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Aims Unexplained sudden cardiac death (SCD) may be attributable to cardiogenetic disease. Presence or absence of aut-
opsy anomalies detected following premature sudden death direct appropriate clinical evaluation of at-risk relatives
towards inherited cardiomyopathies or primary arrhythmia syndromes, respectively. We investigated the relevance
of non-diagnostic pathological abnormalities of indeterminate causality (uncertain) such as myocardial hypertrophy,
fibrosis, or inflammatory infiltrates to SCD.

...................................................................................................................................................................................................
Methods
and results

At-risk relatives of unexplained SCD cases aged 1–64 years without prior cardiac disease (n = 98) with either nor-
mal and negative (40%, true sudden arrhythmic death syndrome; SADS) or isolated non-diagnostic (60%, uncertain
sudden unexplained death; SUD) cardiac histological autopsy findings at a central forensic pathology unit were
referred to the regional unexplained SCD clinic for clinical cardiac phenotyping. Uncertain SUD were older than
true SADS cases (31.8 years vs. 21.1 years, P < 0.001). A cardiogenetic diagnosis was established in 24 families
(24.5%) following investigation of 346 referred relatives. The proportions of uncertain SUD and true SADS
explained by familial cardiogenetic diagnoses were similar (20% vs. 31%, P = 0.34, respectively), with primary ar-
rhythmia syndromes predominating. Unexplained SCD cases were more likely than matched non-cardiac prema-
ture death controls to demonstrate at least one uncertain autopsy finding (P < 0.001).

...................................................................................................................................................................................................
Conclusion Primary arrhythmia syndromes predominate as familial cardiogenetic diagnoses amongst both uncertain SUD and

true SADS cases. Non-diagnostic or uncertain histological findings associate with SUD, though cannot be attributed
a causative status. At-risk relatives of uncertain SUD cases should be evaluated for phenotypic evidence of both
ion channel disorders and cardiomyopathies.
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Introduction

A proportion of sudden cardiac deaths (SCDs) are unexpected and
unexplained; they may remain unexplained despite comprehensive

autopsy.1–4 Unexplained SCD make up the majority of SCD in those
aged under 35 years.5 Unexplained SCD cases aged between 1 and
64 years with negative autopsy, negative toxicological analysis, and no
prior known cardiac history are classified as sudden arrhythmic death
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syndrome (SADS).3 Around one-third of SADS cases are related to
inherited primary arrhythmia syndromes such as long QT syndrome
(LQT) or Brugada syndrome (BrS) that may be diagnosed by evaluat-
ing surviving blood relatives, who remain at risk, and by direct muta-
tion analysis, although variable diagnostic yields have been
reported.2,4,5 Genetic cardiomyopathies, such as hypertrophic or
arrhythmogenic cardiomyopathies, have a specific phenotype and
may also be first identified, following premature SCD, by autopsy.2

Where genetic disease is suspected as the primary cause for SCD,
evaluation of at-risk relatives is recommended to identify additional
family members who may be at risk.3,6

Detailed cardiac pathological and histological post-mortem exam-
ination may identify abnormalities of gross cardiac or myocardial
structure, which are insufficient to meet diagnostic criteria for known
phenotypes or pathologies. These may be insufficient to accord as
causative for SCD, but beyond what a pathologist would accept as
the spectrum of normal.7 These cases often remain certified as ‘un-
ascertained’ cause of death. These minor, but non-diagnostic post-
mortem findings have unknown clinical significance and no accepted
classification nomenclature. For the purpose of this article, these
have been referred to as uncertain, as pertains to the cause of death.
The histological or structural changes described are not uncertain per
se. Examples of such ‘uncertain’ pathological abnormalities found in
the absence of associated features of cardiomyopathy, myocarditis,
and/or myocardial infarction include: (i) left ventricular hypertrophy;
(ii) myocardial inflammatory infiltrates; (iii) non-critical coronary ar-
tery disease; (iv) idiopathic ventricular myocardial fibrosis; and (v)
cardiomegaly. The isolated appearance of any of these features at aut-
opsy creates diagnostic grey zones.7,8

Existing hypotheses suggest that these uncertain findings may rep-
resent either an innocent bystander of no significance or a risk factor
for SCD.7 It is plausible that they are: an unrecognized primary cause
of SCD; an arrhythmic trigger that co-exists with an (undiagnosed)
primary arrhythmia syndrome; a subtle morphological expression of
cardiac ion channel disease; or an early or mild expression of a car-
diomyopathy. However, little evidence to support or refute these
theories exist. Currently, the true aetiological impact of cardiac aut-
opsy findings of uncertain significance to the death remains to be elu-
cidated. We aimed to study this aspect of SCD by comparing
demographic and histopathological characteristics of uncertain car-
diac autopsy findings amongst unexplained SCD cases and matched
non-cardiac premature deaths.

Methods

Setting
Unexpected deaths in the state of Victoria (Australia) are referred to the
Victorian Coroner under the Coroners Act (2010). The coroner directs
a pathologist from the Victoria Institute of Forensic Medicine (VIFM) to
perform an autopsy evaluation. Post-mortem reports are released only
after verification of findings by a second pathologist in cases with an un-
ascertained cause of death. The Royal Melbourne Hospital (RMH) has
provided a dedicated unexplained SCD familial cardiological and genetic
evaluation clinical service since 2007. Thus, local surviving first degree at-
risk relatives of unexplained SCD cases in Victoria have been referred dir-
ectly by VIFM pathologists to the RMH specialist service since 2007.4,9 In
keeping with a referral pattern that has largely excluded premature

sudden death cases with ante-mortem diagnoses of schizophrenia or
Type I diabetes mellitus, these were not included in the study sample, to
avoid potential introduction of bias.

Cohorts
A total of 110 unexplained SCD cases aged 1–64 years who underwent
VIFM autopsy between May 2007 and August 2016 resulting in referral to
RMH and acceptance for familial cardiogenetic evaluation were identified.
Figure 1 summarizes the study cohort and investigations undertaken.
Cases referred following proband autopsy elsewhere were excluded.
Twelve cases were excluded due to diagnosis of sudden unexplained
death in epilepsy (SUDEP) based on ante-mortem clinical diagnosis of epi-
lepsy supported by response to antiepileptics, imaging, or electroenceph-
alogram. Thus, 98 unexplained SCD cases were included in this study. All
unexplained SCD cases fulfilled definition for SADS1,3 having witnessed
sudden death or been seen well within 24 h of death with no ante-mor-
tem cardiac diagnosis, negative non-cardiac autopsy, and negative toxico-
logical analysis. These were then divided into two subgroups: the
uncertain sudden unexplained death (SUD) group (n = 59, with uncertain
histopathological findings) and the true SADS group (n = 39, with com-
pletely normal cardiac post-mortem examinations).

The control cohort was matched from non-cardiac premature deaths
(road traffic accidents and witnessed drownings) from autopsies per-
formed at the VIFM. Matching by risk-set sampling was performed by: age
at time of death; gender; family-reported ethnicity; year of autopsy; and
body mass index (BMI). In accordance with exclusion of cases, controls
with ante-mortem diagnoses of schizophrenia, epilepsy or Type I diabetes
mellitus were excluded.

Post-mortem evaluation
All unexplained SCD and controls underwent post-mortem evaluation as
specified by VIFM Standard Operating Procedure Standards for
Medicolegal Death Investigation.8,10,11 The autopsies were therefore per-
formed in a standard manner and included: external examination includ-
ing height and weight; examination of major organs including weight;
distribution and stenoses in major arteries. The cardiac autopsies on all
cases and controls specifically included measurements of heart weight,
valve circumference and ventricular wall thicknesses in addition to de-
scription of pericardium, myocardium, cardiac chambers, cardiac valves;
distribution, course and severity of stenoses in coronary arteries were
additionally assessed. Multiple sections from myocardium, lung, kidney,
liver, and brain were stained with haematoxylin and eosin for histological
examination. Myocardial sections were taken and examined from mul-
tiple sections in the left ventricle (mid-ventricular anterior, lateral, poster-
ior, and septum), from inflow and outflow tracts and lateral wall of the
right ventricle and from each major epicardial coronary artery.
Unexplained SCD cases underwent histological assessment of AV nodal
(conducting system) tissue, which was not routinely undertaken in con-
trols. Twenty (20%) unexplained SCD cases were randomly selected for
additional review by a cardiovascular pathologist (S.P.) to assess interob-
server agreement in a blinded fashion. Routine toxicology included ana-
lysis of blood and urine for therapeutic and illicit substances.

Uncertain histopathological findings
Presence of uncertain findings at cardiac autopsy was determined as per
Supplementary material online, Table S1 , in line with international con-
sensus.8 Specifically, the following findings were considered uncertain:
minor mitral valve or chordal abnormalities; aortic coarctation without fi-
brosis, hypertrophy or dissection; moderate coronary disease without in-
farction; intramyocardial coronary arteries; fibromuscular dysplasia of AV
nodal or coronary arteries; right ventricular invasive fat and/or minor
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fibrosis12; dilated left ventricle; cardiomegaly (by heart weight13); isolated
myocyte disarray, hypertrophy, or fibrosis; and minor myocardial inflam-
matory infiltrates.8

Diagnosis of genetic disease
Clinical cardiological evaluation

All referred first degree at-risk relatives of unexplained SCD cases were
clinically evaluated (including family history and pedigree) by electrocar-
diogram (ECG), echocardiography and exercise tolerance test. Following
initial negative evaluation and where clinical suspicion of primary arrhyth-
mia syndrome and/or cardiomyopathy existed, additional investigations
included: flecainide (2007–2014) or ajmaline (2014–2016) provocation
testing including ‘high right precordial lead’ ECG recording14; epinephrine
provocation testing (Mayo Clinic protocol15); signal-averaged ECG; am-
bulatory Holter ECG; and further structural imaging or coronary angiog-
raphy.4 Investigations were retrospectively and independently reviewed
by two investigators (J.V. and H.R.) to establish possible or probable diag-
nosis of genetic cardiac disease in family members based on current pub-
lished diagnostic criteria.3,6,12,16

Genetic testing

Mutation analysis of common risk genes was offered following any prob-
able or definite clinical cardiological diagnosis of inherited disease made in
an at-risk relative, with appropriate counselling. This was undertaken on
retained post-mortem DNA from the SUD proband, where available, or
else on phenotypically affected surviving at-risk relatives’ DNA.

Methodology changed during the study period from selected risk-genes
with conventional PCR and Sanger sequencing to cardiac risk panel by
next generation sequencing, including exome sequencing.

Research ethics
The study was approved by RMH and VIFM Research Ethics Committees
(QA2016109 and RAC020/16, respectively).

Statistical analysis
Data analysis was undertaken using R version 3.3.2 (R Development
Core Team). Data are expressed as mean ± standard deviation.
Population means and proportions were compared with t-test and
Fisher’s exact test, respectively.

Results

Demographics
A total of 98 unexplained SCD cases (60% male; 79% Caucasian; age
27.5 ± 15.5 years) were included. At least one uncertain autopsy find-
ing was identified in 59 (60%) cases (uncertain SUD cases), with 39
cases (true SADS cases) having entirely normal cardiac autopsies.
Interobserver agreement on autopsy classification was 100% in the
20 randomly selected SUD cases. Uncertain SUD cases were signifi-
cantly older (31.8 years vs. 21.1 years, P < 0.001) than true SADS,

Figure 1 Flowchart illustrating numbers of cases evaluated at each stage of study. SADS, sudden arrhythmic death syndrome; SCD, sudden cardiac
death; SUD, sudden unexplained death; SUDEP, sudden unexplained death in epilepsy; RMH, Royal Melbourne Hospital; VIFM, Victorian Institute of
Forensic Medicine. Key: *Includes five cases without coronial permission to refer.
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..with no difference in gender proportions (61% vs. 59% male, P = 1.0).
Age distribution of uncertain SUD cases by gender is illustrated in
Supplementary material online, Figure S1. The age distribution of male
cases was skewed to the right, with the modal age between 20 and
30 years. In contrast, the female distribution was bimodal, with peak
frequencies at teenage years and between 40 and 60 years of age.

Clinical characteristics
No significant differences between uncertain SUD and true SADS
cases were seen in proportions of cases who were obese (29% vs.
15%, P = 0.15, respectively), or had therapeutic levels of antidepres-
sants detected on toxicology (10% vs. 10%, P = 1.0, respectively).
Additionally, when comparing uncertain SUD with true SADS cases,
there was no statistically significant difference in proportions who
died during sleep (36% vs. 56%, P = 0.06, respectively) or during pre-
sumed parasympathetic predominance, i.e. combination of deaths
during rest or sleep (83% vs. 90%, P = 0.40, respectively).

Prevalence of uncertain cardiac autopsy
findings
The uncertain cardiac autopsy findings identified in unexplained SCD
cases (n = 98) and controls (n = 28) are illustrated in Figure 2. The
most prevalent uncertain findings identified amongst unexplained
SCD cases were: hypertrophy of the left ventricle (n = 14); cardio-
megaly (n = 13) (based on a heart weight >95% confidence limit for
age, gender, and body size in large population study13); inflammation
(n = 13); and left ventricular fibrosis (n = 12). Left ventricular fibrosis
(n = 6), inflammation (n = 4), and minor coronary artery disease
(n = 6) were most common in controls, although their prevalences
were all numerically lower than those seen in matched unexplained
SCD cases. Unexplained SCD cases were seen to be significantly
more likely than controls to demonstrate at least one uncertain aut-
opsy finding (P < 0.001, Figure 3).

Evaluation of at-risk relatives
Clinical evaluation

A total of 346 at-risk relatives (mean 3.5± 1.7 per unexplained SCD
proband) were evaluated cardiologically resulting in a probable or
definite diagnosis in 35 (10.1%) surviving relatives. This represents a
potential cardiogenetic diagnosis for the aetiology of unexplained
SCD in 24 probands (24.5%); the majority of the studied SCD cases
thus remained unexplained following cardiac evaluation of at-risk rel-
atives. There was no difference in number of relatives evaluated per
proband between uncertain SUD and true SADS cases (3.6 vs. 3.5,
P = 0.85, respectively).

Figure 2 Uncertain autopsy findings identified following unexplained sudden cardiac death and associated cardiogenetic clinical phenotypes identi-
fied in blood relatives. BrS, Brugada syndrome; DCM, dilated cardiomyopathy; FMD, fibromuscular dysplasia of coronary/AV nodal arteries; LV, left
ventricular; LQT, long QT syndrome; SUD, sudden unexplained death; RV, right ventricular.

Figure 3 Histogram of number of uncertain cardiac autopsy find-
ings per case identified in unexplained sudden cardiac death (SCD,
blue) probands and non-cardiac premature deaths (control, green).
Significantly more unexplained SCD cases with >_1 uncertain finding
(P < 0.001).
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Clinical diagnoses made

Twelve unexplained SCD probands with a familial cardiac diagnosis
had uncertain autopsy findings (i.e. were uncertain SUD cases).
Amongst uncertain SUD cases with a familial diagnosis, primary ar-
rhythmia syndromes (LQT and BrS) predominated (Figure 4). Three
of these familial diagnoses relied upon drug provocation to unmask
concealed phenotypes in surviving relatives (1 LQT and 2 BrS). Non-
ischaemic dilated cardiomyopathy was retrospectively diagnosed in a
significant minority of uncertain SUD cases who received a diagnosis
following familial evaluation (33%, n = 4/12, Figure 4); in comparison,
cardiomyopathy constituted a non-significantly smaller minority
(P = 0.32) of familial diagnoses amongst true SADS cases (8%, n = 1/
12, Figure 4). Notably, of the four uncertain SUD cases with subse-
quent familial diagnosis of cardiomyopathy, two families had more
than one affected surviving relative. Two uncertain SUD cases were
diagnosed on the basis of a single affected relative, although one of
these families had an extensive maternal family history of premature
sudden death in the context of the uncertain SUD case’s mother
being diagnosed with dilated cardiomyopathy. The uncertain SUD
autopsies in these cases identified at least one of hypertrophy, cardio-
megaly or chamber dilatation, but no fibrosis. No genetic structural
cardiac disease was diagnosed in any relatives.

Clinical yield and management

The yields of familial cardiogenetic diagnoses following uncertain
SUD and true SADS were similar (20% vs. 31%, P = 0.34, Figure 4, re-
spectively). Appropriate management, including risk modification
treatment if applicable, was offered to any at-risk relatives diagnosed
with cardiac disease, in line with contemporaneous clinical guidance.6

Mutation analysis

Mutation analysis was offered to 24 families following unexplained
SCD with phenotypic diagnosis of inherited disease relevant to the

probands’ death. Two families declined consent. Two DNA samples
failed extraction due to inadequate quantity or quality. Thus, 20 un-
explained SCD probands (10 true SADS and 10 uncertain SUD)
underwent mutation analysis. Of these, eight probands were deter-
mined to carry possible or probable disease-associated (pathogenic)
mutations. Genetic yield was thus 40% (n = 8/20): BrS (SCN5A-
c.5698C>T, SCN5A-c.3352C>T); LQT (KCNH2-c.3355G>T, SCN5A-
c.1232G>A, KCNH2-c.233del); dilated cardiomyopathy (ACTC1-
c.527C>T, MYH6-c.3289G>A, SCN5A-c.659C>T). No significant dif-
ference was seen in molecular genetic yield of uncertain SUD (n = 5/
10; LQT2, LQT3, BrS, 2 dilated cardiomyopathy) vs. true SADS
(n = 3/10; LQT2, BrS, dilated cardiomyopathy) cases (P = 0.65).

Correlation between uncertain cardiac
autopsy findings and diagnosis in relatives
Uncertain histological findings identified

There were no definite associations between specific uncertain
pathological abnormalities and familial genetic diseases. Examples of
uncertain histological findings in SUD cases are illustrated in Figure 5.
Figure 5A shows ventricular myocardial hypertrophy and idiopathic fi-
brosis of a SUD proband in the context of a prior family history of
premature SCD. Despite comprehensive evaluation of two surviving
at-risk relatives, no cardiogenetic diagnosis was made. In fact, the ma-
jority (80%, n = 47/59) of uncertain SUD cases remained unexplained
following familial cardiological evaluation.

Histological findings potentially suggestive of

cardiomyopathy

Other borderline diagnostic criteria for cardiomyopathic processes
were also seen in uncertain SUD cases where a cardiogenetic diagno-
sis was made in at-risk relatives. For example, fibro-fatty replacement
of ventricular myocardium insufficient to meet minor histological cri-
teria for the diagnosis of arrhythmogenic right ventricular

Figure 4 Diagnostic yield of cardiogenetic disease following cardiological evaluation of blood relatives of unexplained sudden cardiac death pro-
bands with normal (left; true SADS) and non-diagnostic (right; uncertain SUD) cardiac autopsy findings. No significant difference between propor-
tions identified with cardiogenetic disease (P = 0.34). BrS, Brugada syndrome; DCM, dilated cardiomyopathy; LQT, long QT syndrome; PCCD,
progressive cardiac conduction disease; SADS, sudden arrhythmic death syndrome; SQT, short QT syndrome; SUD, sudden unexplained death.
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Figure 5 Examples of uncertain histological findings identified in sudden unexplained death (SUD) cases (haematoxylin and eosin stained sections):
(A) myocardial hypertrophy and pericellular fibrosis in the septum centrally (�10 magnification), identified in a family with no definite cardiogenetic
disease; (B) fat infiltration and replacement fibrosis in the right ventricle (�2 magnification) insufficient to meet minor criteria for arrhythmogenic car-
diomyopathy diagnosis, identified in a family with Brugada syndrome; (C) moderate left anterior descending coronary artery stenosis (assessed as
60% stenosis in a collapsed artery that was macroscopically patent prior to histological slide creation) due to soft plaque (main image�2 magnifica-
tion) in a 35-year-old, also associated with a distal intramyocardial course (inset image�10 magnification), identified in a family with dilated cardiomy-
opathy; (D) myxoid mitral valve degeneration (main image�2 and inset image�10 magnification), identified in a family with long QT syndrome.

Take home figure Risk factors for unexplained sudden cardiac death: cardiogenetic diseases and uncertain cardiac histological characteristics
are both implicated.
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.
cardiomyopathy (ARVC) was present in a proband where family was
diagnosed with BrS (Figure 5B); this case also demonstrated associ-
ated left ventricular fibrosis. Incidental pathological findings of uncer-
tain significance, apparently unrelated to the underlying familial
cardiac disease were also identified in some cases. For instance, a 35-
year-old man with uncertain SUD autopsy had moderate (estimated
50–70% luminal stenosis) in his mid-left anterior descending artery
caused by soft plaque and a 10 mm intramyocardial course at 5 mm
depth more distally in the same vessel (Figure 5C); dilated cardiomy-
opathy was identified in his mother. Myxoid mitral valve degeneration
was identified in a 51-year-old woman (Figure 5D) at autopsy; a diag-
nosis of LQT was subsequently made following cardiological evalu-
ation of at-risk relatives.

Discussion

We describe consecutive cases of unexplained SCD and the likely
causative cardiogenetic disorders responsible, where at-risk rela-
tives were evaluated at The Royal Melbourne Hospital following
referral from the Victorian Institute of Forensic Medicine. Cardiac
post-mortem findings of uncertain significance have been analysed
in a systematic way with a uniform autopsy and cascade familial
evaluation protocol. This study is strengthened by the availability
of age, gender, and BMI-matched non-cardiac premature death
controls, with all cases and controls undergoing comparable aut-
opsy evaluation at a single institution. To our knowledge, only
one prior uncertain autopsy in unexplained SCD series has been
reported7; Supplementary material online, Table S2 details com-
parative strengths of this study.

Characteristics of uncertain sudden
unexplained death cases
The demographic and clinical characteristics of our uncertain SUD
cases are in keeping with other contemporary premature SCD series,
with: predominance of male cases; death at rest or during
sleep.2,4,17,18

Acquired risk factors for sudden
unexplained death
Uncertain autopsy findings were identified more commonly in
older unexplained SCD cases. This raises the possibility that
sudden death in these cases may be related to an acquired risk,
which is more likely to manifest later in life. However, we have
been unable to demonstrate that uncertain cardiac histopatho-
logical findings associate with other potential contributors to
premature SCD. Specifically, although a numerically greater
proportion of obese SUD cases had uncertain pathology, this
was not statistically significant. The mechanism of increased
SCD and mortality associated with obesity remains postulated
but uncorroborated.19 Less surprisingly, antidepressant use did
not associate with uncertain pathological findings. Some antide-
pressants are known to prolong QT interval or unmask con-
cealed BrS. These phenomena would not be expected to result
in histological findings at autopsy, although may still be an
acquired risk factor for premature SCD in the presence of
underlying cardiogenetic risk.

Proportion of uncertain autopsy sudden
unexplained death cases
Papadakis et al.7 reported 20% (n = 41/204) of SUD cases as ‘uncer-
tain’, while we identified 60% (n = 59/98). All our unexplained SCD
cases and controls underwent specialist macroscopic and microscopic
post-mortem cardiac examination, which contrasts with the prior re-
port which relied predominantly upon autopsy reports, with only a mi-
nority receiving a cardiac autopsy to specialist standards. The
difference in proportion of uncertain SUD cases may be explained by
the more comprehensive cardiac pathological examination and routine
study of histological sections from multiple bilateral ventricular myo-
cardial sites in this series. Moreover, detailed cardiac post-mortem
examination allowed inclusion of cardiomegaly (as defined by heart
weight) as an uncertain finding, independent of cellular hypertrophy
and chamber dilatation. It is also important to entertain the possibility
that some autopsy reports may erroneously diagnose uncertain find-
ings as definite cardiac pathology, obfuscating the true proportion of
uncertain SUD cases in the absence of routine specialist examination.20

Yield of cardiogenetic diagnoses
Papadakis et al.7 demonstrated similar diagnostic cardiological yields
in at-risk relatives following uncertain SUD autopsy findings as seen in
true SADS cases in their UK clinic; ion channel disease predominated
amongst their cardiogenetic diagnoses. This was despite idiopathic
hypertrophy and fibrosis representing approximately half of all uncer-
tain cases studied. Our yield of cardiogenetic diagnoses was lower
than that seen by Papadakis et al.7 for both true SADS and uncertain
SUD cases. Ethnic differences in local populations may further con-
tribute. Additionally, their use of ajmaline provocation in all cases
may explain a higher diagnostic yield of BrS,14,21,22 in comparison to
our initial protocol using flecainide until 2014.

We identified myocardial hypertrophy, inflammatory cell myocardial
infiltration, and ventricular fibrosis as the most prevalent uncertain find-
ings in unexplained SCD cases, followed by non-obstructive coronary
disease and cardiomegaly. Four of these uncertain findings would trad-
itionally be associated with a forme fruste of a cardiomyopathic pro-
cess. Our data supports that from Papadakis et al.7 identifying primary
arrhythmia syndromes as the most commonly identified cardiogenetic
aetiology in these uncertain SUD cases. Therefore, we propose that
uncertain SUD be considered part of the spectrum of SADS with re-
gard to the necessity for comprehensive cardiological evaluation of at-
risk relatives beyond assessment for cardiomyopathies.

Relevance of uncertain autopsy findings
In accordance with the report by Papadakis et al.,7 the majority of un-
certain SUD cases remained unexplained despite comprehensive
non-invasive cardiological evaluation of all surviving first-degree at-
risk relatives. Although overlap syndromes are recognised and can
cause diagnostic dilemmas, no clear pattern of potential for errone-
ous diagnoses was seen.

Brugada syndrome

Fibro-fatty replacement of ventricular myocardium insufficient to
meet minor histological criteria for the diagnosis of ARVC was seen
in a proband where family was diagnosed with BrS (Figure 5B).
Notably, this case also had left ventricular fibrosis present. An
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.
association between both post-mortem and in vivo myocardial fibrosis
and familial or personal diagnosis of BrS, respectively have been pre-
viously reported.23 A unifying pathophysiological mechanism for the
phenotypic overlap between sodium channelopathy and desmo-
somal disease has been postulated.24 Specifically, research supports
an interaction between these molecular structures at the intercalated
disc, with cellular experiments demonstrating desmosomal protein-
related sodium channel dysfunction.24 Although controversial, it is
therefore plausible that ARVC and BrS are disorders of the same dis-
ease spectrum. Thus, the apparent pathological finding of uncertain
significance in this unexplained SCD case may be a diagnostic feature
of the familial condition detected.

Idiopathic left ventricular fibrosis

One of the most prevalent uncertain autopsy findings identified in un-
explained SCD was myocardial fibrosis (12%). This replicates prior
European autopsy series in premature SCD, with up to 25% preva-
lence of fibrosis seen in adrenergic or sporting deaths.25,26 The
underlying aetiology for fibrosis may be healed myocarditis or mild
cardiomyopathy, although the possibility of contribution from repeti-
tive insult from strenuous exercise in lifelong athletes has also been
postulated.25,27 Recently, particular attention has been placed on the
association with right ventricular pathology in individuals demonstrat-
ing left ventricular fibrosis and the overlap with arrhythmogenic
cardiomyopathy.26

Dilated cardiomyopathy

Approximately 25% of non-ischaemic cardiomyopathy is genetic in
aetiology.28 In the context of a first-degree family history of unex-
plained SCD, this is generally considered likely to be the cause of the
death. Two of the four uncertain SUD cases diagnosed with dilated
cardiomyopathy following familial cardiac evaluation in this study
were on the basis of more than one affected relative, which is strong-
ly supportive of a genetic aetiology. The significant minority of diagno-
ses of cardiomyopathy amongst uncertain SUD cases may also be
explained by the difficulty in securing a diagnosis on the basis of aut-
opsy alone. The hallmarks of dilated cardiomyopathy are chamber
dilatation and/or cardiomegaly; in the absence of fibrosis or ante-
mortem diagnosis, unambiguously ascribing this as diagnostic of car-
diomyopathy is unviable and would result in frequent overdiagnosis.
Therefore, this genetic diagnosis may reasonably be over-
represented amongst uncertain SUD cases, particularly those with
evidence of chamber dilatation and/or cardiomegaly without fibrosis,
consistent with our data.

Impact on diagnosis

The detection of other uncertain findings at autopsy that may lead to
a presumptive but erroneous cause for sudden death warrants atten-
tion. For example, the appearance of moderate plaque disease and
intramyocardial course of the left anterior descending artery
prompted the initial clinical impression of possible coronary spasm;
the SUD proband’s mother was subsequently diagnosed with dilated
cardiomyopathy. Moreover, detailed history revealed an extensive
third-degree family history of premature sudden death amongst male
members of his maternal at-risk relatives which had not previously
been investigated.

Role in sudden death aetiology

Our clinical cardiogenetic yield was similar between uncertain SUD
and true SADS cases. However, there was also a statistically signifi-
cant excess of uncertain findings amongst unexplained SCD cases in
comparison with non-cardiac death controls. Therefore, it is incon-
gruent to view these uncertain findings as innocent bystanders in the
apparently unexplained SCD; uncertain findings associate with pre-
disposition to sudden death. Additionally, where a familial diagnosis
was made, many of the uncertain autopsy findings appeared not to re-
late to the pathophysiology of the underlying cardiogenetic disorder.
In these cases, it appears that the uncertain finding may contribute to,
but not primarily cause, the SCD. Therefore, whether this represents
a combination of underlying genetic predisposition with contributory
acquired risk of ‘uncertain’ findings remains to be fully determined.
Nonetheless, the combination of these findings seen in our study pro-
vides compelling evidence to support this premise.

Limitations
We were unable to associate non-histopathological findings, such as
obesity, with SCD risk due to the use of BMI-matching for controls.
Moreover, the use of alcohol and antidepressants in our control
cases may not be representative of the underlying population, pre-
cluding analysis of these as risk factors for SCD outside cases with un-
certain histological findings. Molecular autopsy was only undertaken
following establishment of a familial cardiogenetic phenotype and
next-generation sequencing was not employed routinely.

Conclusions

Isolated uncertain histological findings identified at specialist cardiac
autopsy associate with unexplained SCD and should therefore be
considered potentially relevant to the death. Comprehensive non-
invasive cardiac evaluation of at-risk relatives following uncertain
SUD identifies similar yield of cardiogenetic disease to true SADS
cases, with primary arrhythmia syndromes predominating over myo-
cardial diseases. We propose that at-risk relatives should be referred
for cardiac evaluation focusing on phenotypic assessment for both
ion channel disorders and cardiomyopathies following identification
of uncertain cardiac findings at post-mortem examination after pre-
mature sudden death. The exact mechanism(s) whereby these uncer-
tain post-mortem findings result in or contribute to death remains
unclear, though mechanistically suggestive of substrate more at risk
for a ventricular arrhythmic event.

Supplementary material

Supplementary material is available at European Heart Journal online.
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