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Aims

Methods
and results

At least 4% of sudden deaths are unexplained at autopsy [sudden arrhythmic death syndrome (SADS)] and a quarter
may be due to inherited cardiac disease. We hypothesized that comprehensive clinical investigation of SADS families
would identify more susceptible individuals and causes of death.

Fifty seven consecutively referred families with SADS death underwent evaluation including resting 12 lead, 24 h and
exercise ECG and 2D echocardiography. Other investigations included signal averaged ECG, ajmaline testing, cardiac
magnetic resonance imaging, and mutation analysis. First-degree relatives [184/262 (70%)] underwent evaluation, 13
(7%) reporting unexplained syncope. Seventeen (30%) families had a history of additional unexplained premature
sudden death(s). Thirty families (53%) were diagnosed with inheritable heart disease: 13 definite long QT syndrome
(LQTS), three possible/probable LQTS, five Brugada syndrome, five arrhythmogenic right ventricular cardiomyopathy
(ARVC), and four other cardiomyopathies. One SCN5A and four KCNH2 mutations (38%) were identified in 13
definite LQTS families, one SCN5A mutation (20%) in five Brugada syndrome families and one (25%) PKP2 (plako-
phyllin2) mutation in four ARVC families.

Conclusion Over half of SADS deaths were likely to be due to inherited heart disease; accurate identification is vital for appro-
priate prophylaxis amongst relatives who should undergo comprehensive cardiological evaluation, guided and con-
firmed by mutation analysis.

Keywords SADS e Sudden death e Clinical genetics e Long QT syndrome e Brugada syndrome e Cardiomyopathy

Introduction first-degree blood relatives from 32 families of victims of SADS

Previous prospective study of sudden and unexpected deaths in appar-
ently healthy adults in England had identified that in 4.1% of cases, a full
coroner’s post-mortem, a toxicological screen, and an expert cardiac
autopsy failed to reveal any underlying cause of death." A second
English prospective population-based survey of victims of unexplained
sudden death aged 4—64 years with normal cardiac pathology [the
sudden arrhythmic death syndrome (SADS) study] suggested that
up to ~500 such deaths occur per annum,” equivalent to 2500
deaths per annum in USA. As part of the study, we evaluated

death? A research protocol with a limited clinical evaluation
(history, resting and 24 h electrocardiogram (ECG) 2D echocardio-
graphy and exercise ECG at the physician’s discretion) diagnosed
inherited cardiac disease in 7/32 families (22%), four with long QT syn-
drome (LQTS). Tan et al.* published results of the comprehensive
evaluation of 43 families with a high frequency of unexplained
sudden deaths. Seventeen (40%) were identified with inherited
cardiac disease including catecholaminergic polymorphic ventricular
tachycardia (CPVT), LQTS, Brugada syndrome and arrhythmogenic
right ventricular cardiomyopathy (ARVC).

* Corresponding author. Tel: +44 208 725 5939, Fax: +44 208 725 3328, Email: ebehr@sgul.ac.uk

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2008. For permissions please email: journals.permissions@oxfordjournals.org.
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We have undertaken a new study of a second group of unse-
lected families consecutively referred to our institution, in which
a SADS death had occurred. We hypothesized that a more com-
prehensive clinical and genetic evaluation of SADS victims and
their families would identify a greater proportion of the probable
causes of such deaths and aimed to determine the proportion of
relatives at risk of sudden death.

Methods

Sixty-five consecutive families with a possible SADS death, newly
referred to St George’s Hospital, London, were considered for the
study (Figure 1). Fifty-seven families were included in the study group
having met the inclusion criteria for a SADS death: a sudden unex-
pected death; age 4—64 years; last seen alive and well within 12 h of
being found dead; no prior recorded cardiac disease; a normal full cor-
oner’s post-mortem; negative toxicology results; and a normal expert
cardiac pathologist’s examination of the heart, tissue samples or slides,
if available. Autopsy reports were assessed for non-cardiac causes of
sudden death and structural heart disease as part of this process.
For example, hypertrophic cardiomyopathy (HCM), an important
cause of sudden death in the young, can usually be detected at post-
mortem and these families were either not referred as having a
SADS death or not included." The cohort therefore consisted of
families with at least one unexplained sudden death where non-cardiac
causes, such as pulmonary embolus, cerebral haemorrhage, and drugs,
and structural cardiac causes, such as cardiomyopathy, valvular disease,
and myocarditis, had been excluded.

Familial evaluation

A proband’s prior history was determined by review of coroner’s
reports, primary care physicians’ records and interview with relatives.
The assessment of families then focused upon the initial systematic
evaluation of as many first-degree blood relatives as possible: historical
review, physical examination, echocardiography and resting, 24 h and
exercise ECG. Evaluation was limited to echocardiography and ECG
in children was unable to comply with other tests. Blood relatives
who were not first-degree (non-first-degree relatives) were evaluated
for one or more of the following reasons: (i) familial anxiety prompted
a premature referral; (ii) the presence of worrying symptoms; (iii) as
part of clinical evaluation/cascade genetic testing after the diagnosis
of inherited heart disease in a first-degree relative. Standard criteria
for the diagnosis of LQTS (the Schwartz score)® were utilized. In
addition, during exercise and 24 h ECG recordings, periods of suffi-
cient quality and heart rate stability were examined, commonly
during the recovery phase, for accurate measurement of the
maximal QTc interval.®’ In conjunction with genetic testing results
(discussed later), an overall assessment of the likelihood of an individ-
ual carrying LQTS (high, intermediate, and low probability) and a family
harbouring LQTS (definite or possible/probable) was then made. Stan-
dard criteria for the type 1 Brugada ECG pattern and diagnosis of the
Brugada syndrome were employed® Additional investigations were
performed depending on the results of initial evaluation as summarized
in Figure 2. If ECG recordings and echocardiography were normal or
type 2 and/or 3 Brugada ECG patterns were present then ajmaline
testing® was undertaken. If there were echocardiographic abnormal-
ities [including equivocal right ventricular (RV) findings] and/or ECG
features suggestive of cardiomyopathy, then cardiac magnetic reson-
ance (CMR) imaging and signal averaged ECG (SAECG) were under-
taken. Standard criteria for the diagnosis of ARVC in families with a

65 consecutively referred families:
at least one potential SADS death

8 (12%) excluded families: no

57 (88%) included families:
at least one confirmed SADS death

coroner’s autopsy 4, abnormal

pathology 3 & abnormal toxicology 1

57 SADS
probands

262 surviving
first-degree relatives

24 (42%) underwent
molecular autopsy

184 (70%)
evaluated

38 non-first-degree
relatives evaluated

5 (21%) probands carrying
mutation

46 (22%) affected with
inherited heart disease

15 (39%) affected with
inherited heart disease

7 (11%) tested relatives carrying a
mutation detected in proband

14 (23%) tested relatives carrying
a mutation without available

proband DNA

Figure | Flow diagram describing the number of families, probands, and relatives who were included, underwent evaluation, and then suc-

cessful genetic testing.
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Proband evaluation: Mutation analysis in probands —
‘the molecular autopsy’:

Sudden death

Normal coroner’s autopsy
Negative toxicology

+/—

Normal expert pathologist's assessment NB concurrent process without any delay to

\ familial evaluation

| Familial evaluation

If DNA available in sufficient quantity and quality
LQTS/Brugada/CPVT genes

Initial relative evaluation:

Historical assessment
Physical examination
Resting ECG

24 h ECG

Exercise ECG
Echocardiogram

N

Normal heart

N

Abnormal or
equivocal cardiac
morphology

If normal ECG findings

If suspicious RV
present lead repolarization
present

Ajmaline test

T~

CMR imaging
signal averaged ECG

| Inherited heart disease diagnosed? |

analysis.

Mutation analysis in relatives:
If relative is diagnosed or suspected of carrying inherited heart disease proceed to appropriate mutation
If an unequivocal (known or highly probable) mutation is detected in proband or relative, offer family
cascade genetic testing and exclude non-carriers from clinical evaluation.

If an equivocal mutation (novel or possible) detected, offer family cascade testing and clinical evaluation.

Figure 2 Recommended diagnostic algorithm for families with a sudden arrhythmic death syndrome (SADS) death.

history of sudden death were utilized.”'® Any further investigations
were undertaken as indicated by overall clinical findings. If a relative
could not be evaluated at St George’s, then data were collected
with the assistance of their relatives, relevant physician, and a tele-
phone interview. Investigation results were classified by two of the
authors (E.R.B. and W,J.M.) as normal, equivocal or abnormal. In the
event of a disagreement a senior colleague (E.R.) was consulted and
a consensus agreed. When inherited cardiac disease was diagnosed,
the relevant physicians were informed, appropriate management insti-
gated, and follow-up and extended familial evaluation arranged.

Genetic testing

After appropriate counselling, mutation analysis was offered to families
using DNA extracted from proband tissues and/or affected relatives’
blood samples. The strategy employed is indicated in Figure 2 and

proceeded alongside clinical evaluation of relatives. Therefore, when
proband DNA was available, it was analysed for most genes recognized
to cause inherited arrhythmia syndromes — the molecular autopsy (dis-
cussed later). Unfortunately, the quality and quantity of this DNA and
subsequent mutation analysis was often limited by the nature of retained
tissue paraffin blocks. DNA was not available in 33 probands. In 25
families, including 14 where proband DNA eventually became available,
mutation analysis was undertaken in a relative with phenotypic abnorm-
alities suggestive of inherited arrhythmia syndromes or ARVC. This was
targeted according to phenotypic features and circumstances of death in
the proband. If an unequivocal mutation (known or highly probable) was
identified in a proband or relative then the family was offered cascade
screening. If an equivocal (unknown or possible) mutation was identified
co-segregation analysis was performed to determine causality and hence
the value of further predictive testing in other family members.
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Polymerase chain reaction (PCR) was utilized with primers derived
from the published exons and their flanking intronic sequences to
amplify the coding regions of genes responsible for cardiac ion
channel subunits and their associated proteins implicated in the inher-
ited arrhythmia syndromes (LQTS, short QT syndrome, Brugada syn-
drome, Andersen’s syndrome and CPVT): all exons of KCNQ1,
KCNE1, KCNH2, KCNE2, SCNSA™-™ ANK2,> KCNJ2,'¢"
CAV3,"® CASQ2," and selected exons (7-9, 13—16, 43—50, 82—84,
and 87-105) of hRyR2.2%?" If ARVC was diagnosed or suspected in
relatives then analysis for mutations in the plakophyllin2 (PKP2) and
desmoplakin genes was undertaken.?*** All PCR products were sub-
jected to single stranded conformational polymorphism (SSCP)
screening with polyacrylamide gel electrophoresis to identify non-
conforming bands in comparison with an ethnically matched
400-allele control panel. PCR products showing an aberrant SSCP
pattern were sequenced bi-directionally to identify any base changes
relative to the published genomic DNA sequences, known mutations,
and polymorphisms.

Statistics

Data collection and observational analysis employed Microsoft Access
2000 © (version 9). SPSS© (version 12) were utilized for statistical
analysis. Pearson’s x> or Fisher’s exact tests were used to compare
proportions. The Binomial test for equal proportions was used to
compare dichotomous variables (gender). Student’s t-test was used
to compare continuous variables. P-values < 0.05 were considered
statistically significant.

Results

Figure 1 describes the numbers of families, probands, and relatives
who were included, underwent evaluation, and then successful
genetic testing.

Proband and family characteristics

Most SADS probands were male and/or died at rest or in sleep
although statistical significance was not achieved (Table 7). Close
to half had previously reported cardiac symptoms (syncope
19%), mainly to their relatives. None had undergone appropriate
cardiac assessment as a result of these symptoms. Table 2 illus-
trates the characteristics of their families and relatives.

Results of evaluation

In 30/57 (53%) families, definite and possible/probable inherited
heart disease was identified (Figure 3). In one of these families clini-
cal evaluation did not contribute to a diagnosis but mutation analy-
sis of the proband’s DNA identified a likely LQTS disease causing
mutation (KCNH2-A80V). A quarter of evaluated first-degree rela-
tives and two-fifths of non-first-degree relatives were diagnosed as
affected with likely inheritable heart disease (Table 3 and Figure 7).

Predictors of a diagnosis in an individual and in a family

Affected first degree relatives were similar to unaffected first
degree relatives except that they were more likely to report a
cardiac symptom especially syncope (Table 4). There were practi-
cally no differences between diagnosed and undiagnosed SADS
probands and their families (including family size and proportion
evaluated). The only significant difference was a higher frequency

Table | Probands’ characteristics

Total number 57

Mean age (range) 26 (6—54)
Male 35 (61%)
Full coroner’s autopsy 57 (100%)

Expert autopsy

Whole heart and histology 20 (35%)
Histology only 23 (40%)
Mode of death: no. (%)
At rest 36 (63%)
On exertion® 17 (30%)
Unknown/others 4 (7%)
Antecedent symptoms
Present 33 (58%)
Absent 22 (39%)
Unknown 2 (3%)
Syncope 11 (19%)
Palpitations 13 (23%)

#Within 15 min of the end of a period of exertion.

of syncope amongst first-degree relatives in a family with a diagno-
sis (Table 4).

Investigations and their utility

Each of the initial investigations undertaken in all first degree relatives
contributed either separately or in combination to a diagnosis of
inherited heart disease in an individual: 16% of all ECGs, 11% of all
exercise ECGs, 9% of all 24 h ECG, and 2% of all echocardiograms.
Additional investigations also contributed to a diagnosis of inherited
heart disease in an individual: 3/91 of all SAECGs (3%), 6/50 of all
ajmaline tests (12%), and 4/25 of all CMR scans (16%). Examples of
ECGs are supplied in Supplementary data, online.

Mutation analysis

DNA was extracted from tissue or post-mortem blood samples
from 24 SADS probands and underwent ‘molecular autopsy’.
This included eight probands whose families later demonstrated
structural heart disease. Disease causing mutations that co-segre-
gated with phenotype in a pedigree were detected in 2/6 (33%)
probands with a subsequent familial diagnosis of definite or
possible/probable LQTS (KCNH2: Q376sp and E544fs49X) and
1/4 (25%) with a familial diagnosis of ARVC (PKP2-S140F). Of 11
relatives who underwent cascade testing, seven carried mutations:
four with KCNH2-E544fs49X, one with KCNH2-Q376sp, and two
with PKP2-S140F. Two novel mutations SCN5A-P1187L and
SCN5A-G1935S were detected in one proband and one, KCNH2-
A80V, was detected in another. These could not be assessed
further because all relatives evaluated were either unaffected non-
carriers or apparently unaffected relatives refused gene testing. In
the one family in whom a relative was later diagnosed with HCM,
proband DNA was available and underwent testing for inherited
arrhythmia syndrome and HCM genes without a mutation being
detected. Thirty-three relatives from 15 families whose probands’
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Table 2 Characteristics of families and relatives

Total

Total evaluated

Male:female (%)

Total no. of relatives/family: mean (range)

Evaluated no. of relatives/family: mean

Mean proportion (range) of each family’s relatives evaluated

Mean age (range, median)

Relationship to proband
Parents
Siblings
Offspring

Evaluated relatives > 1 cardiac symptom
Total
Syncope

No. of families with history of unexpected prema‘cureb sudden death
Any relative(s)
First-degree relative(s)
Non-first-degree relative(s)

No. of unexpected premature® sudden deaths (excluding proband)
First-degree relative(s)

Non-first-degree relative(s)

First-degree relatives Non-first-degree relatives

262 -
184 38
77 (42%):107 (58%)* 22 (58%):16 (42%)
460 2-13) -

322 -

68.3% (10-100%) -

323 (1-72, 32) 19 (2-80)

44 (24%) 7 (18%)
13 (7%) 3 (8%)

17 (30%) -
6 (11%) -
14 (25%) -

P = 0.033.
PAge < 45 years.

LQTS - definite

No diagnosis
27
46%

LQaTs -
possible/probable
3

5%

Brugada syndrome
5

9%

ARVC
5
9%

LV non-coempaction

1 DcM 2
] 1 4%
2%

Figure 3 Pie chart describing the diagnoses made in sudden
arrhythmic death syndrome (SADS) families.

DNA were unavailable for analysis also underwent testing. Five
relatives with LQTS carried mutations (four with KCNH2-S55L
and one with SCN5A-T370M) and nine with Brugada syndrome
(SCN5A-E1784K). In one ARVC family no proband DNA was
available for mutation analysis and relatives refused testing.

Table 5 summarizes the 11 potential ion channel gene mutations
that were detected but not found in controls. SCN5SA-E1784K,**
KCNH2-555L,%° and KCNH2-Q376sp*® had been previously
described. The novel mutations, SCN5A-A1680T, hRyR2-V2435|,
and SCN5A-L461V failed to segregate with the disease phenotype
and were therefore thought to be rare polymorphisms. No KCNJ2,
ANK?2, CAV3 or CASQ2 mutations were detected. Overall, the
systematic genetic study of 31 probands and their families
without any evidence of structural heart disease at autopsy or
familial evaluation revealed eight ion channel mutations (26%).

Diagnosing long QT syndrome

Definite LQTS was diagnosed in 12/57 (21%) families with 25
affected individuals (17 first degree relatives) and possible/probable
LQTS was diagnosed in 3/57 (5%) families with five affected indi-
viduals (three first degree relatives). One proband was considered
a definite LQTS carrier based on genetic testing results (discussed
earlier). The clinical features of probands and families are elabo-
rated in Supplementary material online, Table S1. One proband,
in whom antemortem data were available, and seven relatives,
scored 4 or more on the Schwartz score (high probability
LQTY), utilizing the resting ECG, of which four carried a mutation.
Twenty-two relatives scored <4 (intermediate or low probability
of LQTS) on the presenting ECG but further ECGs and careful
assessment of the QTc during 24 h and exercise ECGs as well as
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genetic testing results (six mutation carriers) led to 17 of these
receiving a definite diagnosis. There were six obligate carriers.

Diagnosing Brugada syndrome

Sixteen relatives (11 first-degree) were diagnosed with Brugada
syndrome. Eleven fulfilled clinical diagnostic criteria, five of
whom carried the SCNSA-E1784K mutation.® Four carried the

Table 3 Numbers of relatives affected by inherited
heart disease with associated percentages

Diagnosis First-degree Non-first-degree
relatives relatives

LQTS — high 13 (28%) 8 (53%)
probability

LQTS — intermediate 7 (15%) 2 (14%)
probability

Brugada syndrome 11 (24%) 5 (33%)

ARVC 9 (20%) -

Left ventricular 3 (7%) -
non-compaction

DCM 2 (4%) -

HCM 1.(2%) -

Total 46 (100%) 15 (100%)

SCNS5A-E1784K mutation without fulfilling criteria, three of
whom did not undergo ajmaline testing due to their young age.
One was an obligate carrier.

Diagnosing structural heart disease

Of the nine families diagnosed with inherited structural heart
disease only one proband’s heart (ARVC family) did not undergo
an expert cardiac pathologist’s assessment. The whole hearts of
the majority of these probands [HCM (1), DCM (1), ARVC (2),
and left ventricular non-compaction (2) families] underwent
expert assessment. There was, however, no evidence of structural
heart disease in any proband.

Nine first-degree relatives were diagnosed with ARVC, often
requiring a full range of investigations. One relative’s echocardio-
gram revealed left ventricular dilatation and she was subsequently
found to carry the known PKP2-S140F mutation.”> Her father and
dead brother’s DNA also carried the same mutation and her
father’s CMR scan demonstrated a non-diagnostic regional wall
motion abnormality in the RV free wall.

Left ventricular non-compaction was diagnosed in three rela-
tives, all demonstrating typical echocardiographic morphological
features.”” Two had equivocal ECGs with minor T-wave abnorm-
alities. Dilated and hypertrophic cardiomyopathies were diagnosed
in three first degree relatives due to the detection of significant
echocardiographic abnormalities in all three and abnormal resting
ECGs in two. 8%

Table 4 Predictors of a diagnosis of inherited heart disease in evaluated first-degree relatives and families: first degree
relatives are considered initially as individuals and then as part of families

Diagnosis present

Evaluated first-degree relatives

Diagnosis absent Statistical significance?

Total no. 46 (25%) 138 (75%) -
Age (years) mean 31.0 36.8 ns
Male 39% 41% ns
Symptomatic 46% 18% P < 0.001
Presyncope 7% 1% P=0.035
Syncope 20% 4% P < 0.001
Families
Total no. of families 30 (53%) 27 (47%) -
Total no. of evaluated relatives 102 (55%) 82 (45%) -
Mean (range) number of first degree relatives/family 4.8 (2-8) 44 (2-10) ns
Mean proportion of each family evaluated 65% 72% ns
Age (years) mean 321 325 ns
Male 41% 43% ns
First-degree relatives reporting symptoms 28 (27%) 16 (20%) ns
First-degree relatives reporting syncope 11 (11%) 2 (2%) P =10.028
FH previous premature® unexplained SD(s) 11/30 (37%) 6127 (22%) ns
Mean no. previous premature® unexplained SD(s)/family 0.83 0.37 ns

FH, family history; SD, sudden death.
#<45 years old.
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Table 5 Results of mutation analysis in sudden arrhythmic death syndrome (SADS) families

Number of
families with a mutation
detected (%)

Cardiac diagnosis

Definite LQTS 5/13 (38%)
Possible/probable LQTS 0/3
Brugada syndrome 1/5 (20%)
ARVC 1/4 (25%)
Other structural disease 0/4
None 1/10 (10%)

Mutations detected
(unequivocal unless
otherwise stated)

Probable novel rare
polymorphisms detected

KCNH2: Q376sp,2® E544fs49X,
AB80V, S55L.%°
SCN5A: T370M
SCN5A: L461V®
hRyR2: V2435/°
SCN5A: E1784K>* SCNS5A: A1680T

PKP2: S140F*

SCNS5A: P1187L7, G1935S°

“Two equivocal mutations in the same proband.
®Two rare polymorphisms in the same relative.

Immediate management

Thirty-one out of 61 affected relatives received therapeutic inter-
ventions including betablockers in 30, the majority of whom
carried LQTS, and ICDs in seven, three with Brugada syndrome
(one asymptomatic) and four with LQTS (three symptomatic and
one with other high risk features). All received appropriate life
style and drug avoidance advice.

Discussion

Over half of SADS families who underwent cardiac evaluation had
features of inherited cardiac disease, approximately one quarter of
first-degree relatives being identified as likely to be affected. The
conditions detected, and therefore likely to be culpable for the
probands’ deaths, were LQTS, Brugada syndrome, and subtle
structural disease, particularly ARVC. Approximately 7% of rela-
tives had suffered syncopal episodes, a similar prevalence to phe-
notypically normal relatives in the international LQTS registry.*
One quarter of families had a history of additional premature
sudden deaths. The cohort therefore appears to be at high risk
of cardiac events and therapeutic intervention was possible with
measures proven to protect individuals carrying genetic cardiac
disease from sudden death.®3"~33

Two-thirds of SADS victims were young males and the majority
died at rest or during sleep. Half suffered antecedent symptoms
that were rarely assessed (syncope 19%) and never diagnosed as
being due to cardiac disease and there was a family history of pre-
mature sudden death in 30%. This raises the possibility that under-
lying genetic cardiac disease may have been identifiable and
therefore treated prior to death if symptoms and family history
had prompted evaluation. Indeed one proband had features of defi-
nite LQTS during investigation for syncope and seizures yet the
diagnosis was only made after her death. It is possible that SADS
victims suffered more symptoms than ascertained by this study
as the recording of antecedent symptoms relied upon third party
reports.

Four out of the 30 families and their probands who were
thought to carry inheritable heart disease demonstrated features
suggestive of LQTS (possible/probable) that were insufficient to
make a ‘definite’ diagnosis. The possibility of other forms of
genetic cardiac disease in these families remains as well as the
possibility that their findings represent one end of the spectrum
of ‘normality’.

The autopsy: how was structural disease
missed?

Inherited structural heart disease was detected in relatives yet was
not identified at post-mortem despite additional assessment by a
specialist cardiac pathologist in the majority of cases. There are
three possible reasons for this: (i) Structural genetic myocardial
conditions, even when expressed insufficiently at a microscopic
level to meet diagnostic criteria, may cause sudden death. (ii)
Even thorough expert histopathological evaluation of a macro-
scopically normal heart may fail to identify areas of myocardium
where sufficient abnormality is present to meet diagnostic criteria
and cause sudden death. (iii) Insufficient tissue may be available
to evaluate the heart thoroughly and satisfactorily, in particular
the RV.

Comparison with other studies

This study was undertaken in a tertiary centre. There was therefore a
possibility of referral bias, which may have resulted in families with
less obvious inherited heart disease being studied. This may have in
turn resulted in an underestimate of the frequency of such disease.
We therefore compared the results of this study with our previously
reported experience in the SADS study, a national population-based
prospective survey that recruited via coroners rather than phys-
icians.® SADS study probands were older (30 vs. 26 years) and, in
addition to a full coroner’s autopsy, all underwent expert cardiac
pathological evaluation compared with 75% in the current cohort.
This reflected that the current study’s sample was generated from
real world referrals where an expert cardiac pathologist’s evaluation
may not always be feasible. There were no other significant
differences in the characteristics of probands (including the male
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predominance), their relatives and their family histories. This
suggested that the current cohort is similar to the SADS study’s
unselected sample.3

In comparison with the restricted research protocol of the initial
SADS study3 a comprehensive range of investigations (Figure 2)
improved the diagnostic yield of both non-structural and structural
inherited heart disease amongst first degree relatives (25 vs. 5.5%)
and hence SADS families (54 vs. 22%). All investigative tools con-
tributed to individuals’ and hence families’ ultimate diagnoses.
Ajmaline provocation was vital to the diagnosis of Brugada syn-
drome.® A diagnosis of ARVC, however, required detection of a
few subtle manifestations, no single test carrying sufficient sensi-
tivity to be the sole diagnostic tool. This may explain why the
limited protocol of the SADS study had failed to diagnose ARVC
and Brugada syndrome in relatives.

Tan et al.* utilized a similar comprehensive investigative strategy
in families with frequent sudden unexplained deaths and achieved
similar diagnostic yields. The overall malignant nature of the his-
tories of those families who were diagnosed with inherited
cardiac diseases was consistent, however, with genetic disease
even before familial evaluation was undertaken. Indeed the pre-
sence of two or more premature sudden unexplained deaths in
a family was a predictor of a diagnosis. Our current study had a
lower frequency of additional sudden unexplained deaths and
such a family history was not of predictive value. This, however,
may have been a limitation of the study’s sample size. The only sig-
nificant predictor of a successful diagnosis was the reporting by
first-degree relatives of syncope.

Tan’s group also differed in that approximately half of index cases
had not undergone any pathological examination and the circum-
stances of death were strongly associated with exertion rather than
rest or sleep. This is reflected by 5/43 families being diagnosed with
CPVT and carrying mutations in hRyR2 (19;20) and 2/4 LQTS families
carrying KCNQ1 mutations.>? All demonstrated characteristic ventri-
culararrhythmia and/or sudden death on exercise. Interestingly Tester
et al*"** have described seven carriers of hRyR2 mutations and five
carriers of KCNQ1 mutations in 49 medical examiner cases of
sudden unexpected death with normal autopsies and a mixture of
exertional, sleep-associated, and unknown circumstances of death.

In the current cohort, no mutations were detected in KCNQ1
or CASQ?2 and only one potential variant of hRyR2 was identified
although it failed to co-segregate with phenotype. Tan’s series
appears to be a selected high-risk group without thorough patho-
logical assessment. The SADS population described here and else-
where? may therefore reflect the spectrum of young ‘normal heart’
sudden death more accurately. In Tester’s series a significant pro-
portion of LQT1 and hRyR2 mutations were novel and may have
represented uncommon non-pathogenic variants. There remains,
however, a difference in genetic composition when compared
with the current cohort. This may be explained either by chance
or by a difference in methodology when receiving selected
autopsy referrals from medical examiners compared with the
referral of families as described here.

Nonetheless, a common message does arise from the current

.3,4,.21,34

study and the three other comparators: that an expert

pathological and molecular autopsy in SADS cases is important

and that their families warrant evaluation.>

Mutation analysis

The presence of potential mutations in SCN5A and KCNH2 amongst
SADS families was expected as the characteristic circumstances of
death in LQT2, LQT3,36 and Brugada syndrome8 include death
during sleep, at rest or after sudden arousal from sleep, a feature of
the majority of SADS victims. KCNH2 and SCN5A mutations have
also been detected in other series of sudden unexpected deaths®*3”
including infants.*® LQT3 and Brugada syndrome also present more
commonly and with greater severity amongst males, another SADS
proband characteristic.3*® SCN5A-E1784K had been reported pre-
viously as causing LQT3,%* although our family’s features were consist-
ent with an overlap of Brugada and LQTS.

The majority of diagnosed cases were not confirmed by genetic
testing. Current knowledge means that ~60—-70% of patients with
LQTS and a minority of those with Brugada syndrome and ARVC
can be genoty|:>ed.8'22‘23'25‘26 The 38% vyield in definite LQTS
families may be due to the spectrum of LQTS being studied or
may be a chance finding. The proportion of families without
evidence of structural disease and carrying an LQTS/Brugada
syndrome mutation [8/31 (26%)] compares favourably with the
proportions reported in two other autopsy series of unexplained
sudden deaths described by Chugh et al*’ [2/12 (17%)] and
Tester and Ackerman* [10/49 (20%)].

Only one (10%) proband from families without a diagnosis, who
underwent testing, was identified as carrying mutations
(SCN5A-P1187L, SCN5A-G1935S). The yield of testing in this
group may have been limited by the difficulty of extracting suffi-
cient quality DNA from paraffin fixed blocks, the commonest
form of retained tissue sample.

The family: risk of sudden death and
undiagnosed disease

The detection of inherited heart disease in a family appeared to
differentiate the family members’ level of risk when compared
with undiagnosed families due to a higher frequency of syncope
amongst relatives. Another marker of inherited heart disease is
the presence of a family history of additional sudden premature
death(s), but diagnosed families were not significantly different
from the undiagnosed. This suggested that those carriers with suf-
ficient expression of inherited disease to merit a diagnosis also
tended to be symptomatic. Less penetrant disease that failed to
cause symptoms but still caused sudden deaths may therefore be
present in some of the 47% of undiagnosed families whose
members remain potentially at risk. Consequently an improvement
of diagnostic yield is important.

Improving the yield

A greater use of expert cardiac pathologists and retention of the
whole heart for their histological review as well as frozen spleen
or blood for mutation analysis are vital for improved diagnostics.
There was no bias in favour of larger or more thoroughly evaluated
families receiving a diagnosis in this study. Nonetheless, encoura-
ging a full evaluation of all first degree relatives (particularly
males who attended less frequently than females) or potential
obligate carriers may maximize the chances of identifying
incompletely penetrant disease. Improvement of the investigative
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armamentarium should also be considered. More comprehensive
ajmaline testing may increase diagnoses of Brugada syndrome
although its sensitivity is not 100%.2 More comprehensive testing
of the RyR2 gene may diagnose non-penetrant CPVT.

Practical clinical guidelines

Figure 4 provides recommendations for clinicians faced with a
family with a young sudden death and places the SADS investigative
algorithm (Figure 2) in context. Genetic testing in arrhythmia

syndromes or cardiomyopathy should be comprehensive for the
major genes involved as compound heterozygosity is prevalent

and causes more severe disease.*

Summary

These data underscore that SADS deaths are caused by inherited
heart disease and more comprehensive clinical and genetic evalu-
ation of families identifies more relatives at risk of sudden death.

Young sudden death
1

Autopsy

Obtain coroner’s autopsy report

Determine circumstances of death

Exclude non-cardiac causes (e.g. drug-related, pulmonary
embolus, cerebral haemorrhage or aortic rupture)

Arrange expert cardiac pathology opinion (ideally whole heart)*
Obtain retained tissue for DNA extraction*
e Frozen spleen or blood ideally*

\ 4

Cardiac pathology

Other findings: NB coronary
thrombosis? Consider familial
hypercholesterolemia

/\.

Normal or
equivocal
|

Unequivocal
cardiomyopathy
I

Target obligate carriers
Target relatives with syncope

e Consider mutation analysis

according to pedigree

General principles of familial evaluation

Attempt full evaluation of all first-degree blood relatives

If inherited heart disease diagnosed in relative or at autopsy

o Extend evaluation to non-first-degree blood relatives

Clinical diagnostics

l

Follow SADS family
diagnostic pathway HCM/DCM
(Figure 2) ARVC
Others

Initial screening tests

— ECG and echocardiogram

— In addition: signal averaged,
exercise and 24 h ECGs +/-
CMR imaging

— Disease specific

e Confirmation of diagnosis

causality

Mutation analysis

Negative — does not exclude inherited heart disease
Positive — unequivocal mutation (known or highly probable)

e Exclude non-carriers from evaluation/follow-up

e Facilitate diagnosis in incompletely penetrant disease
Positive — Equivocal mutation (novel or possible)

o Offer family cascade testing andclinical evaluation to assess

Figure 4 Suggested practical guidelines for clinicians faced with a family with an unexpected and/or unexplained young sudden death.

Asterisk: may not be feasible and requires family’s consent.
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The potential number of deaths involved is significant? and there

are risk stratification algorithms and effective treatments available

for these inherited cardiac conditions. This highlights the import-

ance of the prompt recognition of symptomatic young people
and the accurate identification of SADS deaths, which should
initiate familial evaluation.

Supplementary material

Supplementary material is available at European Heart Journal

online.
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