall et al., 2016; 

Bagnall et al., 2016; Tu et al., 2011).  There remains, however, a disconnect between 

the coronial/medical examiner community to whom these deaths are reported and the 

cardiac and neurological specialists who can provide assistance with the case 

investigation as well as assessment, treatment and monitoring for surviving relatives.  

Approaches are needed that engage medical examiners and coroners to make maximal 

http://www.cdc.gov/sids/caseregistry.htm
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use of their legal investigative authority to ascertain the cause of death and to exercise 

what is frequently their second mandate – reduction in recurrence of SUDY by ensuring 

the family is notified and recommended for clinical assessment by appropriate clinicians.  

By the very nature of the powerful legislation with which coroners and medical 

examiners conduct their death investigations, the medicolegal community is essentially 

the conduit for reaching individuals who are at risk of sudden death after SUDY occurs.  

Therefore it is a critical responsibility of death investigation agencies to bridge the gap 

between surviving relatives and the specialists who have the expertise to address both 

their physical and psychological requirements. 

Despite international consensus on the need to thoroughly investigate SUDY, 

there are limitations and barriers that prevent death investigation agencies from doing 

so.  These include prohibitive costs of molecular genetic testing and lack of protocols for 

retention of post-mortem tissue and storage, problems with contact with surviving 

relatives and/or family physicians, and often minimal or non-existent collaboration with 

clinicians with appropriate expertise, such as medical geneticists and 

electrophysiologists (Michaud et al., 2011). 

In Canada, coroner and medical examiner investigation practices appear to be 

highly heterogeneous.  As discussed in Chapter 3 of this dissertation, we identified 

considerable variability in several aspects of the SUDY death investigation, supporting 

the need for SUDY investigation protocols, post mortem tissue retention, standardized 

cause/manner of death classification and written recommendations for SUDY-affected 

relatives. 

Our recent sequencing study is the first in Canada to our knowledge, to conduct 

molecular genetic testing on a large cohort of autopsy-negative SUDY cases.  

Previously, there have only been two Canadian reports – both of which were single case 

studies.  The first was a report of a 21 year old female with recurrent syncope who was 

found deceased in her bed after studying for examinations.  Post mortem genetic testing 

revealed a novel variant, A85P in KCNH2 associated with type 2 long QT syndrome 

(LQTS) that was also discovered in the deceased’s mother (with a history of “seizure 
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disorder” and LQTS phenotype on ECG during assessment) (Rutberg et al., 2007).  The 

second was a report of a 10 year girl who suffered a witnessed collapse at school and 

later died at hospital.  She had a syncopal episode 1 month prior to her death.  Careful 

autopsy and ancillary testing identified clinical hypothyroidism, which can be associated 

with QT interval prolongation and may unmask LQTS.  The autopsy report 

recommended that the deceased’s family be referred for clinical assessment due to the 

suspicion of LQTS.  Both the girl’s father and one sibling presented with QT prolongation 

on ECG, despite being asymptomatic.  Genetic testing of the relatives and of post 

mortem tissue retained and frozen at autopsy for the deceased revealed a previously 

reported LQTS-associated variant in the KCNQ1 gene (Lee et al., 2014).  Both of these 

case studies highlight the need for careful scene investigation to collect pertinent data, 

for thorough autopsy procedures that include ancillary testing and retention of “DNA-

friendly” tissue for genetic testing, and the recommendation of family clinical assessment 

that in these cases confirmed a diagnosis for the deceased, and provided clinical 

treatment and monitoring of relatives to reduce the risk of another SUD. 

5.5.1. Initial investigation of the scene, circumstances and history 

The scene investigation is the work conducted by the scene investigator from the 

time the death is reported to the agency until the post mortem examination begins, and 

in some cases, until well past that if more information needs to be collected to assist the 

pathologist and other specialists in their investigations.  Ordinarily, the scene investigator 

will collect data while attending the scene where the death occurred, or where the 

cardiac arrest occurred if the SUDY victim was transported to hospital following collapse.  

The main objective is to answer the preliminary questions to assist in determining who 

died, when, where, etc.  They will interview witnesses, family members, friends and/or 

colleagues to collect circumstantial data surrounding the collapse.  They also 

photograph the scene, medication, position of the body (prone versus supine), etc.  

The most critical part of any death investigation is timely and accurate 

investigation of the scene where the decedent met his/her demise.  It needs to be visited 

as soon as possible after the death occurred because the scene is not static - even 
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when the death occurred at the family home.  In the case of a motor vehicle crash, 

evidence can be lost due to weather changes.  Critical witnesses may leave before 

giving testimony and evidence can be comprised by passers-by trampling or driving 

through the scene.  For drowning investigations, the decedent may have been rescued 

shortly after immersion and rushed to hospital where they were pronounced deceased 

on arrival (DOA).  In DOA cases, there may be very little data to collect at the hospital.  

Furthermore, shift changes of ER staff, locum doctors that leave the community after 

their weekend shift is finished and paramedics that must quickly return to service are 

time-sensitive issues for scene investigators, regardless of the circumstances of death. 

As death scenes can be very chaotic and complex, some death investigation 

agencies have developed protocols and/or scene investigation checklists to ensure 

appropriate and accurate data are collected.  Some agencies have created 

worksheets/protocols for different types of investigations (motor vehicle incidents, 

apparent suicide deaths, child deaths, etc.).  For SUDY investigations, the 

HRS/EHRA/APHRS expert consensus paper, the Basso et al. guidelines and the NAME 

position paper all outline critical elements that need to be identified at the scene (e.g. 

questions for the family, witnesses and/or medical community).  The HRS/EHRA and the 

more recent HRS/EHRA/APHRS consensus statement recommends genetic testing 

when specific IAS triggers are evident (Table 1.1).  Hence, the death investigator needs 

to identity when/if IAS triggers were present at the scene.  This information can help 

guide what gene panels to utilize in genetic testing and can also help prioritize which 

cases should be referred for genetic testing for budget constrained death investigation 

agencies (Boczek et al., 2012).  What is missing from these guidelines, however, is an 

efficient method for ensuring these questions are asked and adequately answered 

(including negative responses to the questions).  It is the grey literature, in particular the 

TRAGADY guidelines, the Ontario Coroners Service 2008 and 2015 investigation 

checklists and the Center for the Prevention of Child Death protocols that offer much 

more detailed directions for conducting the scene investigations, including field 

investigator/coroner checklists.  

The investigation of sudden infant death probably has the most stringent and 

widely recognized guidelines of any non-criminal death investigations.  The extreme 
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anguish of inconsolable parents adds to an already stressful situation and a checklist 

and/or questionnaire can be very beneficial.  In 1996, the U.S. Centres for Disease 

Control and Prevention (CDC) developed guidelines that included a reporting form to 

establish a standard death scene investigation protocol for all sudden and unexpected 

infant deaths.  It was revised in 2006 in collaboration with other federal agencies 

including medical examiners, coroners, death-scene investigators, law enforcement 

officials, forensic nurses, SIDS researchers, infant death review panel experts, and 

parents of infants who died from SIDS, to improve the investigation and reporting.  Due 

to perceived tedium by investigators using the original 1996 form, the newer form is 

shorter and simpler - most questions can be answered by checking the appropriate box 

or filling in the blank provided.  The form is available online at http://www.cdc.gov/SIDS.  

The collection of standardized data has led to a substantial increase in the amount of 

epidemiological and clinically relevant findings, including national statistics for SIDS and 

other types of sudden infant death, how they are classified and some prevention 

mandates based on modifiable and non-modifiable risk factors identified during the 

scene investigation as well as the post mortem and ancillary examinations.  The CDC 

SIDS website (http://www.cdc.gov/sids/caseregistry.htm ) lists their most recent goals 

and accomplishments.  In 2014, the SUID/SIDS database was expanded to become the 

Sudden Death in the Young (SDY) database as described in the results, which now 

includes data from pediatric cases from neonates up to and including 19 years of age.  

The main objectives of this database are to fill a knowledge gap on the incidences, 

causes and risk factors for SUDY.  Child death review teams from participating centres 

examine the findings from death scene investigations and review and compile 

information from medical records, autopsy reports, and other data sources for each case 

for the SDY registry.  A panel of medical experts, medical examiners, and forensic 

pathologists will continue to develop and guide the implementation and refinement of 

standardized autopsy protocols and case definitions to ensure standardized collection of 

data and post mortem samples for the SDY registry.  Researchers will soon be able to 

access the data and/or tissue samples to help determine the causes of SUD in children.  

The successful launch and continued progress of such a monumental undertaking in a 

large country with heterogeneous death investigation jurisdictions and practices sets a 

precedent for other countries wanting to investigate the incidence, causes and risk 

factors for SUDY. 

http://www.cdc.gov/SIDS
http://www.cdc.gov/sids/caseregistry.htm
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Our previous research (Chapter 3 of this dissertation) has shown that in Canada, 

when a SUDY event occurs, a thorough investigation that includes autopsy, toxicology 

and review of the medical history, scene, circumstances and relevant family history 

including previous SUDY deaths will be conducted, regardless of where the death 

occurred.  Beyond these standard approaches, however, there can be significant 

variation in practices.  Most (71%) provincial death investigation agencies do not use a 

protocol specific for SUDY cases.  Some provincial and territorial death investigation 

agencies use a protocol for pediatric SUD but with varying age ranges for the protocol 

ranging from infants (newborn to 1 or 2 years – 25%), young children (newborn to 5 

years - 12%) or all pediatric ages (newborn to 18 or 19 years - 12%).  The Ontario 

Coroner’s Service was the only agency that used a specific protocol for suspected SCD 

from age 2 to 40.  They use a separate protocol for sudden infant death under 2 years of 

age. 

An investigative protocol that includes a checklist of information collected during 

the scene investigation that includes ancestry/ethnicity, medical history of the child and 

family, circumstances and activity at the time of death, may provide clues to assist with 

the diagnosis in SUDY cases.  In our current sequencing study, ethnicity and ancestry of 

the deceased were rarely documented in the autopsy reports which prevented variant 

cross-checking with appropriate ethnicity-matched reference databases (if available).  

There are several distinct populations (e.g. Hutterites, Mennonites, First Nations) within 

Manitoba that exhibit founder mutations within SUDY candidate genes (P. Frosk, 

personal communication, October 12, 2016).  Furthermore, the Winnipeg Health 

Sciences Centre’s Department of Pathology conducts post mortem exams for the 

Nunavut Coroners’ Office and hence, from Inuit and northern Dene populations, of which 

there may be several founder mutations, although no systematic studies have been 

conducted as yet.  Also frequently missing was detailed clinical history and family history 

– for example, documentation of any previous SUD, investigations for syncope, near-

syncope or palpitations.  An investigation worksheet checklist would not only assist in 

identifying important factors, but would also clarify when certain findings are absent as 

opposed to unknown or not asked/investigated. 
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What continues to be absent is a systematic approach to investigating SUDY 

cases where the circumstances are subtly suspicious for IAS or other heritable causes 

(such as seizure disorder), but may be masked by other factors.  These cases are likely 

misdiagnosed or even underdiagnosed.  Cases for consideration include the driver killed 

in a motor vehicle incident where the vehicle was witnessed to drift off the road for no 

apparent reason and/or road factors, lighting and weather were non-contributory, or the 

apparent drowning of a competent swimmer, especially occurring in shallow, calm water.  

In both cases, these deaths would be classified as accidental with the causes of death 

listed as traumatic injuries due to a motor vehicle incident in the former, and drowning in 

the latter case, but the actual cause may be related to sudden cardiac arrest prior to the 

fatal outcome.  Other cases include the sudden death of an individual whose autopsy 

revealed atherosclerotic coronary artery disease, but with no evidence of infarction and 

no preceding symptoms (e.g. angina).  The cause of death in these cases is commonly 

attributed to coronary artery disease, based on exclusion of any other factors or disease 

process observed at autopsy (M. Seidman, personal communication, July 12, 2016).  

What is needed is a method to identify and prioritize these cases for further 

investigation. 

In summary, the collection of epidemiological data through a standardized SUDY 

investigation protocol is critically important to assist in finding a diagnosis for individual 

cases, but can also help to determine the incidence of SUDY in Canada.  It can also 

help to identify certain trends and risk factors that in future could assist in developing 

prevention strategies similar to the recently launched NHLBI SDY registry (Mitka, 2013). 

5.5.2. Post mortem examination and ancillary testing 

The post mortem examination involves inclusion of expert clinicians depending 

upon the circumstances.  For most SUDY cases in Canada, this will involve either a 

forensic or anatomic pathologist to conduct a thorough autopsy with examination of all of 

the vital organs and collection of samples for microscopy, toxicology, bacterial and viral 

cultures, etc.  The specific protocol followed is usually dependent upon the age of the 

decedent (e.g. a pediatric pathology protocol usually includes many more investigations 
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than for older SUDY cases, such as X-ray, metabolic disorder testing, microbiology/viral 

culture and neuropathology consult) and the availability of expert consultants, such as 

neuro- or cardiac pathologists and medical/molecular geneticists to assist the pathologist 

in determining cause of death. 

In Canada, many pathologists who conduct autopsies under coroner or medical 

examiner warrants base their protocols on the Guidelines for Medicolegal Autopsies 

from the Forensic Pathology Section of the Canadian Association of Pathologists 

(http://stage.cap-

acp.org/cmsUploads/CAP/File/guidelines_mediocolegal_autopsies_in_Canada2008%28

1%29.pdf).  Our own previous research has suggested that most if not all provincial and 

territorial death investigation agencies will ensure that a full autopsy will be performed for 

SUDY cases (Chapter 3 of this dissertation).  Critically, however, the discrepancies 

occur when looking beyond the basic post mortem protocols.  The international 

published guidelines have outlined the importance of ancillary testing and post mortem 

tissue retention and the grey literature has clearly written and detailed directions for 

carrying out these procedures, yet such approaches are not yet routinely practiced here 

and in other countries.  Fewer than half of Canadian death investigation agencies retain 

post mortem tissue for assessment by specialists such as cardiac pathologists and/or for 

molecular genetic testing.  The agencies that do not retain post mortem tissue have 

indicated that the main limitations are lack of policy, guidelines or protocols and financial 

restraints. 

Organ and tissue retention policies and practices vary not only between 

provinces but also between hospitals/jurisdictions within each province.  Until recently 

pediatric pathologists at BC Children’s Hospital Department of Pathology conducted the 

post mortem examinations for all non-forensic pediatric SUD cases up to age 16 years at 

time of death in BC.  Their internal guidelines included complete autopsy with ancillary 

testing, which includes acylcarnitine profile analysis (which enables the diagnosis of 

disorders of fatty acid oxidation and organic acid metabolism), microbiology studies, 

skeletal survey, and toxicology studies.  In all cases, post mortem tissue was 

snapfrozen and retained for possible future genetic testing.  When a heritable structural 

cardiac disorder was diagnosed at autopsy, or if no anatomic cause of death was found 

http://stage.cap-acp.org/cmsUploads/CAP/File/guidelines_mediocolegal_autopsies_in_Canada2008%281%29.pdf
http://stage.cap-acp.org/cmsUploads/CAP/File/guidelines_mediocolegal_autopsies_in_Canada2008%281%29.pdf
http://stage.cap-acp.org/cmsUploads/CAP/File/guidelines_mediocolegal_autopsies_in_Canada2008%281%29.pdf
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at autopsy (increasing the likelihood for an IAS), the pathologist recommended referral of 

the child’s relatives to the British Columbia Inherited Arrhythmia Program for screening 

and assessment which was written into the summary of the autopsy report.  Hence, they 

promote the idea of a multidisciplinary team of specialists that work with both the 

decedent and the immediate family to establish a diagnosis.  However, there are no 

provincial guidelines to ensure other hospitals conducting autopsies in BC (or in other 

provinces) follow similar procedures (Lee et al., 2014).  

Post mortem molecular genetic testing when a heritable cardiac disorder is 

suspected, or in cases where no cause of death is identified, is not considered to be part 

of the coroner/medical examiner death investigation in most jurisdictions.  One of the 

main drawbacks for conducting post mortem genetic testing in Canada (and elsewhere) 

is the lack of appropriate post mortem tissue retained at autopsy, as well as lack of 

policy and protocols.  In many jurisdictions, if tissue is retained, it is frequently formalin-

fixed and/or paraffin embedded, which limits the amount and quality of nucleic acids that 

can be extracted and many commercial and hospital/research laboratories are 

disinclined to accept such samples for testing. 

In our sequencing study, all 191 samples in our cohort produced adequate 

amounts of good quality genomic DNA which exemplifies that fresh frozen post mortem 

tissue stored at -70 ⁰C is an ideal source of high quality DNA for molecular genetic 

testing.  Our study also highlighted that the amount of tissue required for storage can be 

quite small.  Our DNA extraction protocol called for 10 to 25 mg of tissue; hence, very 

small amounts of tissue (1 to 2 grams) could be stored in cryotubes (e.g. 2 to 5 ml size) 

which would also require very little freezer space and can be stored conveniently in 81 or 

100 vial stackable storage boxes.  Hundreds of autopsy case samples could be stored in 

a space equivalent in size to a 500 ml container that is commonly used to store formalin-

fixed tissue (with little to no value for molecular genetic testing) from just one case.  The 

NAME position statement suggests retaining 5 – 10 mL of blood preserved with K2EDTA 

(usually a purple-topped blood collection tube) for genetic testing.  The tubes can be 

stored for up to a month at 4 °C, or at -20 to -80 °C for longer term storage prior to 

shipment to a testing laboratory (Middleton et al., 2013).  Although blood is an ideal 

tissue for DNA extraction, if the blood is to be stored for future testing purposes, the test 
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tubes take up more freezer space than the smaller cryotubes.  Another issue is re-use – 

the blood must be thawed prior to extraction, which may limit and perhaps compromise 

any remaining blood in the tube for future use.  Therefore, several tubes will need to be 

retained for each case if multiple testing is anticipated, which in turn, uses up more 

freezer space.  The Ontario Coroners Service has gone one step further and now stores 

genomic DNA in place of whole blood or tissue.  The DNA is stored in a central 

repository at the Provincial Forensic Pathology Unit in Toronto.  To facilitate the process, 

they have designed “molecular autopsy kits” for appropriate post mortem tissue 

collection during the autopsy.  Isolated DNA takes up much less space, is inherently 

more stable and can tolerate more temperature fluctuations than post mortem tissue (as 

might occur with equipment or electrical failure).  Blood spot cards (FTA cards) can also 

be used to store DNA for many years at room temperature and may be an ideal 

secondary source of DNA in case of electrical or freezer failure.  Their use in molecular 

genetic testing, however, may be somewhat limited due to low yield and time-intensive 

extraction process (Gladding et al., 2010). 

There is disagreement regarding whether or not the coronial community should 

undertake molecular genetic testing.  Some believe the best approach is for post mortem 

tissue to be retained for future analyses when the family is being clinically assessed.  A 

potential drawback with this approach is that the coroner’s investigation will most likely 

have been concluded by the time the family undergoes assessment, especially if it takes 

several weeks or months to conduct the family clinical assessments and genetic 

analyses.  When a potential cause of death is identified through genetic testing, re-

opening a concluded case may require time-consuming petition to the Chief Coroner or 

Medical Examiner in order to amend the cause of death on the coroner’s (death inquiry) 

report and to replace or amend the Medical Certificate of Death.  The updated or 

replacement Medical Certificate will need to be re-submitted to the provincial Vital 

Statistics agency, which will need to apply updated ICD coding for the provincial 

database.  However, the retention of post mortem tissue for future analyses by outside 

agencies, might be the least expensive option for budget-constrained death investigation 

agencies (see 5.5.5 Cost analysis of recommendations). 
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The alternative is for the coronial community to undertake molecular genetic 

testing to help ascertain a cause of death.  The cost of genetic testing continues to 

decline as higher throughput sequencing technologies evolve and the number of 

candidate genes available for testing is increasing (which may increase the diagnostic 

yield).  Some argue that the complexity of molecular analyses should not be left to the 

over-burdened and in some cases, non-medical (lay coroner) death investigator 

(Etheridge & Saarel, 2014).  Furthermore, a diagnosis should not be made solely on the 

molecular autopsy results without clinical assessment (including genotyping) of surviving 

relatives.  Our own sequencing results demonstrate this limitation: until we have 

phenotype and genotype data from the relatives, we are unable to confidently state that 

the variants we identified were attributable for each child’s death.  Our report to the 

OCME only listed these pathogenic variants as “disease-associated” and as such, the 

families were notified of the results and were urged to undergo clinical assessment.  

There is evidence, however, suggesting that a higher number of SUDY-affected relatives 

undergo clinical assessment when a coroner’s molecular autopsy is included; - a recent 

study revealed that uptake of cascade screening in families was higher when a disease-

associated variant was identified in the deceased relative (Cann et al., 2016).  

Furthermore, a variant identified in the deceased allows for directed assessment and 

genetic testing in the family that in turn saves money, time and likely reduces the stress 

from not having to undertake multiple broad-based screening strategies (Boczek et al., 

2012; HRUK, 2008). 

The Swiss approach to SUDY investigation includes a meeting with the family 

during the death investigation, with inclusion of a genetic counsellor before any 

molecular genetic testing is conducted (Wilhelm et al., 2015).  Multidisciplinary 

investigation of both the decedent and surviving relatives has been formally 

recommended since 2008 (Basso et al., 2008).  A recent study with a large SUDY cohort 

(490 cases aged 1 to 35 yr) supports this approach; autopsy investigation that included 

molecular genetic testing combined with family screening resulted in a substantially 

higher likelihood of identifying a potential cause of death than just autopsy investigation 

alone (Bagnall et al., 2016). 
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The 2013 HRS/EHRA/APHRS consensus document includes an algorithm for the 

investigative strategy recommended for the identification of inherited heart disease in 

SUDY-affected families (Priori et al., 2013).  What is missing, however, is the critical 

scene investigation and data collection by the death investigator that occurs before the 

autopsy, to collect pertinent information to prioritize the post mortem investigations and 

encourage surviving relatives to undergo clinical assessment while the death 

investigation is ongoing (See Recommendations below). 

In summary, the post mortem examination of SUDY cases should include - at 

minimum - retention of post mortem tissue (blood in K2EDTA blood collection tubes or 

solid tissue – ideally liver or heart) in anticipation of future genetic testing.  Consultation 

with expert clinicians for both the decedent (e.g. examination of the heart by a cardiac 

and/or neuropathologist) and the surviving relatives (e.g. electrophysiologists and 

genetic counsellors working in inherited arrhythmia centres) while the investigation is 

ongoing can be beneficial in finding a diagnosis.  A molecular autopsy may also assist in 

finding a possible cause of death, particularly when it is combined with family screening. 

5.5.3. Post-investigation and follow-up with next of kin 

The post investigation/follow-up normally involves the completion of the Medical 

Certificate of Death (MCD), the writing and conclusion of the death inquiry report, and 

follow-up with the next of kin.  The MCD is a legal government document in which the 

cause and manner of death are documented, as well as a brief description of the 

location of death and circumstances for accidental death.  The purpose of the MCD is 

multifold, but its main function is to provide information for the government (i.e. provincial 

Vital Statistics) and public archives as to who died, where, when and by what means.  

Our previous research suggests that provincial/territorial agencies show considerable 

variability in how the cause and manner of death for autopsy-negative SUDY cases are 

described (Chapter 3 of this dissertation).  Having different terminology for causes of 

death listed on the MCD (e.g. “undetermined”, “probable cardiac arrhythmia”, “natural 

causes, exact cause unknown”) results in significantly different ICD-10 coding leading to 

provincial Vital Statistic Agencies categorizing these SUDY deaths into very different 
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subsets in their databases.  Such variability hampers the ability to estimate the incidence 

of SUDY with any reasonable accuracy, with adverse consequences for improved 

understanding and identification, and potentially inappropriate resource allocation 

(Money-Kyrle, Macleod, & Money-Kyrle, 2015). 

The 2013 HRS/EHRA/APHRS guidelines recommend that an unexplained 

sudden death occurring in an individual older than 1 year of age be known as “sudden 

unexplained death syndrome” (SUDS) and that a SUDS death with negative pathological 

and toxicological assessment is termed “sudden arrhythmic death syndrome” (SADS) 

(Priori et al., 2013).  The use of either SUDS or SADS as the cause of death on the MCD 

will likely be coded similarly (R96.0 in the ICD 10 version), although the use of 

“arrhythmic” may lead to erroneous coding under cardiac causes (e.g. R00.8 Other and 

unspecified abnormalities of heart beat, or I49.9 Cardiac arrhythmia, unspecified).  The 

use of the SADS term is based on the presumption that many of these cases are 

attributed to lethal ventricular arrhythmia.  However, several recent molecular autopsy 

studies have shown that seizure disorder may play a role in SUDY deaths (Bagnall et al., 

2016; Bagnall et al., 2016; Tu et al., 2011), and there are likely other yet to be 

discovered causes underlying SUDY.  According to the ICD-10 Instruction Handbook, 

(http://apps.who.int/classifications/icd10/browse/Content/statichtml/ICD10Volume2_en_2

016.pdf ) “Unknown (or Unascertained)” is better than any speculation on the possible 

cause of death.  Acronyms should always be spelled out in full as they can be 

interpreted in different ways (i.e. SADS could be interpreted as Sudden Adult Death 

Syndrome or Sudden Arrhythmic Death Syndrome).  Terms such as “suspected” or 

“possible” are ignored in evaluation of the entries, therefore “Probable cardiac 

arrhythmia” as listed above, would be coded as I49.9 Cardiac Arrhythmia.  Perhaps a 

better terminology for autopsy-negative SUDY with no identified cause of death after 

investigation would be “sudden death – cause unascertained”.  Such wording would 

prevent issues with MCD coding and perhaps result in less confusion for clinicians and 

families by avoiding the term “syndrome”, which may imply a natural disease process.  

We further suggest that the classification of death be consistently listed as 

“Undetermined”; as other classifications or modes of death (homicide, suicide, accidental 

or natural) cannot be conclusively be ruled out in SUDY investigations where no cause 

of death is ascertained.  This suggestion of standardized terminology is in keeping with 

http://apps.who.int/classifications/icd10/browse/Content/statichtml/ICD10Volume2_en_2016.pdf
http://apps.who.int/classifications/icd10/browse/Content/statichtml/ICD10Volume2_en_2016.pdf
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Canadian death investigation agencies’ views on classifying infant deaths.  In June 

2012, the majority of Canadian Chief Coroners and Chief Medical Examiners agreed to 

adopt the cause and manner of death as “Undetermined” to describe unexpected infant 

deaths where no cause is identified following complete autopsy, examination of the 

death scene, and review of the clinical history.  Terms such as SIDS, Sudden 

Unexpected Infant Death and SUDI had a tendency to create confusion rather than 

clarity, similar to what is discussed above for older SUDY cases.  The Chief Coroners 

and Chief Medical Examiners agreed that the collection of standardized data is a crucial 

component of sudden infant death investigations and future work will focus on adopting 

a standard data set for all provinces (from BC Coroners Service Child Death Review 

Panel: A Review of Unexpected Infant Deaths 2008-2012, accessed at 

http://www2.gov.bc.ca/assets/gov/public-safety-and-emergency-services/death-

investigation/child-death-review-unit/reports-publications/unexpected-infant-death.pdf). 

There are other choices available besides ICD for standardized nomenclature for 

reporting the cause of death.  With the ongoing digitization of Canadian health records, 

SNOMED CT (Systematic NOmenclature of MEDicine Clinical Terms) has become a 

widely used terminology by clinicians nationally (https://ic.infoway-

inforoute.ca/en/tools/standards-tools/ihtsdo-snomed-ct-browser).  SNOMED CT is a 

systematically organized database of medical terms providing codes, terms, synonyms 

and definitions used in clinical documentation and reporting.  SNOMED CT provides 

comprehensive, multilingual clinical healthcare terminology internationally, cross maps 

with ICD-10 classification codes, and provides the core general terminology for 

electronic health records and other health-related records, such as genetic databases.  

SNOMED was originally developed (and continues to be used) by pathologists in 1965 

to classify disease and to describe morphology and anatomy (Cornet & de Keizer, 2008).  

Standardised terminology facilitates data analysis and in turn supports quality, cost 

effective practice, research and future clinical guideline development.   

A final but important aspect of the post investigation is follow-up with the next of 

kin.  This usually involves a sit-down meeting or a phone call with the death investigation 

agency worker (coroner, medical examiner or field investigator) or a letter to the next of 

kin to let close relatives know that the investigation has been concluded and to 

http://www2.gov.bc.ca/assets/gov/public-safety-and-emergency-services/death-investigation/child-death-review-unit/reports-publications/unexpected-infant-death.pdf
http://www2.gov.bc.ca/assets/gov/public-safety-and-emergency-services/death-investigation/child-death-review-unit/reports-publications/unexpected-infant-death.pdf
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summarize the investigative findings.  The next of kin may also be offered copies of the 

various death investigation reports (the autopsy, toxicology reports as well as the 

coroner’s report) to be shared with other family members, their family physician(s), etc. 

Ideally, as described in the previous section, the discussion with families 

regarding recommendations for clinical assessment should come earlier rather than later 

in the SUDY investigation.  The main concern is that a significant portion of autopsy-

negative SUDY is attributed to IAS and that many of these disorders follow autosomal 

dominant inheritance – hence, surviving relatives may be at risk for SUD.  Therefore, it is 

imperative that families undergo timely clinical assessment when there is suspicion of 

IAS and particularly if molecular autopsy uncovers a disease-associated mutation.  Even 

when no cause of death is identified, death investigation agencies should be notifying 

families and recommending clinical assessment as indicated in the published guidelines.  

What is missing, however, is when and how this information should be delivered to 

families. 

Our previous research (Chapter 3 of this dissertation) suggests that most if not all 

death investigation agencies notify close relatives following the conclusion of a SUDY 

case, particularly if an IAS is suspected.  There are, however, discrepancies in how this 

information is conveyed: 

• Half of the provincial agencies rely on the pathologist’s recommendation for 
family referrals in the autopsy report, which means that the family will have to 
request the autopsy report to find this recommendation if the death 
investigation agency does not contact the family directly.  The final autopsy 
report may take weeks to months to be completed, which can result in delayed 
family referrals to specialist clinicians.  Furthermore, the family may not read 
the autopsy report immediately even if they do request it. 

• Half of the provincial agencies indicate they have a verbal discussion with the 
family to address the recommendation for clinical assessment, which then 
relies on that family member (and their short term memory if they did not write 
down any details from the conversation) to contact other relatives. 

• One agency sends a formal written letter directly to the family, which we feel is 
the most ideal method (see Recommendations). 
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Our survey of cardiac electrophysiologists (Chapter 3 of this dissertation) 

indicated that although many surviving relatives are being referred to specialist clinics, 

only 40% of those families are referred by coroners or medical examiners and many 

families are not being assessed in a timely fashion – in some cases, it takes several 

months to years before they are referred.  At the British Columbia Inherited Arrhythmia 

Program (BCIAP, http://www.cardiacbc.ca/our-services/programs/bc-inherited-

arrhythmia-program) at St. Paul’s Hospital, families are coming into the clinic after 

recommendation, but there are clearly many families that are not attending.  In the 

previous 3 years (2012-2015), the BCIAP has seen 10 families that experienced an 

infant SUD, 32 families with SUDY in a relative aged between 1 – 35 years and 15 

families that experienced SUDY in a relative older than 35 years  (A. Krahn, personal 

communication, July, 12, 2016).  In BC, there are approximately 20 infant SUD cases 

and roughly 40 SUDY cases per year (between 1-35 years) (Lim et al., 2010).  Some of 

these families that the BCIAP is currently assessing lost relatives going back to 2003, so 

in reality, there are a significant number of families that are not yet being assessed – 

despite the fact that there is another BCIAP clinic in BC (at Royal Jubilee Hospital on 

Vancouver Island) and some out-of-province families may have experienced a SUDY 

event while visiting BC and other families may have moved and were assessed 

elsewhere.  Anecdotal experience suggests that some families have experienced two, 

three or even more SUD cases within one or two generations; some of whom have 

experienced two SUDY deaths of first-degree relatives within one year, including SUD in 

infancy.  Therefore, there is urgency for timely assessment after a SUDY death occurs. 

For nearly 20 years in Europe and for several years here in Canada, cardiac 

genetic outpatient clinics have provided SUDY-affected families with multidisciplinary 

assessment by cardiac electrophysiologists, cardiac nurses, clinical genetic counselors 

and medical geneticists (Hofman et al., 2013).  Management strategies when a SUDY-

affected family enters the clinic commonly include careful review of the autopsy report 

and ancillary testing results, review of the circumstances at the time of death, collecting 

a thorough family history (usually three generations), genetic counselling, clinical 

investigations and if warranted, molecular genetic testing for IAS with further cascade 

screening of other relatives in the family. 
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In Canada, a national registry called the “Cardiac Arrest Survivors with Preserved 

Ejection fraction Registry” (CASPER) which functions in 14 specialist centers, has 

clearly demonstrated the benefits of systematic clinical testing (including drug 

provocation and advanced imaging) resulting in unmasking of the cause of apparently 

unexplained cardiac arrest in over 50% of patients (Krahn et al., 2009).  The registry 

includes patients who have experienced sudden and unexplained cardiac arrest or have 

close relatives who have died from SUDY or survived unexplained cardiac arrest.  The 

CASPER approach assists in directing genetic testing to diagnose inherited cardiac 

arrhythmia syndromes, which can result in successful family screening and monitoring.  

It is clear that Canada has the expertise to investigate the cardiac causes of SUDY.  

What is lacking is an efficient and timely mechanism to connect the SUDY-affected 

relatives with these expert clinicians. 

5.5.4. Development of a SUDY registry 

A national registry would be highly beneficial for clinicians and researchers 

working to define the scope of SUDY, to develop better diagnostic and prevention 

strategies, and to develop future research priorities.  Much of the infrastructure to 

develop, refine and maintain a SUDY registry, including a SUDY database and a 

tissue/DNA databank already exists in Canada.  For example, the University of British 

Columbia’s Inherited Heart Rhythm Research Data Registry and Biobank is a centralized 

resource for the collection and storage of quality data and DNA for national and 

international research in IAS, and includes participants from the CASPER registry.  As 

such, this registry already has families enlisted that are directly affected by SUDY and in 

some cases, already houses tissue/DNA from their deceased relatives.  Furthermore, as 

discussed above, the Ontario Coroners Service has a central repository for DNA banking 

and has designed “molecular autopsy kits” to facilitate acquisition and shipment of 

appropriate post mortem tissue. 

It will likely require expert leadership and governance to develop a SUDY 

registry.  An oversight committee needs to be organized to ensure that privacy/consent 

issues are considered during development and refinement stages.  Government funding 
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will also need to be secured.  To this end, the Hearts in Rhythm Organization (HiRO) is 

currently in the planning stages of forming a “database working group” within its 

membership.  HiRO is a network of Canadian IAS specialists who work together with 

health care professionals and patients to better understand and improve care for 

patients and families affected by inherited heart rhythm conditions 

(www.heartsinrhythm.ca).  Many of the HiRO clinicians and research staff are already 

part of the CASPER research group.  Therefore, they have the expertise required to 

either develop a unique SUDY registry or refine the existing patient registry to include a 

subdivision of SUDY cases and affected family members.  It will take cooperation from 

the Canadian death investigation agencies to collect pertinent data and post mortem 

tissue samples from SUDY cases for enlistment into a national registry.  Our suggested 

SUDY investigation worksheet, recommendations for post mortem tissue retention and 

referrals for SUDY-affected relatives to expert clinicians should help to facilitate this 

process. 

5.5.5. Cost analysis of recommended practices 

One potential barrier to inclusion of standardized SUDY investigation practices 

(such as retention of post mortem tissue and molecular genetic testing) that was 

identified in Chapter three of this dissertation was cost.  Therefore, a brief cost analysis 

of some of the suggested practices is warranted.   

Retention of post mortem tissue that is ideally stored for genetic analysis requires 

frozen storage – ideally at -80°C.  There is considerable start-up cost of approximately 

$12,000 for a -80°C freezer, which requires backup power and constant monitoring that 

costs roughly $1,500/year.  If tissue is stored using the 2 ml cryotubes (that cost roughly 

20 cents each) as suggested earlier in the discussion, a chest freezer has the capacity 

to hold up to 32,000 tubes (4 shelves with 5 racks holding 16 boxes that contain 100 

cryotubes each); therefore, one freezer has the capacity to hold 16,000 samples if 2 

cryotubes are used per case.  The cost of storage, even when using the most ideal (and 

expensive) option, becomes minimal when amortized over the long term.  The cost of 

http://www.heartsinrhythm.ca/
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blood spot cards (as suggested to be used as a “back-up” source of DNA) is also 

minimal at less than $2.00 per card and they require no special storage conditions.  

The cost of molecular genetic testing continues to decline due to the ongoing 

advancement of high throughput next generation sequencing technologies.  The cost is 

estimated to be $2,300 to $3,000 for a comprehensive sequencing panel with up to 100 

or more genes, depending on the disorder being investigated.  Furthermore, the cost is 

considerably lower if the family is assessed concurrently with the SUDY case 

investigation and a pathogenic mutation is discovered during familial evaluations.  The 

cost of identifying a specific mutation through genotyping is roughly $200 to $300.  

Therefore, there is a potential financial benefit to the death investigation agency to 

recommend clinical assessment of surviving relatives prior to conclusion of the SUDY 

case investigation, if they are considering genetic testing.  One must also consider the 

impact on the surviving relatives if genetic analysis reveals a positive finding (pathogenic 

mutation) that prompts cascade screening of the family.  Even if 5 relatives are tested to 

identify just one mutation-positive relative and that person lives just 10 years longer than 

he/she would without diagnosis and treatment, the cost per Quality-Adjusted Life Years 

(QALY) for genetic testing would be $450 per life year saved.  This is based on the total 

cost of $4,500 ($3,000 for sequencing the proband, plus $1,500 for genotyping 5 

relatives at $300 each) per 10 additional years of life.  Other than smoking cessation, 

there are few interventions with such a low associated cost per life year saved (as 

reviewed in http://www.treatobacco.net/en/page_159.php). 

If the cost of molecular genetic testing is beyond some budget-restrained death 

investigation agencies, they should, at minimum be retaining post mortem tissue at 

autopsy and ensuring that surviving relatives are notified and provided written 

recommendations for assessment by appropriate clinicians.  The costs of providing 

these basic practices are negligible, yet they can deliver impactful results for SUDY-

affected families.  
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5.6. Recommendations: 

The following recommendations have been developed from the results of our 

study data combined with a systematic review of guidelines literature.  The 

recommendations were evaluated using the US Public Health Service Grading System 

for Ranking Recommendations in Clinical Guidelines (adapted from the Canadian Task 

Force on the Periodic Health Examination, 1979).  In this system, the letters A–E signify 

the strength of the recommendation and numerals I–III indicate the quality of evidence 

supporting these recommendations (Table 5-3). 

1. The use of a SUDY investigation protocol for ages 0 to 40 (or higher) 
is strongly recommended.  A sample SUDY scene investigation 
worksheet can be found in the Supplementary Materials. 

This recommendation is graded A-II (strong recommendation with 
moderate evidence) based on the CDC’s investigation protocol for 
SIDS cases that has led to a substantial increase in the amount of 
epidemiological and clinically relevant findings, including national 
statistics for SIDS and other types of sudden infant death, how they 
are classified and some prevention mandates based on modifiable 
and non-modifiable risk factors. 

2. At minimum, autopsy protocols must include retention of post mortem 
tissue from all cases of SUDY as outlined in the NAME position 
statement (Middleton et al., 2013).  For agencies in which long term 
storage space (freezer space) may be an issue, we recommend 1 to 2 
gm of solid tissue (ideally liver or heart) be retained at -70 °C in 2 ml 
sample cryotubes stored in stackable (e.g. 10 x 10) storage boxes in 
place of 5 to 10 ml of whole blood stored in K2EDTA collection tubes.  
Blood spot cards (FTA cards) that can be stored with the decedent’s 
autopsy records file are also recommended as a back-up source of 
DNA in case of electrical or equipment failure. 

This recommendation is graded as A-I (strong recommendation with good 
evidence from many studies (including our own sequencing study) 
and systematic reviews highlighting the benefits of genetic testing 
from post mortem tissue that has been appropriately selected and 
stored for genetic analyses. 

3. The autopsy report must contain recommendations that surviving 
relatives undergo clinical assessment by expert clinicians adapted 
from the “Investigation of Sudden Cardiac Death and Vascular 
Catastrophe” guidelines (Supplementary Materials) when no cause or 
manner of death is identified in SUDY cases, or when a heritable 
cardiovascular disorder is suspected or confirmed during the 
investigation.  Information regarding availability of post mortem tissue 
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(where it is located, who to contact to obtain tissue and how long 
tissue will be retained) to facilitate any future genetic testing (if 
molecular autopsy is not conducted) is also essential. 

This recommendation is graded as A-II (strong recommendation with 
moderate to good evidence) based on the evidence from the 
CASPER studies in Canada as well as other clinical studies 
internationally (e.g. Hofman et al., 2013) highlighting the diagnosis 
and treatment of patients referred for family screening. 

4. A modified multidisciplinary approach adapted from the 2013 
HRS/EHRA/APHRS guidelines (Priori et al., 2013) that incorporates 
family assessment by expert clinicians concurrent with the death 
investigation is strongly recommended (Figure 5.2). 

Similar to Recommendation #3, this recommendation is graded as A-II 
(strong recommendation with moderate to good evidence) based on 
evidence from the existing guidelines (e.g. Priori et al., 2013) and 
numerous clinical studies in Canada (e.g. CASPER clinical trials) as 
well as other clinical studies internationally (e.g. Hofman et al., 2013). 

5. Standardized terminology must be used for the cause and manner of 
death for the Medical Certificates of Death and the final death 
investigator’s report (Coroner’s or Death Inquiry Report) for SUDY 
cases that have no identified cause or manner of death at the 
conclusion of the investigation.  For cause of death: “sudden death – 
cause unascertained”, manner of death classified as “undetermined”. 

This recommendation is graded as A-III (strong recommendation with low 
to moderate evidence) based on consensus/expert opinion (e.g. 
Recommendation listed in the Public Health Agency Report “A 
National Strategy for the Prevention of Sudden Death in the Young” – 
Supplementary S2) 

6. Death investigation agencies must write a formal letter to the next of 
kin that clearly outlines the suspicion of heritable disorders and the 
risk to other relatives.  The letter should also provide clear direction 
for the primary care physician to refer family members for timely 
assessment by expert clinicians (e.g. medical geneticists and/or 
Inherited Arrhythmia Program clinics throughout Canada).  The letter 
can also provide resources for families such as the Sudden 
Arrhythmic Death Syndrome (SADS) Foundation and the Hearts in 
Rhythm Organization (HiRO). 

This recommendation is graded as A-II (strong recommendation with 
moderate evidence) based on consensus opinion as well as evidence 
from clinical studies (e.g. CASPER studies, Hofman et al., 2013). 

7. Development of a national SUDY registry similar to the recently 
launched NHLBI SDY registry is strongly recommended. 

This recommendation is graded as A-III (strong recommendation with low 
evidence) based on consensus opinion (e.g. Recommendation listed 
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in the Public Health Agency Report “A National Strategy for the 
Prevention of Sudden Death in the Young” – Supplementary S2). 

 

Table 5-3 US Public Health Service Grading System for Ranking 
Recommendations  

Grade Definition 

Strength of recommendation 

A Good evidence to support a recommendation for use 

B Moderate evidence to support a recommendation for use 

C Poor evidence to support a recommendation for use 

D Moderate evidence to support a recommendation against use 

E Good evidence to support a recommendation against use 

Quality of evidence 

I Evidence from ≥ 1 controlled, randomized trial 

II Evidence from ≥ 1 well designed, clinical trial without randomization; from 
cohort or case-controlled analytic studies (preferably from > 1 center); from 
multiple time series; or from dramatic results from uncontrolled studies 

III Evidence from opinions of respected authorities, based on clinical 
experience, descriptive studies or reports from expert committees. 
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Figure 5-2 Suggested pathway of SUDY investigation and management of families after SUDY.  MCD – medical certificate of 
death; COD – cause of death; MOD – manner of death.
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5.7. Summary/Conclusions: 

The current research and guidelines clearly indicate that more needs to be done 

to reduce the risk of future SUDY.  The recommendations presented here, for the most 

part, do not require large investments of funding, time or human resources for 

implementation.  In particular, integration of a SUDY investigation protocol, post mortem 

tissue retention, changes to the autopsy report re: referral of relatives for clinical 

assessment, development of a form (fill-in-the-blank) letter for contacting relatives to 

recommend clinical assessment and standardized terminology on the MCD/death inquiry 

report are all straight-forward and can be instituted quickly.  Substantial changes to the 

death investigation such as concurrent investigation of surviving relatives and of the 

decedent, and inclusion of expert clinicians (such as cardiac and neuropathologists, 

clinical geneticists and genetic counsellors) may require legislative amendments to the 

provincial or territorial statute by which death investigation agencies conduct their 

inquiries.  Considering that there are only 13 death investigation agencies in Canada, it 

is indeed feasible that we can standardize and optimize SUDY investigation approaches.  

Furthermore, an important mandate for any death investigation agency is prevention of 

similar deaths in the future.  Therefore, there is an urgent need to integrate all of these 

resources so that no family should ever experience more than one tragic death. 
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Chapter 6. Conclusions and Future Indications 

The overall objective of this dissertation was to explore the investigation and 

management of SUDY and SUDY-affected families in Canada with the end goal of 

developing recommendations for coroners and medical examiners to standardize their 

approaches to SUDY case investigation.   

To this end, this dissertation had three aims: 

6.1. Aim One: To investigate the underlying mechanisms of 
SUDY 

This dissertation was started with a review (chapter two) of what is currently 

known regarding SUD in young people including epidemiology, potential causes and 

critical issues as to why we need to investigate these deaths thoroughly to find a cause 

of death.  Much of the research into SUDY pathophysiology focusses on IAS – in 

particular the primary electrical disorders such as LQTS and CPVT, as they may 

predispose individuals to experience lethal ventricular arrhythmia under triggering 

conditions, which vary depending upon which syndrome is present.  These disorders are 

not usually observable at autopsy as they do not normally cause any structural changes 

to the heart.  Therefore, the diagnosis must be made by other means –by post mortem 

genetic testing of tissue retained at autopsy, and/or investigation of first-degree relatives 

to determine if they present with a phenotype consistent with an IAS.  Cardiomyopathies 

are also receiving increased recognition as a possible underlying cause of SUDY as 

these disorders may have a concealed arrhythmogenic phase that can also predispose 

individuals to sudden cardiac death before the onset of identifiable structural disease. 
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In chapter four, we were presented with the opportunity to investigate the genetic 

causes underlying SUDY by assisting the Manitoba Office of the Chief Medical Examiner 

in finding a diagnosis for a large cohort of child SUD cases.  Many of these cases were 

infants and research to date suggested that 5 to 15% of autopsy-negative infant SUD 

may be due to IAS (Arnestad et al., 2007; Glengarry et al., 2014; Klaver, Versluijs, & 

Wilders, 2011).  Our objectives for this study were, first of all, to determine the incidence 

of disease-associated variants in this unique autopsy-negative child cohort by designing 

and validating a next generation sequencing panel; secondly, if the incidence of variants 

identified could inform the use of molecular genetic testing in all cases of SUDY in which 

no cause of death is identified and lastly, to determine if adding genes not previously 

investigated for IAS and/or SUDY to the sequencing panel would increase the overall 

yield.  We successfully identified 12 previously published, disease-associated variants in 

15 (7.8%) cases and another 10 variants that are suspected to be disease-associated in 

14 cases (7.3%) for an overall yield of 15.2 % of cases with pathogenic or potentially 

pathogenic variants.  In addition, we were clearly able to demonstrate that retention of 

fresh frozen post mortem heart, liver and psoas muscle tissue is an ideal source of DNA 

for genetic analysis (see Aim Three) despite some tissues being in storage for over 20 

years.  We believe that we accomplished our objectives with the presentation of a report 

for the Manitoba Office of the Chief Coroner on our results for cases with disease-

associated, pathogenic variants.  They in turn, informed the families of our results with a 

recommendation that they undergo clinical assessment and provided contact information 

for the regional adult and pediatric inherited heart rhythm clinics.  The interesting and 

somewhat surprising results of this sequencing study included the finding of a greater 

number of cardiomyopathy-associated variants than ion channelopathy-associated 

variants.  Other recent studies also support this finding (Anderson, Tester, Will, & 

Ackerman, 2016; Bagnall, Weintraub et al., 2016; Brion et al., 2009; Nunn et al., 2015) 

and hence, we strongly suggest that the molecular autopsy for SUDY cases include the 

cardiomyopathy candidate genes.  Another interesting finding was the potential for other 

inheritable disorders playing a role in childhood SUD.  We incorporated genes not 

routinely or previously investigated in IAS or SUDY and identified a potential previously 

published febrile seizure disorder-associated variant in the HCN2 gene.  Other studies 

have also incorporated candidate genes for seizure disorder and sudden unexpected 

death in epilepsy (SUDEP), and demonstrated that a small but significant percentage of 
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cases are found to harbour seizure-disorder associated variants (Bagnall, Crompton et 

al., 2016; Bagnall et al., 2016; Tu, Waterhouse, Duflou, Bagnall, & Semsarian, 2011).  

Therefore, we suggest that the molecular autopsy include candidate genes for other 

disorders associated with SUDY, such as seizure disorder, along with the IAS-

associated genes. 

We also uncovered a large number of novel variants in both IAS-associated 

genes and other genes not routinely or previously investigated in SUDY, including 

seizure-disorder candidate genes.  A select number of these variants will undergo 

functional analyses to study their potential arrhythmogenicity (see Future Indications 

below). 

A limitation in our sequencing study was that we had no access to clinical data 

for our SUD cases and their families.  Without disease phenotype and genotype data 

from the surviving relatives, we could not confidently state that the variants we identified 

were directly attributable for each child’s death.  We included this stipulation in our 

sequencing report to the OCME.  Our best approach was to identify the disease-

associated variants and recommend that the surviving relatives undergo clinical 

assessment to reduce the risk of another SUDY in the family.  The collection of potential 

genotype-phenotype clinical data will assist in establishing a diagnosis for the child 

cases with disease-associated variants however that will be part of a future study.  There 

are a considerable number of potential future research projects to be generated from this 

sequencing study (see Future Indications below). 

In summary, we have met the first aim of investigating the underlying 

mechanisms of SUDY – at least in child and infant cases of SUD. 
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6.2. Aim Two: To determine the current approaches to 
SUDY investigation and management of SUDY-affected 
families in Canada 

In order to improve and standardize SUDY investigation practices, it is necessary 

to explore what the current practices are to identify the areas that need improvement.  

The two questionnaires discussed in chapter three were designed to determine the 

current practices of SUDY investigation by coroner and medical examiner agencies in 

Canada, as well as current practices for management of surviving relatives after they 

experienced SUDY.   

Overall, the results show heterogeneity in SUDY investigation practices by 

coroners and medical examiners and their approaches to connect SUDY-affected 

relatives with the clinical expertise to reduce the risk of another tragic death.  This 

heterogeneity was observed both between and within provincial/territorial jurisdictions.  It 

appears that in many cases, no post mortem tissue is retained from the autopsy of a 

SUDY victim or, the retained post mortem tissue is not suitable for genetic analysis, 

which impedes clinicians’ abilities to provide a diagnosis and to assist in treatment 

options/risk assessment for the surviving relatives.  Furthermore, there can be 

considerable delay between when the death occurred and when families attend 

specialist clinics for assessment, leading to increased risk for another SUD in the family. 

A common finding in this study was the apparent reliance of death investigation 

agencies on the pathologists who conduct autopsies for decisions regarding ancillary 

testing, expert consultations and protocols for regarding post mortem tissue retention.  

For example, when asked if a cardiac pathologist was consulted in their SUDY cases, 

five death investigation agencies indicated that this decision was frequently at the 

discretion of the pathologist conducting the autopsy and three agencies indicated that 

post mortem tissue retention policies were dependent upon each hospital’s protocols 

and can vary throughout the province.  The integral role that pathologists provide for 

death investigation agencies was used to our benefit in disseminating the 

recommendations discussed in chapter five (see Aim Three below).   
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Our findings support the need for standardized SUDY scene investigation 

protocols and post mortem tissue retention, cause/manner of death classification and 

written recommendations for SUDY-affected relatives.  Standardized investigation 

approaches have several benefits:  first of all, they ensure that a SUDY case will be 

investigated thoroughly and consistently, regardless of where the death occurred in 

Canada.  Secondly, investigation protocols ensure that appropriate data is collected from 

the scene, the autopsy and any ancillary examinations to assist in establishing a cause 

of death, and the collection of epidemiological data can further our understanding of the 

incidence of SUDY and the pathophysiological mechanisms underlying SUDY.  Both of 

these can have significant implications for surviving relatives, especially if an inheritable 

disorder is discovered as contributory to the death.  Finally, standardized guidelines that 

include written recommendations for surviving relatives of the SUDY victim to undergo 

clinical assessment have the potential to save future lives – for both cases in which a 

heritable cause is identified and for those cases in which the cause of death remains 

unascertained at the conclusion of the investigation.  National guidelines that provide 

standardized approaches for SUDY investigation throughout Canada would be highly 

beneficial. 

In summary, we met the second aim of determining the current practices of 

SUDY investigation and management in Canada.  Our findings formed a fundamental 

role in the work behind Aim Three (below).   

6.3. Aim Three: To advance the scientific framework for 
future guidelines and policy for Canadian death 
investigation agencies to standardize their approaches 
to SUDY investigation 

In chapter five, many of the findings from the questionnaire data (chapter three) 

and from the sequencing study (chapter four) were used to justify and validate the 

recommendations developed to help standardize and improve the practices of SUDY 

investigation and management of SUDY-affected families.  These findings were 
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combined with the results of a systematic review of both published and grey literature on 

existing best practices, recommendations and guidelines for SUDY investigation and 

management in other jurisdictions.  The combination of our research findings with 

previous literature and guidelines was used to create recommendations for future 

guideline and policy development for Canadian death investigation agencies to 

standardize their approaches to SUDY investigation (chapter five).  The proposed 

recommendations are not meant to replace the previously published guidelines and 

expert consensus documents, but rather to augment them to improve SUDY 

investigation practices in Canada. 

In all, seven recommendations were developed as listed below: 

1. The use of a SUDY investigation protocol for ages 0 to 40 (or higher) 
is strongly recommended.   

2. At minimum, autopsy protocols must include retention of post mortem 
tissue from all cases of SUDY as outlined in the NAME position 
statement (Middleton et al., 2013).  For agencies in which long term 
storage space (freezer space) may be an issue, we recommend 1 to 2 
gm of solid tissue (ideally liver or heart) be retained at -70 °C in 5 ml 
sample vials stored in stackable (e.g. 10 x 10) storage boxes in place 
of 5 to 10 ml of whole blood stored in K2EDTA collection tubes.  Blood 
spot cards (FTA cards) that can be stored with the decedent’s autopsy 
records file are also recommended as a back-up source of DNA in 
case of electrical or equipment failure. 

3. The autopsy report must contain recommendations that surviving 
relatives undergo clinical assessment by expert clinicians when no 
cause or manner of death is identified in SUDY cases, or when a 
heritable cardiovascular disorder is suspected or confirmed during the 
investigation.  Information regarding availability of post mortem tissue 
(where it is located, who to contact to obtain tissue and how long 
tissue will be retained) to facilitate any future genetic testing (if 
molecular autopsy is not conducted) is also essential. 

4. A modified multidisciplinary approach adapted from the 2013 
HRS/EHRA/APHRS guidelines (Priori et al., 2013) that incorporates 
family assessment by expert clinicians concurrent with the death 
investigation is strongly recommended. 

5. Standardized terminology must be used for the cause and manner of 
death for the Medical Certificates of Death and the final death 
investigator’s report (Coroner’s or Death Inquiry Report) for SUDY 
cases that have no identified cause or manner of death at the 
conclusion of the investigation. 
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6. Death investigation agencies must write a formal letter to the next of 
kin that clearly outlines the suspicion of heritable disorders and the 
risk to other relatives.  The letter should also provide clear direction 
for the primary care physician to refer family members for timely 
assessment by expert clinicians (e.g. medical geneticists and/or 
Inherited Arrhythmia Program clinics throughout Canada).  The letter 
can also provide resources for families such as the Sudden 
Arrhythmic Death Syndrome (SADS) Foundation and the Hearts in 
Rhythm Organization (HiRO). 

7. Development of a national SUDY registry similar to the recently 
launched NHLBI SDY registry is strongly recommended. 

Considering that there are only 13 death investigation agencies in Canada, it is 

indeed feasible that we can standardize and optimize SUDY investigation approaches.  

Furthermore, an important mandate for any death investigation agency is prevention of 

similar deaths in the future.  Therefore, there is an urgent need to integrate all of these 

resources so that no family should ever experience more than one tragic death.  

As discussed in Aim Two above, a common finding in the questionnaire data 

(chapter two) was reliance of death investigation agencies on the pathologists who 

conduct autopsies for decisions regarding ancillary testing, expert consultations and 

protocols for regarding post mortem tissue retention.  Therefore, targeting the 

pathologists that play a significant integral role in SUDY investigation is potentially an 

effective method for instituting the proposed recommendations as listed above.  This 

reliance heavily influenced the choice of publication journal to assist in disseminating our 

recommendations.  We chose to publish our recommendations manuscript in Academic 

Forensic Pathology, which is the official journal of the National Association of Medical 

Examiners (NAME) organization.  The majority of pathologists conducting coroner’s 

autopsies and medical examiners (who are forensic pathologists) working for Canadian 

death investigation agencies are NAME members. 

In summary, we have met our third aim, which is to advance the scientific 

framework for future guidelines and policy for Canadian death investigation agencies to 

standardize their approaches to SUDY investigation. 
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6.4. Future Indications 

What continues to be the most time-consuming aspect of the molecular autopsy 

is variant interpretation.  It is a pain-staking process to search various databases and 

other resources for variants to determine if they have been previously identified and 

annotated.  Furthermore, whole exome sequencing has facilitated development of large 

population-based exome databases (e.g. the ExAC 60,000+ cohort database), which in 

turn have revealed higher than expected frequencies of previously reported disease-

associated variants in reference populations.  As such, many variants have been down-

graded from pathogenic to benign (or in many cases “conflicting interpretations of 

pathogenicity”).  Variant interpretation is not static – it is an ongoing process that 

highlights the issue that interpretation of pathogenicity requires a cautious approach and 

is subject to frequent updates/revisions.  It also speaks to the need of a robust reference 

database of clinically relevant variants that is easily cross-referenced with exome and 

perhaps whole genome sequence data.  ClinVar is the only existing database, to our 

knowledge, that allows updated annotations for variants.  However, its use among 

commercial and other recognized laboratories is not universal and it is not subjected to 

routine updates.  A robust, frequently updated database that has global recognition will 

require considerable funding and resources, and will likely require a paid subscription to 

offset the substantial costs associated with maintenance and upgrading.  However, the 

benefits of timely variant annotation may outweigh the financial costs for clinicians and 

geneticists – especially when there are SUDY-affected families waiting for answers.  

Therefore, while we wait for the release of a robust database, perhaps the development 

of a rapid, streamlined, automated variant searching algorithm would be highly 

beneficial. 

Our sequencing study as discussed in chapter four generated a significant 

number of novel variants in both candidate genes for IAS and SUDY as well as other 

genes not previously or routinely investigated in SUDY.  Some of these variants have 

already been disseminated to our collaborators for functional analysis.  In our own lab, 

we are particularly interested in an intriguing novel variant in the TNNI1 gene.  TNNI1 

encodes the neonatal form of troponin I that is predominantly expressed in infant hearts 
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(Bhavsar et al., 1991) and strikingly, all 10 individuals harbouring this variant died under 

20 months of age, and 7 under 4 months of age.  Preliminary analyses of the structural 

effects of this variant demonstrates that the wildtype residue normally plays an important 

role in stabilizing the troponin complex (and hence cardiac contractility).  The residue 

substitution effectively disrupts key interactions between troponin I and troponin T, in a 

similar fashion to variants found on troponin T that are also disruptive of this interaction 

and are associated with FHC.  This variant is a viable subject for future functional 

characterization at the molecular, cellular and tissue levels to substantiate its 

pathogenicity in neonates.  Future work will include functional analysis of other selected 

variants and collection of genotype/phenotype data from consenting relatives of our child 

cohort to assess clinical relevance. 

The recommendations from chapter five will require dissemination beyond 

publishing the manuscript in Academic Forensic Pathology to ensure that the 

recommendations reach all death investigation agencies in Canada.  The “guidelines 

working group”, a subcommittee of members (including the writer) from the Hearts in 

Rhythm Organization (HiRO), has already began preparations to present at the 2017 

annual Chief Coroner/Chief Medical Examiner meeting next August.   

If a national registry comes to fruition (as a result of the recommendations in 

chapter five), there will be considerable opportunities for clinicians and researchers 

working to define the scope of SUDY, to develop better diagnostic and prevention 

strategies, and to develop future research priorities.  Researchers would be able to 

access the data and/or tissue samples to help determine the causes of SUDY through 

genetic analyses of tissue and functional characterization of any novel variants 

uncovered in the genetic analyses.  Such a prospect would be monumental to Canadian 

(and International) research. 
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