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Abstract: Sudden cardiac death (SCD) is defined as death from a cardiac cause within 1 hr
of symptom onset or, if unwitnessed, in a person last seen well within 24 hrs. Sudden
arrhythmic death syndrome (SADS) describes cases of SCD with no abnormalities found on
expert autopsy attributable as the cause of death. The epidemiology of these conditions has
been challenging to study as definitions have changed over time; however, it is apparent that
the incidence of SCD increases with age whilst SADS decreases as coronary artery disease
becomes more prevalent. Accurate reporting of truly negative autopsies of SCDs has been
assisted by guidelines from governing bodies such as The Association for European
Cardiovascular Pathology, allowing identification of SADS cases. Primary arrhythmic car-
diac conditions like ong QT syndrome, Brugada syndrome and catecholaminergic poly-
morphic ventricular tachycardia are the predominant etiologies of SADS. When the
decedent did not have a known phenotype for these conditions, clinical evaluation using
screening tests like echocardiogram, resting and stress electrocardiograms and holter mon-
itoring, followed by specialized testing when appropriate such as cardiac magnetic resonance
and pharmacological provocation testing of surviving family members becomes crucial in
potentially identifying the cause and guide targeted genetic testing. Although advancement in
gene analysis such as next-generation sequencing has also allowed the application of
“molecular autopsy” to identify pathogenic variants to establish the cause of death and
enable cascade testing and risk stratification of family members, many of the genetic variants
identified through this method have been classified as non-pathogenic since the establishment
of standards and guidelines by the American College of Medical Genetics. Whilst majority of
cases of SADS are still unexplained, there is increasing awareness and understanding of this
syndrome allowing appropriate identification of surviving family members at risk and
implementation of measures to prevent further premature death.
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Introduction

Sudden cardiac death (SCD) refers to an unexpected arrest of the cardiovascular
system. It is defined as death from a cardiac cause from 1 hr of onset of symptoms
or, if unwitnessed, in a person last seen well within 24 hrs." This excludes non-
cardiac sudden deaths such as aortic dissection, hemorrhagic stroke, pulmonary
embolism or other such pathologies.

Sudden arrhythmic death syndrome (SADS) refers to a subset of SCD, where,
despite thorough and expert postmortem histological and toxicological examina-
tions, a cause of death cannot be identified.? This can be likened to sudden infant
death syndrome, which is also a diagnosis of exclusion, albeit in infancy.> There is
some overlap in the literature with other terms such as sudden unexplained death
(SUD) or unexplained sudden cardiac death (USCD) which are also used to
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describe similar populations of unexplained death where
an autopsy has not been performed.*

Epidemiology

A recent review of the global incidence of SCD in all age
groups found significant geographical variation, with low-
est rates reported in Japan of 14.9 per 100,000 persons to
110.8 per 100,000 persons reported by The Resuscitation
Outcomes Consortium in the United States." SADS (other-
wise defined as SUD or USCD) accounts for between 25%
and 50% of the SCD cases in those between 1 and 35 years
of age, based predominantly on retrospective data,’®
although additional evidence from an Australasian pro-
spective study of 490 SCD cases supports this.” The
annual incidence of SCD in this young population is
estimated to be between 1 and 3 per 100,000 persons in
western countries.””’

Age impacts on etiology and incidence of SCD even
amongst those 1-35 years of age. Data from the Swedish
National Board of Forensic Medicine and the Swedish
Cause of Death Registry support an overall incidence of
1.3 SCDs per 100,000 person-years in the 1-35 years of
age population which increased to 1.8 per 100,000 per-
son-years in the 15-35 years of age subgroup; SADS was
the most common etiology, accounting for 31% of the
SCD.? Similarly, incidence of SCD increased with age to
35 years in the Australasian prospective study by Bagnall
et al: overall annual incidence of 1.3 cases per 100,000
persons in a population 1-35 years of age, with the high-
est annual incidence in the 31-35 years subgroup of 3.2
per 100,000 persons.” There is a notable decline from the
1-5 year to the 6-10-year-old groups. The authors high-
light in the discussion that the high incidence in the
youngest group is predominantly in 1- to 2-year-old chil-
dren with the lowest incidence in the 6- to 10-year-old
group and postulate that this is due to the etiologies
underlying sudden infant death syndrome which decline
throughout early childhood.’ Unexplained SCD was most
prevalent in the 16-20 years age group (0.8 cases per
100,000 persons) whilst in the 31-35 years age group,
coronary artery disease (CAD) predominated.” Overall,
USCD was the predominant etiology, reflecting 40% of
the cases. Data from the Danish National Patient Registry
and Danish Cause of Death Registry pertaining to SCD
1-49 years support a similar shift from predominance of
SUD to CAD comparing age groups 1-35 and 3649
years: annual incidence of SCD increased from 2.3 per
100,000 up to 21.7 per 100,000 persons; proportion of

SUD fell from 48% to 25% of SCD; and proportion of
SCD attributed to CAD increased from 15% to 44%.°
The proportion of SCD contributed to by SADS/SUD and
CAD in the aforementioned studies is summarized in
Figure 1.>*° Even in a young athlete population, SADS
is still the most prevalent finding among those who have
SCD over hypertrophic cardiomyopathy (HCM).'” One
meta-analysis including 34 studies with a combined sam-
ple size of 4605 subjects showed that in the younger
population (age<35 years), SCD with structurally normal
hearts on autopsy is more common than from HCM (27%
vs 10%)."!

Several recent reports have indicated that the overall
incidence of SCD in all age groups is declining.'>'* A
recent study examining the incidence of SCD in those
aged 1-35 years also showed a statistically significant
reduction from 3.1 per 100,000 person-years in the year
2000 to 2.5 per 100,000 person-years in the year 2009,
corresponding to an average annual percent reduction of
3%; there was no trend to change in the contribution to
SCD by SADS."® The authors postulate that this reduction
is possibly due to implementation of public health initia-
tives such as availability of automated defibrillators, car-
diopulmonary resuscitation training in schools and when
acquiring a driver’s license and reduction in CAD (whilst
less than in the elderly, still one of the largest contributors
to SCD after SADS)."”

Heterogeneity in reported incidence
The reported incidence of SCD is often inconsistent in the
literature due to variations in study design and population.
As SADS is a subset of SCD, similar challenges apply to
determining its true burden. There are significant varia-
tions in the incidence of SCD due to location of study
populations as shown by a prospective North American
study in all age groups where annual incidence was
between 40.3 and 86.7 per 100,000 persons across
10 sites in the United States and Canada.'® Further differ-
ences arise from inconsistencies of the definition of SCD
and how data are obtained. A systematic review of studies
on the incidence of SCD in the United States showed a
range from 180,000 to >450,000 per annum, with signifi-
cant differences in how SCD was defined, variations in
how data were collected and extrapolated.'” Aside from
regional variation of population characteristics, one of the
possible explanations for variability in incidence of both
SCD and SADS is the rate of autopsy routinely performed
in different countries. For example, in Australia and UK, it
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Figure | Proportion of SCD cases contributed to by SADS/SUD and CAD stratified by age in 3 national studies. (A) Other category comprised hypertrophic heart,
arrhythmogenic right ventricular cardiomyopathy and myocarditis. Data from Risgaard et al.® (B) Other category comprised unspecific cardiomyopathy, congenital heart
disease, hypertrophic cardiomyopathy, thoracic aortic aneurysm, dilated cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy and coronary artery anomaly.
Data from Wisten et al.® (C) Other category comprised dilated cardiomyopathy, myocarditis, arrhythmogenic right ventricular cardiomyopathy, hypertrophic cardiomyo-

pathy, aortic dissection and “other”. Data from Bagnall et al?

is a routine practice for all cases of unexpected sudden
death to be referred to the coroner for autopsy, whilst in
countries such as Denmark and Sweden, this is not the

03.86,5’7’8

with up to 51% of the unexpected sudden deaths
not being autopsied.

Furthermore, Wilms et al assessed the completeness of
110 police and autopsy reports in cases of SCD in subjects
aged 0-40 years of age against local best practice guide-
lines in Australia and New Zealand.'® The findings
showed that whilst location, activity at time of death and
some clinical history were well documented, specific and
crucial details such as family history, drug and alcohol use,
possible arrhythmic trigger and history of fits/faints or
collapses were reported less than 25% of the time.'®
From an autopsy point of view, heart weight, valvular,
pulmonary and myocardial histology were well reported;
however, less than 50% of the reports commented on
septal, left and/or right ventricular wall thickness, the site
that histology samples were obtained, left and right ven-
tricular or conduction system histology. Coronary artery
histology was only reported in 18% of the cases.'®
teams such as the Trans-Tasman
Response Against Sudden Death the Young
(TRAGADY) Network in Australasia have written guide-
lines with the aim of standardizing the investigation of
SCD in the young."

Multidisciplinary

in

Autopsy diagnosis

SADS requires the presence of normal macroscopic and
The
European Cardiovascular Pathology

microscopic cardiac postmortem examination.”
Association for
updated guidance for cardiac autopsy in 2017 and recom-
mend that postmortem abnormalities are classified in a
probabilistic fashion as to the likelihood of being respon-
sible for death.* Acute myocardial infarction, acute diffuse
myocarditis and mitral valve papillary muscle or chordae
tendineae rupture with mitral valve incompetence and
pulmonary edema are considered certain causes of death;*
chronic ischemic heart disease, obstructive CAD (>75%
luminal stenosis), amyloidosis, sarcoidosis and many of
the cardiomyopathies (hypertrophic, arrhythmogenic and
dilated) are highly probable to be responsible for SCD
when identified at autopsy.* However, other abnormalities
are “uncertain” as the cause of death: anomalous right
coronary artery, focal myocarditis and moderate aortic
sclerosis.* Furthermore, the guideline also highlights
some histological findings that fall between the spectrum
of physiological to pathological and are of uncertain sig-
nificance. These include findings deviating from normal
myocardium such as scattered foci of inflammation with-
out necrosis or fatty infiltration without fibrosis but are not
diagnostic for focal myocarditis and arrhythmogenic car-
diomyopathy, respectively.
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Significance of uncertain histological
findings
These findings of uncertain significance are potential
causes of overdiagnosis, thereby impacting on evaluation
of surviving family members. These findings may be mis-
classified as pathological, leading to erroneous diagnosis
of cardiomyopathies such as arrhythmogenic right ventri-
cular cardiomyopathy (ARVC) and HCM.'°

Papadakis et al summarized the postmortem findings of
uncertain significance for several conditions responsible for
SCD.?® The study defined “findings of uncertain signifi-
cance” for conditions including HCM (left ventricular hyper-
trophy and/or myocardial fibrosis in the absence of
myocardial disarray), ARVC (fatty infiltration of the right
ventricular wall in the absence of fibrosis), dilated cardio-
myopathy (DCM) (mild ventricular dilatation in the absence
of significant fibrosis or myocardial inflammation), coronary
atherosclerosis (atherosclerosis with estimated <50% luminal
narrowing of the coronary arteries or 2 mm probe patent in
the absence of acute or chronic infarction) and myocarditis
(scattered lymphocytic inflammatory foci with no fibrosis or
20 The UK study reports the diagnostic
yield of assessing both the relatives of subjects classified as

myocyte necrosis).

SADS and those with postmortem histopathological findings
of uncertain significance was similar (47% and 51%) when
looking for inherited cardiac disorders.”® Furthermore,
despite the main study cohort being one of the patients with
some degree of abnormality on their postmortem histology,
primary arrhythmic disorders were still by far the most
common diagnosis, with only 2 out of the 41 families subse-
quently being diagnosed with an inherited cardiomyopathy
disorder.”® Raju et al conducted a similar study in an
Australian population which again, showed no significant
difference in the rate of diagnosis of cardiogenetic disorders
between family members of SADS cases and SUD cases
with
postmortem.>' In addition to this, the study demonstrated a

isolated non-diagnostic cardiac histology on
significantly higher rate of uncertain autopsy findings in SCD
cases compared with matched non-cardiac premature death
controls, suggesting that although the uncertain findings were
unlikely to be primarily responsible for the SCD, they could

not be considered innocent bystanders.”!

Emerging role of imaging

Computer tomography (CT) and cardiac magnetic reso-
nance (CMR) have become increasingly important in diag-
nostic pathways and have also been explored in the

postmortem setting.”>**> Of interest, Puranik et al reported
that CMR was able to accurately diagnose ARVC, HCM,
myocardial infarction/CAD, ruptured aortic aneurysm, pul-
monary embolus and myocarditis as the cause of death in
12 out of 12 subjects who went on to have confirmatory
autopsy.>> There were particular limitations noted such as
the potential to overdiagnose conditions such as HCM due
to myocardial edema or death during systole which artifi-
cially increase the ventricular septal thickness or ARVC
whereby right ventricular dilatation is used as a diagnostic
criteria, but the systolic dysfunction and regional dyskinesis
diagnostic components are not met. Of relevance, a recent
study utilizing CMR in the diagnostic work up of out of
hospital cardiac arrest patients showed that CMR performed
within 7 days of presentation identified a diagnosis in all 44
patients, but more importantly was able to reclassify 11 out
of the 26 cases without obstructive coronary disease after
with
echocardiography.”* The study reported that during a

initial assessment coronary angiography and
mean of 36 months of follow-up, all those with myocardial
edema on CMR had an uncomplicated course, whilst 35%
of those without myocardial edema experienced either death
or appropriate defibrillation.”* CMR may also be useful as a
second tier screening tool in surviving relatives of the pro-
band if there is any clinical suspicion for cardiomyopathies
such as ARVC or HCM.* In addition to cardiomyopathies,
mitral valve prolapse (MVP) and mitral annular disjunction
(MAD), which can be diagnosed on CMR, have been
shown to be associated with increased rates of ventricular

arrhythmia and SCD.?*?’

Etiology of sudden arrhythmic death

syndrome
When postmortem autopsy is negative, the term SADS is
used to describe the cause of death. This is under the
assumption that in the absence of structural cardiac disease
the primary disorder leading to death is arrhythmic. Whilst
malignant arrhythmias and sudden death occur in condi-
tions such as Wolff Parkinson White***°

angina®® and also yield negative autopsies, they have no

and vasospastic

impact on surviving family members in contrast to the
inheritable primary arrhythmic conditions described in
this review.

The conditions that contribute to the majority of these
diagnoses are long QT syndrome (LQTS), Brugada syn-
drome (BrS) and catecholaminergic polymorphic ventricu-
lar tachycardia (CPVT), with other diagnoses such as early
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repolarization syndrome (ERS) being significantly less
common.>'*? Studies seeking to uncover the cause of
SADS have consistently shown that around one-third of
cases of SADS can be attributed to these primary ion
channelopathy arrhythmic syndromes which are subse-
quently diagnosed in close relatives.”*'*3* Further clin-
ical evaluation of surviving family members may also
uncover cardiomyopathic diagnoses which may have
been undetected in the proband.

A diagnosis is usually made through a thorough inves-
tigation of the proband’s surviving family members, start-
ing with a clinical evaluation. Behr et al conducted one of
the first studies to employ this strategy, utilizing specific
history taking, cardiovascular physical examination, 12
lead electrocardiogram (ECG), echocardiogram and holter
monitoring.> More frequent use of exercise stress tests,

testing has
32,35,36

signal-averaged ECG and provocation
improved the diagnostic yield of clinical evaluation.
Some early studies report up to 50% diagnostic yield
through the clinical evaluation of surviving family mem-
bers alone.”*’”® Contemporary studies report a lower

yield from clinical evaluation alone®®>’

and may be
attributed to an increase in reporting and referral patterns
of cases of SCD for further investigation, creating a more
heterogeneous population compared to earlier studies. In
addition to this, molecular genetic testing of targeted genes
linked to clinical phenotype has been used to increase the
overall diagnostic yield.*2%23337333%40 An important con-
cept termed signal-to-noise ratio refers to the positive
predictive value of a genetic variant derived from dividing
the prevalence of the variant in confirmed cases by its
prevalence in a control population.*! The positive predic-
tive value is considered high when the signal-to-noise ratio
is >10:1.*' The approach of clinical evaluation of surviv-
ing family members followed by targeted genetic testing is
currently supported by both FEuropean Society of
Cardiology and American Heart Association/American
College of Cardiology/Heart Rhythm Society (HRS)
guidelines in the evaluation of first degree relatives of

probands of sudden arrhythmic death.***?

Long QT syndrome

Congenital LQTS has a reported prevalence of around 1 in
2000 persons.** When screening tests such as resting or
continuous ECGs are negative, further testing can be per-
formed in the form of exercise stress ECGs or adrenaline
(epinephrine) challenge as this may unmask subclinical
QT prolongation.**** Subtypes 1-3 are the most prevalent

and defined by the mutated risk-gene: genes which encode
potassium channels (KCNQI1 in LQT1; KCNH2 in LQT2)
and cardiac sodium channel (SCN5A in LQT3).*
However, there are hundreds of mutations that have been
identified in 14 different genes which encode components
of cardiac ion channels.’> Approximately 85% of those
with genotypically confirmed LQTS have an inherited
genetic variant, with the remaining minority being de
novo mutations.** The major LQTS genes have a high
yield of 75% with a favorable “signal-to-noise” ratio of
19:1.3**" This has resulted in the HRS guideline recom-
mending that those with a confirmed pathogenic mutation
are diagnosed with LQTS regardless of phenotypical QT
duration.

Brugada syndrome

A recent meta-analysis reported a worldwide prevalence of
BrS of around 0.5 per 1000 persons.*> The highest pre-
valence was seen in Southeast Asia with a Type 1 Brugada
pattern on ECG in up to 1.8 in 1000 persons, and being 9
times more common in Asians than Caucasians.*> The
diagnostic criteria for BrS has been revised several times
since its original description and was most recently revis-
ited in the 2015 J-wave syndromes expert consensus con-
ference report. The consensus agrees that the diagnosis of
BrS is made if a Type 1 pattern is found in more than one
of the right precordial leads either spontaneously or if
induced by pharmacological provocation, must also be in
the presence of one of the following: documented VF or
polymorphic VT, syncope of probable arrhythmic cause, a
family history of SCD at <45 years old with negative
autopsy, coved-type ECGs in family members or nocturnal
agonal respiration.*® The sensitivity of the ECG diagnosis
of Type 1 Brugada pattern can be increased by further
steps such as shifting the right precordial leads to higher
intercostal spaces (typically 2nd or 3rd) and by procaina-
mide/flecainide/ajmaline challenge.*******7 Other factors
such as drugs or medications, fever and diurnal variation
also increase the prevalence of the Type 1 pattern.*>*
SCNS5A is the most commonly affected gene in BrS but
is only affected in around 20% of clinically diagnosed BrS
cases.*” Unlike in LQTS, genetic testing for the diagnosis
of BrS has added little due to variable expressivity,
reduced genetic penetrance, oligogenic inheritance, a
yield of 20% and a less favorable signal-to-noise ratio of
10:1.3%4
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Catecholaminergic polymorphic

ventricular tachycardia

The prevalence of CPVT is estimated at 1:10,000
persons*® and with pathogenesis attributed to mishand-
ling of intracellular calcium due to mutations in the
RYR2 (autosomal dominant inheritance) and CASQ?2
(autosomal recessive inheritance) genes causing unregu-
lated release during diastole.>® The diagnosis is made in
the presence of bidirectional or polymorphic ventricular
tachycardia on ECG, the diagnostic yield of which can
be increased with the use of exercise testing or adrena-
line (epinephrine) drug challenge.’**®* However, like
LQTS, guidelines support the diagnosis of CPVT if a
pathogenic mutation is identified in the RYR2 or
CASQ2 genes regardless of phenotype due to its high
yield of 60% and favorable genetic signal-to-noise ratio
of 20:1.*1%

Strategies to improve the sensitivity of

clinical evaluation

In the evaluation of surviving family members with nor-
mal investigations on initial screening, provocation testing
with drugs such as sodium blockers for the diagnosis of
BrS and adrenaline (epinephrine) for LQTS and CPVT
increases the diagnostic yield.**** The use of ajmaline
has been shown to be more sensitive than flecainide and
procainamide in provoking a Type 1 pattern on drug
challenge.**® Papadakis et al demonstrated the clinical
utility of high right parasternal leads (HRPL) during the
assessment of 911 relatives of probands of SADS and
ajmaline challenge in 670 relatives who were without a
diagnosis after initial investigations.’® During initial eva-
luation, only 4 (0.4%) of relatives had a spontaneous Type
1 pattern (2 of which were only detected using HRPL).*®
Ajmaline testing was required to unmask 97% of the blood
relatives eventually diagnosed with BrS.>® The use of
HRPLs during ajmaline challenge increased the diagnostic
yield by a further 16% (an additional 49 families
recognized).>® The use of drug provocation testing is con-
troversial given the high rate (27%) of positive tests in
patients with the benign arrhythmia atrioventricular nodal
reentrant tachycardia (AVNRT), raising concerns regard-
ing overdiagnosis.’' This data contrasts with limited data
on diagnostic yield of ajmaline provocation pertaining to a
control population, where the “false positive” rate for
ajmaline provocation is 5%.°%°' Adrenaline infusions
have been used as a surrogate for exercise stress testing

in the diagnosis of CPVT with disappointing results, add-
ing little to the diagnostic yield of exercise stress testing.>>
Similarly, early studies using adrenaline testing to diag-
nose and genotype LQTS were promising;’>>* however,
exercise stress testing is preferred and is included in the

clinical diagnostic Schwartz score.”>->°

Genetic testing strategies
Clinical evaluation and targeted genetic

testing

Clinical evaluation of the proband’s surviving family mem-
bers can give clues to the genotypes of interest based on
phenotypic diagnoses. Known pathogenic genetic variants
can then be tested for in other family members for risk
stratification and can also be tested in the proband should
genetic material be available. Many studies have taken this
approach with varying rate of diagnosis due to differences
in population, availability of autopsy and expertise, and the
rigorousness of the clinical evaluation protocol.*® The mean
diagnostic yield from these studies is around 30% from
clinical evaluation alone.***7°%73 Of the studies
which utilized genetic testing, 23-47% of those with a
clinical phenotype went on to also have a molecular
diagnosis.**>"**>® This diagnostic yield does not seem to
have changed in recent years, as shown by Raju et al in
2019 whilst comparing SADS and SUD with uncertain
histopathological findings, reporting a clinical diagnostic
yield 25% and genetic yield in those with a clinical pheno-
type of 40%.%' The pooled results from several studies
utilizing clinical familial evaluation followed by targeted
phenotype driven genetic evaluation of probands and their
families are shown in Figure 2%%3%373957:6061 4 the
overall diagnostic yield appears to be 20—30%.

The molecular autopsy

Molecular autopsy panels are a combination of predeter-
mined genes, with associations to cardiac conditions, that
are considered pathogenic or highly probable to be patho-
genic. The term molecular autopsy is used when this panel
of genes are analyzed in the retained DNA of a proband
with no known pre-existing phenotype and a normal post-
mortem examination (ie, SADS). Identified variants are
adjudicated to be pathogenic, likely pathogenic or variants
of uncertain significance (VUS) based on their minor allele
frequency (MAF).”>*%° Early studies utilizing this techni-
que focused on specific LQTS (KCNQI, KCNH2,
SCNS5A) and CPVT (RYR2) genes with diagnostic yields
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Figure 2 Diagnostic yield of genetic cardiovascular conditions from clinical evaluation with targeted genetic analysis series following sudden unexplained death and/or SADS

of a proband. Data from references 2, 9, 34, 37-39, 57, 60 and 61.

of up to 30% in specific referred cases. The yield for
LQTS and CPVT has been around 15% and 10%,

. 2
respectively,”**¢

in these studies. Subsequent studies
applying more stringent diagnostic criteria for gene var-
iants found even lower yield (13% for LQTS and 11% for
CPVT).** A large prospective study by Bagnall et al
included 490 SCD cases and applied the 4 commonly
utilized aforementioned genes applied as a molecular
autopsy panel. A clinically relevant gene mutation in the
molecular autopsy panel was found in only 9% of the 113
cases where DNA was available and family consent was
obtained.” The authors postulated that previous retrospec-
tive studies were subject to ascertainment and referral bias,
whilst their study took a population approach resulting in a
comparatively lower diagnostic yield.” Beyond the techni-
ques utilized in previous studies, a panel of 55 genes
linked to arrhythmia and cardiomyopathies was analyzed
using “next-generation sequencing” in an attempt to iden-
tify further potential etiologies of the unexplained sudden
death cases.” The overall yield was 27% when including
these pathogenic and probably pathogenic variants.” One
criticism of this approach is that the commonly used MAF
threshold of 1:1000 may be too lenient and lead to mis-
classification of non-pathogenic variants as being clini-
cally significant and consequently inaccurate labeling of
cause of death followed by inappropriate clinical and
genetic evaluation of family members. The fluid definition
of pathogenicity due to expanding understanding of var-
iants has been a common problem such as for investigators
in New Zealand who reviewed molecular autopsies per-
formed on 365 sudden unexplained death in the young
(SUDY) cases between 2006 and 2013 for variants in
LQTS genes.*> Whilst 27 cases of gene variants were
identified over an 8-year period, with the change in under-
standing of pathogenicity over time, only 13 of these
remained as likely pathogenic with the rest being down-
graded to VUS or polymorphisms by the Cardiac Inherited

Disease Group.®> The authors highlight the challenge of
studying this population in the absence of whole exome
and the difficulty of defining

control populations

pathogenicity.63

In 2015, the American College of Medical Genetics
(ACMG) published guidelines to tackle the challenge of a
rapidly growing number of wvariants being detected
through application of high-throughput next-generation
sequencing.®* They sought to standardize the terminology
used to describe a variant’s pathogenicity and provide
guidance on how to assign variants into “pathogenic”,
“likely
benign” and “benign” categories. Since then, many pre-

“likely pathogenic”, “uncertain significance”,
viously describe variants thought to be attributable to dis-
ease have had their pathogenicity downgraded to
“uncertain significance” or less. Following the publication
of these guidelines, Lahrouchi et al applied a panel of 77
cardiac arrhythmia and cardiomyopathy genes to 302
expertly evaluated SADS cases and despite the large num-
ber of genes analyzed, only found a pathogenic or likely
pathogenic gene variant in only 13% of the cases.** The
authors used a strict MAF of 1:10,000 and classified the
variant pathogenicity using the ACMG guidelines to
These
were the proposed reasons for why, despite using an

achieve a more robust variant classification.®®

even larger panel of genes than Bagnall et al,” their overall
diagnostic yield was significantly lower.*® This study also
highlights the challenge of finding a large number of VUS
associated with cardiomyopathies with a prevalence of
97% and a “VUS to pathogenic/probably pathogenic”
ratio of 28:1.%°

Current practice
The American Heart Association published a statement in
2019 supporting the establishment of specialized cardio-
vascular genetics clinics for the investigation, diagnosis
inheritable diseases

and management of including
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channelopathies.®> Such specialized clinics provide a set-
ting for targeted history taking, physical examination,
interpretation of available imaging results and perfor-
mance of further specialized imaging, arrhythmia monitor-
ing and functional testing. The combined expertise of
clinical cardiologists, pathologists and geneticists with in-
depth understanding of these inherited diseases is crucial
for having informed discussions with patients and families
regarding the implications of existing and potential further
investigations such as genetic testing.®®

The current guideline-driven strategy is to perform
focused genetic analysis based on the clinical phenotype
identified in the surviving family members.*** Specific
genes associated with the phenotype, as discussed pre-
viously, are analyzed in the affected family members
and/or the proband. If a pathogenic variant is identified
from the genetic material of the proband, which needs to
be harvested at the time of postmortem examination, this
can be useful in efficiently risk-stratifying family members
who may have subclinical phenotype through use of cas-
cade testing.**** Current guidelines give moderate level
recommendations to applying molecular autopsy techni-
ques with the main benefit, should a clinically attributable
variant be identified, being cascade testing of family mem-
bers to identify those at risk.**** It is currently not recom-
mended to perform large panel genetic testing on family
members without abnormalities on clinical evaluation.**

The implications of genetic testing and their results
must be adequately discussed with families both before
and after genetic tests are performed. The specialized
cardiovascular genetic clinic environment allows genetic
counselors to do this with the support of other medical,
nursing and psychology staff.®>

Conclusion

Through growing awareness of SADS as an important
diagnostic entity, there have been improvements in the
data collection and referral pattern for postmortem inves-
tigations of SCD probands. Diagnostic protocols defined in
international guidelines help clinicians to methodically
investigate for the underlying diagnoses using histological,
clinical and genetic analysis of SCD cases and relatives.
Future developments and refinement of imaging and mole-
cular analytical diagnostic criteria will hopefully further
improve the overall diagnostic yield of inheritable cardiac
disorders that underlie these deaths. This will aid in risk

modification and prevention of SCD in surviving family

members of the probands, who may harbor subclinical
forms of the same cardiogenetic condition.
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