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Electrical excitation and repolarization of the heart is a well-balanced and
regulated process.1 Though the majority of myocardial cells is excitable, a
specialized set of cells known as the conduction system ensures structured
propagation of action potentials over the myocardium leading to
contraction of the heart and cardiac output.2 Local cellular properties and
conditions facilitate an ordered and timely return to their polarized state.
When this process is disturbed, the absence of a normal heart rhythm or
the emergence of cardiac arrhythmias can lead to loss of circulation and
death. When this occurs in a sudden and unexpected manner, it is referred
to as sudden cardiac arrest (SCA).3
Ventricular fibrillation is the underlying arrhythmia leading to SCA in
most young cardiac arrest victims.4 Mechanisms of ventricular fibrillation
are classically represented in Coumel’s triangle of arrhythmogenesis:
the arrhythmogenic substrate, the trigger factor and the modulation
factors. To facilitate ventricular fibrillation, a substrate, trigger and the
right modulating factors should all be present. A substrate may be scar
tissue, remodelled myocardium or ion-channel dysfunction. Triggers
are predominantly ventricular extrasystoles. Modulating factors include
the autonomous nervous system, electrolyte disturbances or ischemia.
Since demonstrating the presence of substrate is the least challenging,
diagnostics tend to concentrate on this.
Understanding of the underlying pathology that has led to sudden cardiac
arrest is of utmost importance.5,6 In survivors, understanding of the
underlying cause is required to provide adequate treatment and prevent
recurrence of ventricular arrhythmias and subsequent sudden cardiac
death after the initial event. In those who do not survive, learning the
cause of death has important consequences for management of their
relatives at risk.7,8
Numerous diagnostic tools are available to investigate the underlying
cause of SCA.6 First of all, the most common cause of SCA should be
excluded: Coronary artery disease. Diagnosis of coronary artery disease
is relatively well established and can be done using coronary angiography
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or computed tomography (CT) / magnetic resonance imaging (MRI) in
younger patients. Second, structural heart disease should be excluded.
Non-invasive imaging techniques, such as CT/MRI and echocardiography
assess the function, dimensions and tissue of the heart for signs of
structural disease. Third, we assess the electrical properties of the heart
to exclude (primary) electrical disease. The key diagnostic tests herein are
the electrocardiogram, Holter monitoring, exercise tests and provocation
testing.
Genetic testing has become an integral part of the management of SCA
victims, predominantly in young victims, those with a family history of
sudden cardiac death or those who have family members who could
be at risk.6,9,10 In a large part of cardiomyopathy and primary electrical
syndrome cohorts an associated causative mutation was found. Discovery
of such a mutation in a cardiac arrest victim will lead to diagnosis in most
cases. However, genetic variants of uncertain significance and variable
penetrance complicate the certainty of diagnosis in SCA victims and the
management of their family members.
When no underlying cause has been identified in a cardiac arrest survivor
after this extensive work-up, he is diagnosed with idiopathic ventricular
fibrillation (IVF).11 Due to the rarity and unknown pathology of the
disease, management of these patients is challenging.12
Challenges in idiopathic ventricular fibrillation
The absence of an underlying cause is unsatisfactory for both patients,
family members and physicians. Although there is increasing interest in
IVF, several major challenges remain. First, a comprehensive work-up with
all necessary diagnostic tests is not always performed in the real-world
population of IVF patients and SCD victims. Second, novel diagnostic tests
have not yet been studied in IVF patients and could be of added value in
the search for underlying disease. Third, management of IVF patients and
family members is not well specified. Which groups have a higher risk of
appropriate and inappropriate therapy after ICD implantation? And how
useful is the phenotypic screening of family members when no underlying
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disease has been found in the proband? The aim of this thesis was to
study current and novel diagnostics for idiopathic ventricular fibrillation
and to evaluate current management of idiopathic ventricular fibrillation
and family members.
Outline of this thesis
In this thesis, “Progress in diagnostic testing and management of
idiopathic ventricular fibrillation”, we present and discuss the current
insight in and future possibilities of diagnostic testing and management
of idiopathic ventricular fibrillation patients. In Chapter 2, we review the
current clinical management of idiopathic ventricular fibrillation with a
focus on our research initiatives and population in The Netherlands and
the use of novel imaging techniques.
The evaluation of young sudden cardiac death victims and their family
members is then discussed in Chapter 3. The investigations in this group
and consequences for management differ from SCA survivors and require
a different clinical approach. We review the value of diagnostic testing and
provide a flowchart for clinical management. In Chapter 4 we describe
the management of idiopathic VF patients and focus on the implantable
cardioverter-defibrillator (ICD) therapy and its complications. This chapter
shows the recurrence of ventricular arrhythmia’s is common in these
patients, justifying ICD implantation, while both inappropriate therapy
and complications occur frequently. Chapter 5 deals with family cascade
screening in idiopathic ventricular fibrillation. Results from an international
collaboration including multiple IVF family member cohorts show that the
yield of family screening in families of well characterized IVF patients is
low and might be unnecessary.
In Chapter 6 we explore the potential of novel diagnostic techniques.
In this study we focus on the mapping of arrhythmogenic substrate
using electrocardiographic imaging (ECGI) and the value of additional
repolarization parameters in this technique. In Chapter 7 we look into the
possibilities of deep neural networks for analysis of electrocardiographic
signals. As they perform well on classification tasks and their ability to
detect subtle features improves, they may well be used for early detection
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of disease in the near future.
Finally, in Chapter 8 through a number of clinical cases we illustrate the
progress that has already been made in diagnosis and management of IVF
and the importance of extensive diagnostic testing and follow-up.
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ABSTRACT
The diagnosis and management of idiopathic ventricular fibrillation is
challenging, as it requires extensive diagnostic testing and offers few
curative options due to unknown underlying disease. The resulting population is a heterogeneous group of patients with a largely unknown natural
history. Structural patient characterisation, follow-up and innovations in
diagnostic testing can improve our understanding of the disease mechanisms of idiopathic ventricular fibrillation, detect underlying disease during
follow-up and aid in therapeutic management. Recently, initiatives have
been launched in the Netherlands to investigate the role of high-resolution
non-invasive electrocardiographic imaging and genetic and familial screening in idiopathic ventricular fibrillation.
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INTRODUCTION
Idiopathic ventricular fibrillation is a rare cause of sudden cardiac arrest,
defined as ‘resuscitated cardiac arrest, preferably with documentation of
ventricular fibrillation, for which known cardiac, respiratory, metabolic, and
toxicological aetiologies have been excluded through clinical evaluation’1.
In general, patients with idiopathic ventricular fibrillation are young
(average age: 38) and present with a structurally normal heart. Specific
genetic disorders and diseases, such as primary arrhythmia syndromes,
should be evaluated in these patients1-3. Limited data are available on the
natural history of idiopathic ventricular fibrillation, including identification
of putative pathogenic mutations, and management of patients with
idiopathic ventricular fibrillation and their family members2,4.
Idiopathic ventricular fibrillation is a diagnosis of exclusion and therefore
patients undergo a broad range of diagnostic tests. We proposed a
flowchart to standardise diagnostic testing in patients with idiopathic
ventricular fibrillation2. Routine testing comprises electrocardiogram
(ECG), blood chemistry (cardiac enzymes, electrolytes, and thyroid
function), toxicology screening, chest X-ray, echocardiography, exercise
testing, Holter or telemetry monitoring, coronary angiography with or
without ventriculography, and magnetic resonance imaging. When these
tests reveal no abnormalities, provocation tests for Brugada syndrome
(ajmaline/flecainide test) and coronary artery spasm (ergonovine/
acetylcholine test) are recommended.
Additional testing, such as endomyocardial biopsy, electrophysiological
studies and genetic testing, is under debate, as their diagnostic value
in idiopathic ventricular fibrillation is uncertain2. The yield of genetic
testing in idiopathic ventricular fibrillation is interesting, as it contributed
immensely to the detection of primary arrhythmia syndromes. However,
a clinical suspicion, based on phenotype, should guide genetic testing.
Even with next generation sequencing, which screens large gene panels
at once, the yield is minimal and variants of uncertain significance are
often detected5. Proposed genetic testing entails a basic panel of SCN5A,
the most common long QT genes (KCNQ1 and KCNH2), RyR2, and CALM1
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in patients with exercise-induced ventricular fibrillation. In patients with
a negative phenotype, we recommend screening of SCN5A, KCNQ1, and
KCNH22. In the central part of the Netherlands and in families originating
from the Gouda region, DPP6 screening is recommended as the DPP6
haplotype accounts for a large part of the idiopathic ventricular fibrillation
population (over 25%) in this area6.
In current practice, patients are diagnosed with idiopathic ventricular
fibrillation after limited diagnostic testing7,8. Therefore, follow-up and reevaluation of the diagnosis are important aspects of the management of
patients with idiopathic ventricular fibrillation. Of patients with idiopathic
ventricular fibrillation, 7 to 35% reveal a different diagnosis during followup due to disease progression or more extensive or more sophisticated
diagnostic evaluation9-13. Since the underlying disease substrate is often
not known, discovery of new disease entities and novel diagnostic
techniques can reveal causes not detectable or known during initial
evaluation.

A PATIENT INITIALLY DIAGNOSED WITH IDIOPATHIC
VENTRICULAR FIBRILLATION
To support the importance of life-long tailoring of diagnosis and management of patients with idiopathic ventricular fibrillation we describe a case
of idiopathic ventricular fibrillation presented to our centre:
A 24-year-old man collapsed twice in one year while playing a football
match. The first time, in 1991, he regained consciousness shortly after
resuscitation was started, and clinical evaluation was inconclusive.
The second time, in 1992, he received 2 external defibrillator shocks
because of ventricular fibrillation. After successful resuscitation he was
admitted for diagnostic evaluation. Electrocardiography showed a sinus
rhythm with intraventricular conduction delay (QRS 140ms), including
prolonged terminal activation duration (TAD 70ms), and J-point elevation
in the inferior leads (Fig. 1). History, Holter monitoring and exercise test
were unremarkable, no ventricular extrasystoles were reported. Family
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history was negative for sudden cardiac death. Echocardiogram showed
normal cardiac function and normal right and left ventricular dimensions,
with a local abnormality under the tricuspid valve. Transoesophageal
echocardiogram characterised this as prolapse of a valve leaflet. During
electrophysiologic study, a prolonged HV interval of 60–70ms was
measured. Right ventricular stimulation induced polymorphic ventricular
tachycardia starting as monomorphic ventricular tachycardia with left
bundle branch block morphology and superior axis. Other diagnostic
tests, including coronary angiogram, myocardial biopsy and ergonovine
provocation test, were normal. He received an implantable cardioverterdefibrillator (ICD) and was discharged. In the absence of an obvious
aetiology, he was diagnosed with idiopathic ventricular fibrillation.
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Fig. 1 12-lead electrocardiogram while off anti-arrhythmic drugs, showing
normal sinus rhythm, QRS right axis deviation, QRS width 140ms and
prolonged terminal activation duration in V2 (70ms). Clear J-point and ST
elevation in II, III, and aVF.
During twenty-five years of follow-up, he remained free of ventricular
tachyarrhythmias. Ten years after the initial event negative T waves were
recorded in V1–V3 (Fig. 2). On follow-up echocardiogram, there were no
longer signs of tricuspid valve prolapse, but careful re-evaluation of the
imaging showed subtricuspid dyskinesia. Sixteen years after the event
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right ventricular dilatation was found (echocardiogram 2008: dilated right
ventricle (RV), regional hypokinesia of the right ventricular outflow tract
(RVOT) and anterior right ventricle, parasternal long axis view RVOT:
32mm, parasternal short axis view RVOT: 35mm, Fig. 3). Consecutive
targeted molecular genetic testing revealed no pathogenic mutations in
desmosomal genes, but the sodium channel gene SCN5A revealed a p.
Leu729del mutation. Familial co-segregation supported pathogenicity of
this mutation14.

Fig. 2 12-lead electrocardiogram while off anti-arrhythmic drugs after
10 years of follow-up, showing negative T waves in V1–V3. Terminal
activation delay and J-point elevation are still present.
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Fig. 3 Echocardiogram in 2008 showing dilatation of the right ventricle
and right ventricular outflow tract. a PLAX RVOT, b PSAX RVOT, c AP4CHfocused RV. PLAX parasternal long axis view, RVOT right ventricular
outflow tract, PSAX parasternal short axis view, AP4CH apical 4 chamber
view, RV right ventricle
After re-evaluation of the diagnostic workup he was diagnosed with
arrhythmogenic cardiomyopathy according to the 2010 International
Task Force Criteria15: T-wave inversion in right precordial leads (1 major),
ventricular tachycardia with left bundle branch block configuration and
superior axis (1 major), structural abnormalities on echocardiogram (1
major) and prolonged terminal activation duration (1 minor).
As this case shows, the diagnosis of underlying disease in idiopathic
ventricular fibrillation is a dynamic process in which the initial evaluation
has not led to a satisfactory result and over time underlying disease can
become manifest. During long-term follow-up, conventional diagnostic
tests can detect progression of underlying disease, new diagnostic tests
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can aid in detecting underlying disease and increased understanding of
the disease can lead to diagnosis and additional management options.

FUTURE PERSPECTIVES IN IDIOPATHIC VENTRICULAR
FIBRILLATION RESEARCH
The role of a national/international database
The current population with idiopathic ventricular fibrillation is a rare,
heterogeneous group, where diagnostic certainty depends on the
extent of workup to exclude other underlying causes. The prevalence of
idiopathic ventricular fibrillation in the Netherlands is unknown, but it is
estimated at 1,000 patients nationwide. At this moment, little is known
about the diagnostic certainty and extent of diagnostic workup of patients
with idiopathic ventricular fibrillation in the Netherlands. A comprehensive
registry of patients with idiopathic ventricular fibrillation with national and
international coverage should be established to study the prevalence and
characteristics of these patients. The database should include information
on performed diagnostic tests to assess the reliability of the diagnosis and
clues for underlying disease.
Through advances in the understanding of primary electrical syndromes
and the discovery of novel founder mutations in idiopathic ventricular
fibrillation, subgroups with a specific underlying disease can be identified
and diagnosed and managed appropriately, improving prognosis and
preventing recurrent events.
Design of the national consortium study VIGILANCE under the
Netherlands Cardiovascular Research Initiative
The VIGILANCE (non-invasive electrocardiographic imaging for individuals
at risk for apparently idiopathic ventricular fibrillation) project focuses on
establishing a Dutch national registry of patients with idiopathic ventricular
fibrillation. The registry’s foundation has been laid and already includes
8 university medical centres and tertiary centres. Our aim is to include
all Heart Centres of the University Medical Centres and all ICD implant
centres in the Netherlands. We will visit these institutes and collect
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patients from existing electronic patient records. In the beginning of the
inclusion process, survivors of cardiac arrest due to ventricular fibrillation
in whom at least 50% of routine diagnostic tests have been performed
and no underlying disease has been found will be included in the registry.
These survivors will be screened using the diagnostic flowchart published
by our group (Fig. 4) and comprehensive data review will be performed
to assess the completeness of diagnostic testing. Next, we will discuss the
missing diagnostics with the treating physician and finalise the diagnostic
process, excluding patients with alternative diagnoses. From this cohort
of patients with clear idiopathic ventricular fibrillation with complete
diagnostic workup, we will collect data on long-term follow-up of patients
with idiopathic ventricular fibrillation, including ICD therapy and clinical
outcome. Furthermore, this registry will be a starting point for future
research on the arrhythmogenesis of idiopathic ventricular fibrillation.
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Fig. 4 Flowchart for the diagnosis and follow-up of patients with idiopathic
ventricular fibrillation. *In young patients (<45 years) without risk factors
for coronary artery disease, coronary computed tomography (CT)
angiography is an alternative diagnostic tool to exclude coronary artery
disease. ECG electrocardiogram, IVF idiopathic ventricular fibrillation, MRI
magnetic resonance imaging, FU follow-up (from Visser et al.2)
Follow-up of patients with idiopathic ventricular fibrillation
During follow-up, patients will be monitored continuously and undergo
diagnostic tests at regular intervals, which will provide valuable insight
into natural disease course, specific subgroup identification and disease
severity. Data on the appropriate burden of ICD shock and ICD-related
complications can be used to assess the need and benefit of ICD
implantation.
Genetics and family screening
Arrhythmic risk assessment in asymptomatic patients is difficult, especially
with unknown underlying disease. However, many patients with idiopathic
ventricular fibrillation show a familial risk for sudden cardiac death and
there are several well-characterised populations (e.g. DPP6, SCN5A) in
the Netherlands6,16. Data from genetic testing in patients with idiopathic
ventricular fibrillation and their family members will be used to assess
the yield of genetic testing, the detection of variants of uncertain clinical
significance and their contribution to arrhythmic risk in this population.
Body surface mapping
Absence of known arrhythmic substrates in patients with idiopathic
ventricular fibrillation provides an opportunity for novel, preferably noninvasive, techniques. Electrocardiographic imaging (ECGI) is an emerging
high-resolution non-invasive imaging modality for mapping the electrical
activity in the heart17,18. ECGI employs mathematical formulations to
reconstruct the electrical activity at the level of the heart muscle, from
extensive body-surface electrocardiograms and a digital, patient-specific
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body and heart geometry. It uses a model of the propagation of the
electromagnetic field (from the heart to the body surface) to reconstruct
the electrical source of the recorded body-surface ECGs19. In healthy
individuals, ECGI demonstrated that dispersion is small, for example for
repolarisation in humans20,21. However, ECGI did show increased dispersion
in several arrhythmogenic diseases. In long QT syndrome20 and Brugada
syndrome21, patients had abnormally steep repolarisation gradients.
Repolarisation gradients were steeper in symptomatic patients, suggesting
increased dispersion is predictive for arrhythmia risk20. We have validated
ECGI’s ability to assess depolarisation and repolarisation accurately. These
results suggest ECGI can play a pivotal role in characterising arrhythmia
mechanisms in patients with idiopathic ventricular fibrillation, leading
to diagnosis and improved treatment. Moreover, it seems to have the
potential to detect arrhythmogenic substrate in individuals before their
first event, offering the possibility to diagnose and treat patients before
sudden cardiac arrest occurs. This is especially relevant in family members
of victims of sudden cardiac death who might have a predisposition for
idiopathic ventricular fibrillation. Within the VIGILANCE project, we will
screen patients with idiopathic ventricular fibrillation for arrhythmogenic
substrate using ECGI and help identify family members at risk for
arrhythmic events.
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Abstract
Sudden cardiac death in the young is a rare and devastating event. A
dedicated and focused post-mortem investigation is essential in detecting
potential inherited cardiac diseases in sudden death victims, which
facilitates appropriate management of the victim’s family members.
Many specialized clinical disciplines are involved and a multidisciplinairy
approach is required to provide the best outcome in these cases.
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INTRODUCTION
Sudden cardiac death (SCD) was recently defined as “Sudden and
unexpected death occurring within an hour of the onset of symptoms, or
occurring in patients found dead within 24 h of being asymptomatic and
presumably due to a cardiac arrhythmia or hemodynamic catastrophe”.1
Population studies show that over two-third of sudden death cases are of
suspected cardiac origin and classified as SCD.2
The incidence of SCD in persons aged 1–40 years varies depending on the
population studied and methodology used. The incidence for children is
1.3 per 100.000 person-years and increases to 8.5 per 100.000 in adults
up to 40 years of age.3
The underlying causes identified in autopsy series suggest that in people
under 35 years of age, 24–31% of deaths are due to coronary artery
disease, 17–37% are associated with cardiomyopathy, predominantly
hypertrophic cardiomyopathy, idiopathic left ventricular hypertrophy and
arrhythmogenic cardiomyopathy (depending on the investigated region4)
and in 31–35% no cause is found by gross and histological examination
and the death is presumed to be arrhythmic.5,6 Due to the probability
of inherited disease in these cases, up to 50% in SCD victims without
structural heart disease,7 post-mortem diagnosis in the victim is crucial for
appropriate management of the victim’s family members.
In practice, not all causes of SCD in a young victim are established.
Usually, the victim was asymptomatic and the event is the first
presentation of the disease or the victim suffered from non-specific
symptoms, which often are not formally evaluated. The deaths are
frequently unwitnessed and circumstances at the time of death have to be
retrieved from ambulance and police reports.3
When autopsy cannot identify a cause, which happens in up to 30%,6
these cases are referred to as Sudden arrhythmic death syndrome
(SADS). Despite the absence of an apparent underlying cause, the
possibility of an underlying inherited cardiac disease remains and family
members should be considered for cardiogenetic consultation and cardiac
evaluation.
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AFTER THE EVENT
A dedicated and focused post-mortem investigation is essential in
detecting potential inherited cardiac diseases in sudden death victims.
This involves gathering as much information about the deceased as
possible. The investigation should include obtaining a premorbid medical
history, occurrence of syncope, exertional symptoms, prior illness, recently
prescribed medication and any previous ECGs or other diagnostic tests
performed. Circumstances of SCD often rely on obtaining information from
available ambulance and police reports. When no further investigations
are performed, these cases are referred to as Sudden unexplained death
(SUD).
Family history is another important part of the post-mortem investigation
and should contain a comprehensive three-generation family pedigree
focused on identifying a family history of cardiac disease and premature
sudden unexplained death. Examples of suspicious symptoms or deaths
in family members are sudden infant death syndrome (SIDS), epilepsy,
recurrent fainting, drowning of experienced swimmers in (shallow) waters
or one-sided vehicle accidents.3,8
The recommended steps to be taken after the event are presented in
figure 1.

AUTOPSY AND TOXICOLOGICAL SCREENING
A full post-mortem examination is strongly recommended in all cases of
sudden death in the young (between 1 - 40 years old), as this represents
the first, and only, opportunity to establish and register an accurate
cause of death. The international guideline for post-mortem investigation
and autopsy in SCD/SUD provides a minimum standard that is required
in the routine autopsy practice for the adequate investigation of SCD.9
If little experience with cardiac examination is available referral of the
heart(tissue) to a cardiac expert pathologist is recommended. In the
report of the autopsy, the pathologist should state the certainty to which
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the findings of the autopsy could have led to the sudden death, since
findings of uncertain significance might lead to erroneous interpretation
and e.g. may mask underlying disease.10 During the autopsy appropriate
material for toxicology, microbiology, biochemistry, and molecular
investigation should be obtained. A toxicological examination for drugs
(e.g., opiates, amphetamine), alcohol, and medication may be considered
necessary in cases with no structural abnormalities at autopsy, although
the presence of drugs does not rule out an underlying genetic disease.11,12
Over 70% of SCD autopsies yield an underlying diagnosis and are thereby
the most effective post-mortem investigation in young SCD victims.2,5,6
Post-mortem diagnosis may give psychological closure for the family.13
In case a potential inherited disorder was found, this may give rise to
cascade screening of family members and preventive management.
Autopsy findings that indicate involvement of other inherited disease, such
as premature coronary artery disease in familial hypercholesterolemia or
genetically vulnerable myocardium which may predispose for myocarditis
should also be considered. When no diagnosis could be made, autopsy
findings can be used to guide screening and management of family
members.10
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Figure 1. Flowchart of recommended actions and investigations after a
sudden death in the young suspected of inherited heart disease, including
the multidisciplinary specialists involved. SCD Sudden cardiac death.
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POST-MORTEM IMAGING
Non-invasive imaging modalities may aid in improving diagnostic accuracy
when autopsy is not performed. Post-mortem imaging alone, also known
as ‘virtual’ or ‘minimally invasive’ autopsy, is as of now insufficient as
a substitute for conventional autopsy, but can be an alternative when
conventional autopsy is e.g. refused by the victim’s relatives.14 Both postmortem computer tomography (CT) and cardiac magnetic resonance
imaging (CMR) can be performed within a few hours after death. Postmortem CT usually consists of a scan of head and neck, thorax and
abdomen and should be interpreted by a radiologist with experience
regarding post-mortem imaging techniques. Post-mortem MR imaging
is generally dedicated to the heart and brain to detect more subtle
abnormalities that could have been the cause of death.
The utility and yield of post-mortem imaging in SCD is still unclear. An
Australian investigation compared the outcome of regular post-mortem
investigation with post-mortem MRI and CT in 17 SCD victims and showed
that MRI had a high sensitivity and positive predictive value compared to
traditional autopsy for arrhythmogenic cardiomyopathy, ischemic heart
disease, pulmonary embolism or aortic dissection and could be used as a
rule-out when autopsy is not possible.15 Another issue is cost assessment,
which is complicated as mortuary service and post-mortem imaging
costs vary considerably between and within countries. A recent report
estimated post-mortem imaging could increased costs for post-mortem
investigation by >30% and propose a national service for cost-effective
implementation.16 In general, costs of post-mortem investigation are paid
by the initiator. When post-mortem investigation is required by law, for
example in unnatural death, the state will refund the costs. When the
death occurs in hospital, the post-mortem investigations may be financed
by the hospital. Post-mortem investigation of out-of-hospital deaths is
usually funded by the family of the deceased. Sudden death of a young
individual is a reason for further investigation, but in many countries is still
funded by the family when the death occurs out-of-hospital. In the UK it
is legally required to perform post-mortem investigations in these cases,
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and therefore the costs are paid by the state. To improve the rate of postmortem investigation of young SCD victims in other countries, funding by
state or health insurance companies should be considered.

MOLECULAR AUTOPSY
In SCD victims, post-mortem investigation allows tissue to be collected
and stored in the way it is recommended by pathology guidelines. When
a hereditary cause of death is suspected, the pathologist can recommend
referral of first-degree family members to a cardiogenetic clinic and store
DNA of the deceased for potential genetic testing.9 Even when autopsy is
refused, a minimal amount of tissue can be collected from the victim for
storage. This tissue can be used for genetic testing. The types of tissue
that are usually collected during autopsy are EDTA-blood and/or frozen
(cardiac) muscle, liver, or spleen.17,18 A skin biopsy can be taken when no
autopsy is performed (with permission from the victim’s relatives). Prior
to the biopsy, the skin needs to be disinfected with alcohol. The obtained
tissue can be temporarily stored in a sterile vial with physiological isotonic
saline before sending it to a DNA laboratory.19
Storage of the victim’s DNA enables genetic testing when relatives
consult a cardiologist or geneticist for cardiogenetic evaluation. The
yield of post-mortem genetic testing in SCD victims is modest (13% in
Lahrouchi et al,20 27% in Tan et al21 and 32% in Kumar et al22), however
when combined with clinical evaluation of relatives the diagnostic yield
increases to approximately 40%.21,23 The recommended number of genes
in molecular autopsy panels is under debate, as the ratio of rare variants
of uncertain significance (VUS) to pathogenic or likely pathogenic variants
is unfavourable. Therefore, pretest counselling of the relatives is essential.
The HRS/EHRA consensus states that comprehensive or targeted (KCNQ1,
KCNH2, SCN5A, and RyR2) gene testing may be considered in unexplained
sudden death cases, where they account for 35% of pathologic mutations
found.8,19 Further genetic testing should be guided, but not limited by
phenotypic findings in the deceased, as even in autopsy negative SADS
patients, pathogenic variants are found in cardiomyopathy associated
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genes.10
Together with the clinical evaluation of the family, post-mortem genetic
testing (i.e. a molecular autopsy) could uncover the cause of death in the
deceased. When a genetic cause is found, cascade screening of at-risk
family members can be initiated.

CARDIOGENETIC EVALUATION OF FIRST-DEGREE
RELATIVES OF YOUNG SCD VICTIMS
Phenotypic screening
In most cases of SCD phenotypic screening of relatives is indicated. The
extent of this screening is dependent on the findings in the deceased.
These findings can then be used for targeted genetic testing in the victim
(if the victim’s DNA is available) or in the clinically affected relative (with
cardiac abnormalities).
When there are no clues available for a specific diagnosis, in SADS cases
for example, phenotypic screening is important to reveal inherited disease
in the family. First-degree relatives, obligate carriers, and symptomatic
relatives should be evaluated.
A cardiac examination of the relatives should follow a standard approach
and is based largely on the HRS/EHRA consensus document for inherited
heart diseases.8 Examination should include the following aspects; (1)
medical and family history, (2) physical examination, (3) standard resting
12 lead electrocardiogram, 12 lead electrocardiogram after brisk standing24
and 12 lead electrocardiogram with specific right precordial positioning
of the leads (leads – V1, V2, 1V1, and 1V2),25 (4) exercise testing, and
(5) echocardiography. If the initial examination raises the possibility of a
specific genetic disorder, further investigations may be indicated, which
may include provocation testing (e.g., ajmaline challenging in suspected
Brugada Syndrome patients), cardiac MRI, Holter recording, or signalaveraged ECG.3,8
Mutation-positive SCD victim
When a genetic mutation is found in the stored DNA of the SCD victim,
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as assessed after a first-degree relative has requested cardiogenetic
screening, the pathogenicity of the particular mutation must be assessed.
In case of a pathogenic (disease-causing) mutation, the presence of
the mutation is enough to diagnose inherited disease. Confirmation
or exclusion of the presence of a disease-causing mutation in presymptomatic family members of the sudden death victim by cascade
screening will guide risk stratification and management.8,13 Because
most inherited heart diseases show an autosomal dominant pattern of
inheritance, first-degree relatives (parents, siblings and children) of SCD
victims with genetic disease have a 50 % risk of being a carrier of the
same disease.26 This is not the case if a mutation occurred de novo in the
victim (is absent in the parents). However, due to the low probability of a
germline mosaicism, siblings are still eligible for genetic screening in case
of a de novo mutation.
Cascade screening starts with genetic testing of the (genetically) firstdegree relatives of an affected individual or second-degree relatives when
a first-degree relative has deceased. Subsequently, the screening can be
extended to the connecting branch of the pedigree.27 The absence of the
mutation rules out the presence of the disease, and no further testing
of the connecting pedigree is needed. In case a causative mutation is
present in a relative, cardiologic evaluation and/or diagnostic follow-up is
usually indicated.
In case there is uncertainty about the significance of the discovered
mutation (class 2-4), the results should be interpreted together with the
outcome of phenotypic screening of relatives to determine the probability
of inherited disease in the family members.
Mutation-negative SCD victim
Evaluation of family members of SCD victims in whom no genetic
diagnosis is established is complex and should preferably involve a
multidisciplinary team of specialists. Therefore, cardiogenetic evaluation
is best performed in the context of referral of family members to a
cardiogenetic clinic.3,8 Cascade screening should only be performed
together with clinical evaluation of the family and preferably guided by
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post-mortem findings in the deceased.
The yield of genetic screening in family members varies depending on
the phenotypic screening performed and the results of post-mortem
investigation in the SCD victim. If these provide clues for cardiac disease,
in more than 5% of first-degree relatives a disease-causing mutation
is found. Because of incomplete penetrance and variable expression,
the subsequent management and follow-up of relatives differs between
diagnoses. The genetic test results must be interpreted cautiously and
incorporated in results of clinical evaluation.8 If no diagnosis is made after
comprehensive evaluation, then asymptomatic relatives are generally
followed up till age 40 years.3
Yield of cardiogenetic evaluation
With thorough clinical assessment of first-degree relatives of SUD
victims, a cause of death can be established in up to 50% of selected
and comprehensively evaluated families.21,23,28 A Dutch investigation of 43
families of SUD victims, of whom 22 were autopsied, found an inherited
cardiac disease in 17 of the 43 families that explained the sudden death
of the victims.21 Furthermore, a study executed in the United Kingdom
revealed an inherited disease in 53 % of the 57 families of SADS victims
aged 4–64 years.23
Discovery of inherited disease in an (asymptomatic) relative of a SCD
victim does not necessarily have prognostic consequences. Nor does the
absence of abnormalities on cardiac evaluation automatically rule out the
presence of an inherited disease.
This complicates the management of relatives and requires a disease
specific approach. In some diseases, symptoms develop only at older age
(e.g., HCM, DCM, and ARVD/C), which may mandate follow-up in these
individuals. In others, an extensive cardiogenetic evaluation is sufficient
for diagnosis or exclusion (e.g., LQTS, BrS and CPVT). However, it
should be realized that a relative carrying the mutation of an inherited
cardiac disease will not necessarily develop signs or symptoms of the
clinical syndrome that is associated with the mutation.

3

44 | CHAPTER 3
CONCLUSION
Sudden cardiac death in the young is a devastating event that deserves
thorough investigation and care for the benefit of the victims family
members. Many specialized clinical disciplines need to collaborate
to perform these investigations and outcome is dependent on the
coordinated efforts of all those involved. A comprehensive overview of
the different clinical scenarios and recommended management options is
presented in the flowchart in figure 2.
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Figure 2. Flowchart of diagnosis and management of inherited heart
disease in families of a young sudden death victim. Note: DNA testing of
stored DNA sample is initiated only after the relatives visit the outpatient
clinic and request on DNA testing. *Inherited disease may be suspected,
see paragraph ‘autopsy and toxicological screening’. ECG
Electrocardiogram; CMR cardiac magnetic resonance imaging; SAECG
Signal-averaged electrocardiogram. Adapted from Semsarian et al3.
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ABSTRACT
Aims
Idiopathic ventricular fibrillation (IVF) is a rare cause of sudden cardiac
arrest. Implantable cardioverter-defibrillator (ICD) implantation is currently
the only treatment option. Limited data are available on the prevalence
and complications of ICD therapy in these patients. We sought to
investigate ICD therapy and its complications in patients with IVF.
Methods and results
Patients were selected from a national registry of IVF patients. Patients in
whom no underlying diagnosis was found during follow-up were eligible
for inclusion. Recurrence of ventricular arrhythmia (VA) was derived from
medical and ICD records, electrogram records of ICD therapies were
used to differentiate between appropriate or inappropriate interventions.
Independent predictors for appropriate ICD shock were calculated using
cox regression. In 217 IVF patients, recurrence of sustained VAs occurred
in 66 patients (30%) during a median follow-up period of 6.1 years.
Ten patients died (4.6%). Thirty-eight patients (17.5%) experienced
inappropriate ICD therapy, and 32 patients (14.7%) had device-related
complications. Symptoms before cardiac arrest [hazard ratio (HR): 2.51,
95% confidence interval (CI): 1.48–4.24], signs of conduction disease
(HR: 2.27, 95% CI: 1.15–4.47), and carrier of the DPP6 risk haplotype
(HR: 3.24, 1.70–6.17) were identified as independent predictors of
appropriate shock occurrence.
Conclusion
Implantable cardioverter-defibrillator therapy is an effective treatment in
IVF, treating recurrences of potentially lethal VAs in approximately onethird of patients during long-term follow-up. However, device-related
complications and inappropriate shocks were also frequent. We found
significant predictors for appropriate ICD therapy. This may imply that
these patients require additional management to prevent recurrent events.
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INTRODUCTION
Idiopathic ventricular fibrillation (IVF) is diagnosed in patients who
experienced a cardiac arrest, preferably with documented ventricular
fibrillation (VF), in whom comprehensive clinical evaluation could not
identify an underlying cause.1 Nowadays, an implantable cardioverterdefibrillator (ICD) remains the recommended therapy for the management
of recurrent ventricular arrhythmias (VAs) in patients with IVF.2 Although
some patients may benefit from pharmacological treatment with antiarrhythmic drugs or ablation of ventricular premature beats (VPBs) that
trigger VF,3–5 these treatments cannot replace ICD implantation.
The recurrence rate of VAs in IVF patients is 17–31%6–8 and is highest in
the first years after the index event.7 The burden of inappropriate shocks
in IVF patients is 14–44%.7–10 So far, limited predictors of appropriate ICD
therapy have been identified in IVF patients. A recent study showed that
an early repolarization pattern (ERP) was the only predictor for arrhythmia
recurrence.9 However, since 2013 sudden cardiac arrest victims who
demonstrate ERP on their baseline electrocardiogram (ECG) are diagnosed
with early repolarization syndrome (ERS) as a separate disease entity,
and are therefore no longer considered idiopathic. No further studies have
been conducted to identify predictors for arrhythmia recurrence in IVF
patients.
In this multicentre study, we included IVF patients who had received an
ICD for secondary prevention of life-threatening arrhythmias. The goal of
this study was to assess the incidence of ICD therapy, complications of
ICD implantation, and predictors of appropriate ICD therapy during longterm follow-up.

METHODS
Patient population
Patients were selected from a Dutch registry of IVF patients (Figure
1). This registry comprises patients from the Academic Medical Center
Amsterdam (AMC), Leiden University Medical Center (LUMC), Erasmus
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Medical Center Rotterdam (EMC), University Medical Center Groningen
(UMCG), Maastricht University Medical Center (MUMC), Medisch Spectrum
Twente (MST), and University Medical Center Utrecht (UMCU). Data
from the UMCU were previously published.7 All study parameters were
retrospectively and prospectively collected. Patients were eligible for
enrolment if they had experienced a cardiac arrest, with an initial
shockable rhythm, and were diagnosed with IVF at time of the index
event. Idiopathic ventricular fibrillation was diagnosed according to the
2013 consensus criteria.1 Idiopathic ventricular fibrillation was defined as
a resuscitated cardiac arrest victim, with documented VF and/or shockable
rhythm, in whom known cardiac, respiratory, metabolic, and toxicological
aetiologies were excluded through clinical evaluation. Diagnostic criteria
used to exclude specific diseases are shown in Table 1. The study was in
accordance with all principles outlined in the declaration of Helsinki. This
study was approved by the local ethics committee of the UMCU and at
each enrolling centre. Due to the descriptive nature of the study, informed
consent of patients was regarded unnecessary by the ethics committee.
Diagnosis

Tests used for exclusion

Criteria used

Coronary heart disease

electrocardiogram, blood

Roffi et al19

chemistry, coronary CT/
angiography
Coronary artery spasm

ergonovine provocation

Montalescot et al20

Long QT syndrome

electrocardiogram, exercise stress

Schwartz et al21

test, DNA analysis
Brugada syndrome

electrocardiogram, sodium

Antzelevitch et al22

channel blocker provocation, DNA
analysis
Catecholaminergic

electrocardiogram, Holter,

polymorphic ventricular

exercise stress test, DNA analysis

Priori et al1

tachycardia
Short QT syndrome

electrocardiogram, DNA analysis

Mazzanti et al23

Early repolarization

electrocardiogram

Macfarlane et al24

Cardiac imaging, DNA analysis

Elliot et al25

syndrome
Hypertrophic
cardiomyopathy
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Dilated cardiomyopathy

Cardiac imaging, DNA analysis

Pinto et al26

Arrhythmogenic

ECG, Holter, Cardiac imaging,

Marcus et al27

cardiomyopathy

endomyocardial biopsy, DNA
analysis

Myocarditis

Cardiac imaging, blood chemistry,

Caforio et al28,

endomyocardial biopsy

Friedrich et al29

Table 1 Diagnostic criteria and tests used for exclusion of specific
diseases. ECG: Electrocardiogram; CT: Computer Tomography.
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Figure 1 Patient selection. The figure shows a flow chart of the patient
selection for the study population. ICD implantable cardioverterdefibrillator; IVF idiopathic ventricular fibrillation.
Clinical investigation
Enrolled patients underwent a detailed investigation of the medical history
and physical examination, 12-lead ECG, laboratory test, exercise stress
test, echocardiography, and coronary angiography (or CT angiography
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in patients under 40 years old). A majority of patients underwent an
magnetic resonance imaging (MRI) with late gadolinium enhancement
to exclude structural abnormalities. Additional evaluation was performed
in patients with phenotypical clues for a specific underlying disease. In
a subset of patients sodium channel blocker provocation was performed
with either ajmaline (maximum dosage 1mg/kg), flecainide (maximum
dosage 2mg/kg), or procainamide (maximum dosage 1000mg) to
exclude Brugada syndrome. Provocation test with either ergonovine
or acetylcholine was performed to exclude coronary artery spasm in
a subgroup of patients. Endomyocardial biopsy was performed in a
subgroup of patients to evaluate signs of cardiomyopathy, myocarditis,
or sarcoidosis. Toxicological screening was performed in patients with
an indication of toxic or illicit drug use and consisted of a screening of
cocaine, cannabis, benzodiazepines, amphetamines, and barbiturates.
Electrophysiologic study was performed at the clinician’s discretion, using
local stimulation protocols.
DNA analysis was performed in most patients, specifically in patients
suspected of concealed underlying arrhythmic disease. Genetic testing
consisted of single targeted gene testing by Sanger sequencing based on
phenotype detection after clinical evaluation showed clues for a specific
disease, or next generation sequencing of a larger panel of genes (either
34 genes, 48, 50, 63, or 212) depending on the centre where the genetic
testing was performed. The tested genes were all associated with an
increased risk of cardiomyopathy, VAs and sudden cardiac death (SCD),
including the DPP6 risk haplotype associated with short-coupled Torsade
de Pointes/IVF in Dutch patients.11 Patients with the DPP6 risk haplotype
were considered as IVF patients according to the Dutch consensus.12
All minor abnormalities that were detected during clinical investigations,
for example mild mitral valve regurgitation or a mildly decreased serum
potassium (2.5–3.5mmol/L), that were not sufficient to diagnose an
underlying disease resulting in VF were accepted as comorbidities.
Arrhythmia recurrence during follow-up
To assess VA recurrence, we searched all available medical records
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and the ICD database of the participating centres. Wherever available,
electrogram records of ICD therapies were used to determine whether
they were appropriate. In other cases, we used the interpretation of the
treating clinician. Appropriate therapy was defined as shocks delivered
for VAs. Conversely, inappropriate therapy was defined as those delivered
in the absence of VAs. Due to the retrospective nature of our analysis,
ICDs of various developmental stages were included. Implantable
cardioverter-defibrillator programming varied over time according to
available recommendations and was adjusted during follow-up on the
basis of individual clinical history and to avoid recurrences of inappropriate
interventions.
Statistical analysis
We presented continuous variables as mean ± standard deviation (SD) or
median þ inter-quartile ranges (IQR) and discrete data as frequencies and
percentage. We estimated event-free survival by the Kaplan–Meier method
and compared differences by log-rank tests. We analysed predictors of
appropriate ICD therapy in univariate and multivariate Cox proportional
hazards regression models. We selected candidate factors which we
considered as potential predictors for appropriate ICD therapy based on
literature, as well as factors that reached a significance level <0.15 in
univariate analysis and contained complete data for multivariate analysis
(e.g. not all investigations were performed in all patients, therefore
the results from Holter registration and MRI were not included in the
multivariate analysis). Logistic regression was performed for inappropriate
ICD therapy data with the following variables: History of atrial fibrillation,
age, sex, conduction disease, and time of ICD implantation. Data were
analysed using R version 3.4.1 (R Foundation for Statistical Computing,
Vienna, Austria). A P-value <0.05 was considered significant.

RESULTS
Between 1988 and 2018, we identified a total of 261 patients with
an initial diagnosis of IVF. During follow-up 34 patients (13%) were
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diagnosed with an underlying diagnosis. Ten patients (4%) either refused
ICD implantation, or were diagnosed with IVF before ICDs were routinely
implanted. Hence, these patients were excluded from further analysis. Our
final cohort consisted of 217 IVF patients who had an ICD implanted for
secondary prevention.
Baseline characteristics
The clinical baseline characteristics of the study cohort are presented
in Table 2. The final patient cohort consisted of 217 IVF patients (60%
male). The median age at time of the index event was 39 (IQR 28–52)
years. Most patients experienced the event at rest (61%). Twenty-nine
patients (13%) received a subcutaneous ICD.
Patients

n (%)

Male sex (%)

131 (60%)

Median age at event (years)

39 (IQR 28-52)

Circumstances during occurrence of VF (%)
Exercise

44 (20%)

Emotions

11 (5%)

Rest

132 (61%)

Sleep

30 (14%)

Any symptoms†

75 (35%)

Palpitations

28 (13%)

Syncope

27 (12%)

Symptoms before cardiac arrest (%)

Family history of sudden cardiac death* (%)

18 (8%)

Table 2. Baseline characteristics of 217 IVF patients. *History of
SCD defined as 1 first degree family member with SCD <45 years, or multiple second degree family members with SCD. †Any symptoms defined
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as chest-pain, syncope, near-syncope or palpitations. IQR: interquartile
range.

Clinical investigation
Table 3 shows an overview of all performed diagnostic tests.
Electrocardiogram parameters of the 217 IVF patients are shown in Table
4. Blood chemistry revealed minor abnormalities in 28 patients (14%):
hypokalaemia in 22 patients, hypomagnesemia in 3 patients, and both in
3 patients. Echocardiography revealed minor abnormalities, such as mild
ventricular hypertrophy or dilatation, valve prolapse or hypokinesia, in
61/208 patients (29%) in whom echocardiography was performed. Holter
or telemetry monitoring was performed in 121/217 patients (56%) and
revealed NSVT in 8 patients (7%). Exercise stress testing showed multiple
VPBs in 31 patients (18%) without meeting criteria for catecholaminergic
polymorphic ventricular tachycardia (VT). Coronary angiography or CT
angiography was normal in all examined patients. Magnetic resonance
imaging was performed in 148/217 patients (68%), and showed minor
abnormalities or focal delayed enhancement (<1 segment) in 28%.
Sodium channel blocker provocation was performed in 130/217 (60%)
and was normal in all examined patients. Ergonovine provocation was
performed and was normal in 53/217 patients (24%). Endomyocardial
biopsy revealed non-specific fibrosis or hypertrophy in one-third of
examined patients (11/33; performed in 15% of total). Toxicological
screening was performed in only 16/217 patients (7%), as there was no
indication of toxic or illicit drug use in most cases, and revealed use of
cannabis in one patient and use of benzodiazepines in one other patient.
Electrophysiological study was performed in 111/217 patients (51%).
Ventricular fibrillation or VT was induced in 31/111 patients (28%).
Catheter ablation was performed in 32/111 patients (29%) with as main
indication ablation of VPB (21 patients) or supraventricular arrhythmia (11
patients).
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Diagnostic test

n

(%)

12-lead ECG

217

(100%)

Cardiac Imaging

217

(100%)

Echocardiography

208

(96%)

MRI

148

(68%)

Coronary angiography or CT angiography

203

(94%)

Blood chemistry

203

(94%)

16

(7%)

Exercise stress test

172

(79%)

Holter monitoring

121

(56%)

Sodium channel blocker provocation

130

(60%)

53

(24%)

DNA analysis

176

(81%)

Electrophysiological study

111

(51%)

33

(15%)

Toxicological screening

Ergonovine provocation

Endomyocardial biopsy

Table 3. Diagnostic tests performed in 217 IVF patients
Parameter
Heart rate, bpm
PR interval, ms
QRS duration, ms
QTc interval, ms
Atrial fibrillation
Left bundle branch block

n (%) or mean/median as appropriate
71 (SD 14)
153 (IQR 140-170)
95 (IQR 86-104)
412 (IQR 397-435)
8 (4%)
13 (6%)

Right bundle branch block

5 (2%)

Terminal activation delay*

3 (1%)

Fractionation†

14 (7%)

Table 4. Baseline electrocardiographic parameters of 217 IVF
patients. *Defined ≥55 ms measured from the nadir of the S wave to the
end of the QRS complex in V1. †defined as the presence of various RSR′
patterns (QRS duration <120 ms) with or without Q wave, which include
an additional R wave (R prime) or notching of the R wave or notching of
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the S wave, or the presence of more than two R primes (fragmentation) in
two contiguous leads corresponding to a major lead set(anterior, lateral,
inferoposterior). bpm: beats per minute, ms: milliseconds.
DNA analysis was performed in 176/217 (81%). We performed single
genetic testing based on phenotypic clues in 65 (37%) patients and (for
some patients: additional) screening of a gene panel in 111 (63%) patients. In 61 (28%) patients a variant was found. The Dutch DPP6risk haplotype was detected in 23 patients (11%). In the other 38 patients (18%)
a variant of uncertain clinical significance (VUS) was detected (5x RyR2,
5x ANK2, 5x TTN, 3x JUP, 3x DSP, 3x SCN5A, 2x CACNA1C, 2x KCNE1, 2x
KCNH2, 2x ABCC9, 2x SCN4B, ACAP9, CSRP3, DES, DPP6, DSC2, DSG2,
KCNA5, KCNJ5, KCNQ1, MYH7, MYPN, SLMAP, TCAP, TMEM43). Table 5
shows the VUS detected in patients who received appropriate ICD therapy.
Patient

Gene

VUS

Family history of
SCD

1

JUP

c.286G>A

p.(Glu96Lys)

-

2

DSP

c.8482G>A

p.(Gly2828Ser)

-

3

KCNE1

c.200G>A

p.(Arg67His)

-

KCNH2

c.2717C>T

p.(Ser906Leu)

4

KCNQ1

c.1193A>G

p.(Lys398Arg)

-

6

ANK2

c.9679A>C

p.(Thr3227Pro)

-

7

TTN

c.4583G>A

p.(trp1528.)

Positive

8

CACNA1C

c.1112A>C

p.(Tyr371Ser)

Positive

9

SCN5A

c.3094G>A

p.(Glu1032Lys)

-

RyR2

c.4747C>T

p.(Pro1583Ser)

11

DPP6

c.821G>A

p.(Arg274His)

Positive

12

TCAP

c.208C>T

p.(Arg70Trp)

-

Table 5. Variants of uncertain significance found in patients with
appropriate ICD therapy.
Follow-up
During a median follow-up period of 6.1 (2.4–12.1) years, 10 patients
died (1 by heart failure, 6 by a non-cardiac cause, and 3 by an unknown
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cause). The overall incidence rate of appropriate ICD therapy was 5.3 per
100 person-years [95% confidence interval (CI) 4.0–6.7].
Recurrence of ventricular arrhythmia during follow-up
In total, 64/217 (29.5%) patients received a total of 408 shocks during
164 shock episodes. Two patients (1%) received anti-tachycardia pacing.
The median time from ICD implantation to first appropriate shock was 1.1
years (IQR 0.4–2.4). The underlying arrhythmia was retrieved in 150/164
episodes (91.5%). Ventricular fibrillation was the underlying rhythm in
105/164 (64%) episodes, followed by VT in 37/164 (22.6%) and both VT
and VF in 8/164 (4.9%). The median number of shocks per person was 4
(IQR 2–8). Thirty-nine (18%) patients suffered multiple shock episodes.
Twenty-four patients (11.1%) experienced an electrical storm (defined as
>3 appropriate shocks per 24 h).
Inappropriate implantable cardioverter-defibrillator therapy
Inappropriate ICD therapy was delivered in 38/217 patients (17.5%).
Patients who experienced inappropriate ICD therapy had a longer
follow-up duration (9.9 years vs. 5.6 years) and more often had their
ICD implanted before 2000 (groups divided by the median calendar
year of ICD implantation). Logistic regression analysis did not identify
any significant factors associated with inappropriate ICD therapy.
Inappropriate discharge was due to atrial fibrillation in 13 patients
(34%), supraventricular tachycardia in 8 patients (21%), T-wave/noise
oversensing, ICD or lead malfunction in 7 patients (18%), and sinus
tachycardia in 5 patients (13%).
Complications of implantable cardioverter-defibrillator
Implantable cardioverter-defibrillator complications were seen in 32/
217 (14.7%). The most common complications were lead related (14
patients), including lead fracture, oversensing or an increase in impedance
requiring lead revision. One patient had the lead (RIATA) recalled and
replaced, no other known lead problems were found. Four patients had
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device endocarditis, of whom one required antibiotics, two required lead
extraction, and one died as a result of Staphylococcus aureus sepsis. Four
patients suffered from pocket haematoma or discomfort requiring pocket
revision.
Predictors of implantable cardioverter-defibrillator therapy
Table 6 shows the predictors for appropriate ICD therapy. In univariate
analysis, a family history of SCD (HR: 2.90, 95% CI: 1.57–5.34, P=
0.0006) and VPBs or NSVT at Holter or telemetry monitoring (HR: 2.44,
95% CI: 1.11–5.34, P= 0.026) were associated with appropriate ICD
therapy. Because Holter or telemetry monitoring was not performed in all
patients, we did not include them in the multivariate analysis. Multivariate
analysis identified three independent predictors for appropriate ICD
therapy: Symptoms before cardiac arrest (HR: 2.51, 95% CI: 1.48–4.24,
P = 0.0006), signs of conduction disease (HR: 2.27, 95% CI: 1.15–4.47,
P= 0.018), and carrier of the DPP6 risk haplotype (HR: 3.24, 95% CI:
1.70–6.17, P = 0.0003). Figure 2 shows the observed rate of appropriate
ICD therapy for the respective groups.
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Figure 2 Cumulative event-free survival by predictor for appropriate ICD
therapy. ICD implantable cardioverter-defibrillator.
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Multivariate
analysis

Predictor

Univariate analysis

Baseline characteristics

HR (95% CI for HR)

p value

Male sex

1.15 (0.70-1.92)

0.578

Age at index event,
years

1.00 (0.98-1.01)

0.735

Symptoms before
cardiac arrest

2.05 (1.24-3.37)

0.0048

Family history of SCD

2.90 (1.57-5.34)

0.0006

Syncope

1.58 (0.75-3.33)

0.225

Index event during
exercise

0.85 (0.47-1.52)

0.583

Heart rate, bpm

1.01 (0.99-1.03)

0.295

Conduction disease

2.05 (1.07-3.93)

0.032

Atrial fibrillation

0.87 (0.213-3.58)

0.852

QTc interval, ms

1.00 (0.99-1.01)

0.779

Holter: NSVT or VPBs

2.44 (1.11-5.34)

0.026

Exercise test: NSVT or
VPBs

0.74 (0.33-1.65)

0.461

MRI: delayed enhancement

1.16 (0.45-2.96)

0.762

VF induced during EPS

1.23 (0.56-2.72)

0.09

DNA analysis: any VUS

1.51 (0.83-2.74)

0.174

DNA analysis: DPP6
haplotype

2.39 (1.29-4.40)

0.0054

HR (95% CI
for HR)

2.51 (1.484.24)

p value

0.0006

4

Baseline ECG parameters

2.27 (1.154.47)

0.018

3.24 (1.706.17)

0.0003

Other parameters

Table 6. Predictors of appropriate ICD therapy in 217 IVF patients. HR: Hazard
ratio, CI: Confidence interval, Conduction disease: PR-interval > 200ms or QRS-duration
> 120ms, ms: milliseconds, bpm: beats per minute, EPS: electrophysiological study,
NSVT: non-sustained ventricular tachycardia, SCD: Sudden cardiac death, VF: ventricular
fibrillation, VPB: ventricular premature beat, VUS: variant of uncertain significance.

66 | CHAPTER 4
DISCUSSION
Main findings
This multicentre study extends the findings of our previous monocentre
study in 107 patients initially diagnosed with IVF.7 We described the longterm follow-up of 217 patients with a diagnosis of IVF, after we excluded
34 patients in whom a specific diagnosis was detected during followup and 10 patients without an ICD. One-third of patients experienced
recurrence of VAs during a median follow-up of 6 years. The median
number of shocks was four per person. Of the patients who experienced
appropriate ICD therapy, many experienced an electrical storm. We
identified three predictors for recurrence of VAs: the presence of
symptoms before cardiac arrest, signs of conduction disease on baseline
ECG, and carrier of the DPP6 risk haplotype. Inappropriate ICD therapy
was delivered in 19% of patients and was most commonly caused by atrial
fibrillation. Implantable cardioverter-defibrillator complications other than
inappropriate ICD therapy occurred in 15.5%.
Previous studies
The Cardiac Arrest Survivors with Preserved Ejection Fraction Registry
showed high rates of appropriate ICD therapy, with 16% (25 patients)
who received appropriate ICD therapy and 16% (25 patients) who
received appropriate anti-tachycardia pacing.8 Previous studies showed
varying rates of appropriate ICD therapy between 11% and 43%.6,8,9
The limited data on inappropriate ICD therapy show a high rate with
inappropriate shocks in 14–44% of patients.6,8,9 Our results are in line with
these previous studies. Only one study has been published that assessed
predictors for appropriate ICD therapy in IVF.9 This study by Siebermair
et al., with a long-term follow-up of 35 IVF patients, identified ERP as the
only predictor for the recurrence of VAs. Other independent predictors of
recurrence of VAs than ERP were not identified (male sex, age at index
event, atrial fibrillation and inducibility of VF/VT at electrophysiological
study). With the recognition of ERS as a separate disease entity, ERP is
no longer found in the IVF population. The independent predictors found
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in our study have not been analysed previously. Atrial fibrillation was the
strongest predictor of inappropriate ICD therapy, which was comparable to
our study as the cause of inappropriate ICD therapy was atrial fibrillation
in most patients. We did not identify any significant factors associated
with inappropriate ICD therapy.
Significant predictors
In a multivariate Cox proportional hazards model, we identified three
independent significant predictors for appropriate ICD therapy. The first
is symptoms before cardiac arrest, defined as syncope, near-syncope,
chest pain, or palpitations at any time before the initial event. While nonspecific in the general population, these symptoms may all be caused by
recurrent self-terminating episodes of VA. Frequent ventricular ectopy
may trigger recurrent VT/VF and concomitant ICD therapy. Identifying the
ectopic origin during an electrophysiologic study and targeted ablation of
triggering VPB should be considered, as this has been shown to reduce
the recurrence of VF in IVF patients.4
The second predictor for appropriate ICD therapy is signs of conduction
disease on baseline ECG, which may result from conduction delay in
the atrium, atrioventricular node, and/or His-Purkinje system. In the
general population, conduction disease is associated with an increased
risk of AF, pacemaker implantation, and all-cause mortality.13 Though the
relationship between conduction disease and mortality in the absence of
underlying cardiomyopathy is not clear, it is often attributed to increased
fibrosis of the cardiac conduction system.14 Fibrosis and resulting
conduction delay have been associated with cardiac arrhythmias15 and are
common in structural heart disease as well as in the Brugada syndrome
(especially in those with SCN5A mutations).16 In aging myocardium, the
increased fibrosis enhances arrhythmia vulnerability and is associated
with decreased expression of connexin43 and cardiac sodium channels
(Nav1.5).17 Thus, both structural and ion-channel differences may explain
the contribution of conduction disease to VA recurrence. However, more
research is needed to identify the underlying mechanisms.
The third predictor is being carrier of the DPP6 risk haplotype. This genetic
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mutation is unique to a Dutch population. Patients in whom the DPP6
haplotype is detected are not diagnosed with a specific disease, because
a clear phenotype is absent and the pathophysiological mechanism for
arrhythmic risk of the mutation is not fully understood. However, it is clear
the DPP6 haplotype increases arrhythmic risk. More research is needed
to further identify the underlying mechanism for arrhythmia occurrence in
these patients.
In univariate analysis, we identified another two predictors for appropriate
ICD therapy: A family history of SCD and VPBs or NSVTs recorded at
Holter or telemetry monitoring recording. A specific mechanism that
may cause IVF is through short-coupled VPBs. The short-coupled
VPBs can directly elicit VF. A family history of SCD indicates inherited
disease. A large part of primary electrical syndromes have been found
to be associated with pathological (ion-channel) mutations that are the
underlying cause for VAs.1 Though a causative mutation has not been
found in all IVF patients with a family history of SCD, the presence of such
an undiscovered mutation in these families is plausible. Due to the rare,
heterogeneous nature of IVF and the incomplete penetrance and variable
expression of genetic mutations in family members, uncovering these
genetic mutations remains a challenge.
Management options
Aside from ICD implantation for secondary prevention of SCD, several
other management options have been studied that could benefit a
subgroup of IVF patients. Firstly, the effectiveness of electrophysiologic
guided class 1A anti-arrhythmic therapy, primarily quinidine, has been
studied. Class 1A anti-arrhythmic therapy was associated with absence
of VAs during long-term follow-up.3 Secondly, short-coupled VPBs have
been shown to be an excellent target for catheter ablation. After ablation
of these premature ventricular beats, most patients are free of recurrence
of VAs.4,5 Finally, ICD implantation for primary prevention of IVF in
asymptomatic family members has been performed, but its benefit is still
under debate. Ten Sande et al.11 show the results of ICD implantation in
asymptomatic carriers of the DPP6 risk haplotype where <3% of family
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members received appropriate therapy during 5-year follow-up. Thus, IVF
patients may benefit from a more tailored management approach. Based
on our findings, we recommend thorough family and genetic screening in
those patients with a positive family history for SCD and/or known DPP6
mutation carriers, regular evaluation of patients with conduction disease
during follow-up for signs of underlying structural heart disease and
considering ablation of VPBs in patients with recurrent ventricular ectopy.
Study limitations
A limitation of our study is the lack of systematic assessment of IVF
patients. Due to the retrospective, observational nature of our cohort,
not all patients underwent the diagnostic tests required to appropriately
diagnose IVF. This is a common problem in IVF studies in a real-world
setting8,9,18 and makes absence of underlying disease less certain. In
particular, MRI (62%) and sodium channel blocker provocation (57%)
were not routinely performed, which is comparable to other IVF cohorts,
77% and 66% in CASPER8 and 37% and 34% in Siebermair et al.9,
respectively. In our current cohort, physicians are informed on the missing
diagnostic tests in their patients and encouraged to complete the clinical
evaluation.
Secondly, although we included a number of patients comparable to the
Cardiac Arrest Survivors with Preserved Ejection Fraction Registry, the
number of included patients is modest compared with large-scale ICD
trials, which can be expected in any study on IVF since it is a rare disease.
Lastly, ICD therapy is dependent on device programming, which was
not systematically performed, possibly resulting in a higher rate of both
appropriate and inappropriate ICD therapy.

CONCLUSIONS
We report the long-term follow-up of 217 IVF patients and showed that
one-third of the patients experience appropriate ICD therapy, supporting
the guidelines for implantation of ICD for secondary prevention in
idiopathic VF patients. Inappropriate ICD therapy and ICD complications
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such as lead dysfunction were frequent problems. After multivariate
analysis, we identified three independent predictors for appropriate ICD
therapy: symptoms before cardiac arrest, signs of conduction disease
on baseline ECG, and carrier of the DPP6 risk haplotype. After univariate
analysis, the presence of VPB or NSVT on Holter or telemetry monitoring
was also a predictor for VA recurrence. Idiopathic ventricular fibrillation
patients with one or multiple of these factors require extra attention to
prevent appropriate ICD therapy.
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ABSTRACT
Introduction
Familial cascade screening is well established in patients with heritable
cardiac disease and in cases of Sudden Arrhythmic Death Syndrome
(SADS). The assessment of family members of survivors of idiopathic
ventricular fibrillation is not established.
Methods
Patients with idiopathic VF were identified from 4 national and institutional
registries. All patients underwent comprehensive clinical evaluation to
exclude other causes of cardiac arrest. The results of cascade screening in
first-degree relatives were then reported.
Results
We identified 189 first-degree relatives of 89 IVF survivors. All relatives
had a 12-lead resting ECG. Echocardiography was performed in 149
(78%). At least 1 additional investigation was performed in 170
(90%). 5 (3%) individuals from 4 (4%) families had diagnostic tests
with positive results. Two relatives were found to carry the DPP6 risk
haplotype identified in the familial proband. In three separate families the
asymptomatic parent of the proband developed a type I Brugada pattern
on ECG during ajmaline provocation testing.
Conclusions
We conclude that comprehensive clinical evaluation of the unexplained
cardiac arrest survivor is the cornerstone of management not only of the
proband but of the wider family. In cases where comprehensive clinical
evaluation, supplemented by genetic testing where appropriate, has
excluded heritable phenotypes, the yield of family screening is low.
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INTRODUCTION
Cardiac arrest due to ventricular fibrillation is a common presentation
and important cause of death.1 The majority of cases are due to
ischaemic heart disease. In other cases, cardiomyopathy or ion channel
disease may be evident. In a significant minority initial investigation with
ECG, transthoracic echocardiogram and coronary imaging will be nondiagnostic.2 Systematic clinical investigation of such ‘unexplained cardiac
arrest’ (UCA)3 may reveal a diagnosis in approximately one third of cases.4
Frequently, the diagnosis made will be an inherited arrhythmia syndrome
or cardiomyopathy which will lead to a recommendation to perform
cascade screening of immediate family members.5
If no diagnosis is made, a label of idiopathic ventricular fibrillation (IVF) is
used although there is no consensus on which investigations are required
before IVF is diagnosed.
Therefore, those patients labelled with IVF may represent a variety
of underlying pathologies including: concealed forms of established
arrhythmia syndromes or cardiomyopathies; short-coupled VF without
documentation of the short-coupled PVC; or undiagnosed environmental
triggers in otherwise normal hearts. The benefit of family cascade
screening in such cases is not known.
Since incomplete penetrance and variable expressivity are well recognised
in the inherited arrhythmia syndromes, we hypothesized that familial
screening may reveal diagnoses in first-degree relatives that were
not apparent in the IVF survivor. We present a cohort of idiopathic VF
survivors where family cascade screening has been undertaken. Details of
the investigations performed and the overall diagnostic yield is discussed.

METHODS
Cases of unexplained cardiac arrest were identified from four large
national and institutional registries in Canada, Denmark, the Netherlands
and the UK. Individuals were included in the study if they had been
resuscitated from cardiac arrest with documentation of ventricular
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fibrillation (VF) and no diagnosis had been made after exhaustive clinical
assessment. Diagnoses of Early Repolarization Syndrome (ERS) and
short-coupled Ventricular Fibrillation (SC-VF) were considered part of the
spectrum of idiopathic VF and were not excluded.
All individuals were required to have undergone a minimum clinical
assessment comprising at least: resting 12-lead ECG; cardiac imaging
with echocardiogram and/or MRI; coronary artery imaging; exercise ECG,
and; sodium channel blocker provocation. Further investigations were
performed at the treating physician’s discretion. Genetic testing was not
required for inclusion although results were recorded where performed. In
addition, minor or non-diagnostic findings from clinical investigations were
recorded. A summary of the minimum required clinical assessment and
acceptable minor findings is shown in table 1.
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Clinical Investigation

Non-significant findings

ECG*

QTc≤460 ms (≤480 ms for females)
Infero-lateral early repolarisation pattern
Partial right bundle branch block with acute r’ beta angle

Echocardiogram**

LVEF ≥50%
Absence of significant regional wall motion abnormalities

Cardiac magnetic reso-

LVEF≥50%

nance imaging

Late gadolinium enhancement at RV insertion

Coronary imaging

Mild coronary artery disease (≤30% stenosis)

Exercise stress test

Isolated monomorphic PVCs.
ST segment depression with normal coronaries

Na-channel blocker

Performed with ajmaline, procainamide or flecainide

provocation

Table 1. Minimum clinical assessment required for inclusion
of proband. All listed investigations must be considered normal
for inclusion. Minor findings as described were acceptable. ECG:
Electrocardiogram, LVEF: left ventricular ejection fraction, PVC: premature
ventricular contraction, RV: right ventricle. *Allowing for temporary (2
weeks) peri-arrest repolarization changes. **Allowing for temporary
‘myocardial stunning’ post-arrest (2 weeks)
First-degree relatives of IVF survivors who have been assessed with
at least a resting 12 lead ECG were identified. Demographic data of
relatives were collected. Results of the ECGs and additional investigations
performed in relatives were recorded and coded as: normal, abnormal or
borderline. The diagnosis of an inherited arrhythmia syndrome was noted
and associations with proband and relatives characteristics were sought.
Statistical Methods
The Mann-Whitney U test was used to compare continuous variables.
Fisher’s exact test was used to compare categorical variables. A p<0.05
was considered significant. Statistical analysis was performed with SPSS
24 (SPSS, Inc., Chicago, IL).
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RESULTS
We included 89 families of IVF probands where cascade screening with at
least a 12-lead ECG was performed. The final cohort comprised 189 firstdegree relatives of these 89 idiopathic VF survivors.
Proband characteristics
The clinical characteristics of probands are summarised in table 2. The
mean age was 38.5±12 years and 48 (54%) were male. The circumstance
of cardiac arrest was recorded in 74 (83%). The majority occurred at rest
(39, 53%). Prior suspected arrhythmic syncope was reported in 17 (19%).
A prior familial history of sudden death was reported in 12 (13%). In
addition to the required investigations, an ECG with high right ventricular
leads was performed in 81 (91%), signal-averaged ECG (SAECG) in 41
(47%), cardiac MRI in 75 (83%) and adrenaline provocation in 31 (36%).
Characteristic, n (%)

All

Negative

Positive

p-val-

probands

family

family

ue

(n=89)

screening

screening

(n=85)

(n=4)

Age, mean±SD

38.5±12

38.9±12

28±17

NS

Male Sex

48 (54)

45 (54)

3 (75%)

NS

Circumstance of cardiac arrest
Sleep

11 (15)

9 (13)

2 (50)

Rest

39 (53)

38 (55)

1 (25)

Exercise

24 (32)

23 (32)

1 (25)

Prior syncope

17 (19)

16 (19)

1 (25)

NS

Other FH SD (present)

12 (13)

12 (14)

0 (0)

NS

Investigations
ECG (n=89, 100%)

NS
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Normal

57 (63)

54 (63)

3 (75)

Early Repolarisation

15 (18)

14 (18)

1 (25)

Other Minor findings

17 (19)

17 (19)

0 (0)

Normal

79 (98)

75 (97)

4 (100)

Type 2 Brugada pattern

2 (2)

2 (3)

0 (0)

Normal (0/3)

30 (74)

29 (73)

1 (100)

Abnormal (≥2/3)

6 (14)

6 (15)

0 (0)

Equivocal (1/3)

5 (12)

5 (12)

0 (0)

Normal

72 (81)

69 (81)

3 (75)

Minor finding

17 (19)

16 (19)

1 (25)

Normal

62 (83)

60 (85)

2 (50)

Equivocal

13 (17)

11 (16)

2 (50)

Normal

73 (82)

69 (81)

4 (100)

Minor findings

15 (18)

15 (19)

0 (0)

NS

High lead ECG (n=81, 91%)
NS

SAECG (n=41, 47%)
NS

Echo (n=89, 100%)
NS

CMR (n=75, 83%)
NS

Exercise ECG (n=88, 99%)
NS

Adrenaline provocation (n=31, 36%)
Negative

22 (69)

20 (67)

2 (100)

QT prolongation >30ms

1 (3)

1 (3)

0 (0)

QT prolongation 1-30ms

8 (28)

8 (30)

0 (0)

NS

Na blocker provocation (n=89, 100%)
Negative

89 (100)

86 (100)

4 (100)

Type 1 Brugada ECG

0 (0)

0 (0)

0 (0)

Normal

44 (67)

43 (70)

1 (25)

VUS

21 (31)

19 (30)

2 (50)

Pathogenic variant

1 (2)

0 (0)

1 (25)

NA

Genetics (n=66, 74%)
0.04

Table 2. Clinical characteristics and summary of investigation
findings in idiopathic VF survivors stratified by presence of an
inherited arrhythmia syndrome diagnosis made in a first-degree
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relative. ECG: Electrocardiogram; FH SD: Family history of Sudden
Cardiac Death; NA: not applicable; NS: not significant; SAECG: Signalaveraged electrocardiogram; SD: Standard deviation; VUS: variant of
uncertain significance.
Relative characteristics
The clinical characteristics of relatives are displayed in table 3. The
mean age was 39±20 years and 107 (56%) were male. Regarding the
relationship to the proband, 56 (30%) were parents, 66 (35%) were
siblings and 68 (36%) were offspring. Prior syncope was reported in 10
(5%). A prior familial history of sudden death (other than the proband)
was reported in 7 (4%).
As per the protocol, all relatives had a resting 12-lead ECG, with additional
high right ventricular leads performed in 52 (27%). Further investigations
included: an echocardiogram in 149 (78%), cardiac MRI in 22 (12%)
[22% had no imaging], exercise ECG in 117 (62%); SAECG in 59 (31%);
sodium-channel blocker challenge in 20 (11%). An adrenaline provocation
was performed in 6 (3%) relatives. Genetic testing was performed in 31
(16%).
Characteristic

All rel-

No familial

Familial

p-val-

atives

diagnosis

diagnosis

ue

(n=189)

(n=173)

(n=16)

Age

39±20

39±20

41±21

NS

Male Sex

107 (56)

100 (58)

7 (44)

NS

Child

67 (36)

65 (38)

2 (13)

Sibling

66 (35)

57 (33)

9 (56)

Parent

56 (30)

51 (29)

5 (31)

Syncope

10 (5)

10 (6)

0 (0)

NS

Palpitations

25 (14)

23 (14)

2 (13)

NS

Chest pain

15 (8)

15 (9)

0 (0)

NS

Relationship to proband
NS
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Shortness of breath

1 (1)

1 (1)

0 (0)

NS

Other FH SD (present)

7 (4)

6 (3)

1 (6)

NS

Normal

160 (85)

112 (85)

14 (88)

Early Repolarisation

11 (6)

11 (6)

0 (0)

Other Abnormal

17 (9)

15 (9)

2 (13)

Normal

49 (94)

44 (98)

6 (75)

Abnormal

3 (6)

1 (2)

2 (25)

Normal

52 (88)

48 (91)

4 (67)

Abnormal

7 (12)

5 (9)

2 (33)

Investigations
ECG (n=189, 100%)
NS

High lead ECG (n=52, 27%)
NS

SAECG (n=59, 31%)
NS

Echocardiogram (n=148, 78%)
Normal

134 (91)

124 (90)

10 (100)

Abnormal

14 (9)

14 (10)

0 (0)

Normal

17 (77)

16 (76)

1 (100)

Abnormal

5 (23)

5 (24)

0 (0)

NS

CMR (n=22, 12%)
NS

Exercise ECG (n=116, 62%)
Normal

103 (89)

97 (89)

6 (86)

Abnormal

13 (11)

12 (11)

1 (14)

NS

Adrenaline provocation (n=5, 3%)
Negative

5 (100)

5 (100)

0 (0)

Positive

0 (0)

0 (0)

0 (0)

NA

Na blocker provocation (n=20, 11%)
Normal

17 (85)

15 (100)

2 (40)

Abnormal

3 (15)

0 (0)

3 (60)

Negative

28 (94)

22 (100)

6 (75)

Pathogenic variant

2 (6)

0 (0)

2 (25)

0.009

Genetics (n=30, 16%)
NS

Table 3. Clinical characteristics and summary of investigations
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for relatives stratified by presence of an inherited arrhythmia
syndrome diagnosis. ECG: electrocardiogram; CMR: cardiac magnetic
resonance imaging; SAECG: signal-averaged electrocardiogram; FH SD:
Family history of sudden cardiac death.
Yield of family screening
Five (3%) relatives from 4 (4%) families had a positive diagnostic tests
result. The DPP6 risk haplotype was identified in 2 relatives from one
family following cascade genetic testing. A type I Brugada pattern ECG
was induced during sodium-channel blocker provocation testing in 3
relatives from 3 unrelated families. There was no significant difference
between the clinical characteristics of probands where a familial diagnosis
was made in first-degree relatives compared to those where no familial
diagnosis was made. Similarly, there were no significant differences
between clinical characteristics of relatives in whom a familial diagnosis
was made compared to those without a familial diagnosis. (See tables 2
and 3). The families with positive findings are summarized below:
Family 1
A 54 year-old male (from the Dutch registry) suffered VF during sleep.
Clinical assessment revealed only a single minor criterion for ARVC with
dyskinesia of the right ventricular lateral wall and a RV ejection fraction of
44%. Genetic testing with a 34 gene panel identified the DPP6 risk-haplotype. Four relatives (2 children and two siblings) underwent cascade
genetic testing. The brother and daughter were found to carry the haplotype. A primary prevention subcutaneous ICD was implanted in the
daughter.
Family 2
A 21 year-old male suffered VF during sleep. He had a history of prior
syncope. Clinical assessment, including Na-channel blocker provocation
testing, revealed no positive findings. Three relatives (2 parents and 1
sibling) underwent clinical assessment. His 62 year-old father was found
to have a type 2 Brugada ECG pattern in the standard and high RV lead
positions at rest which converted to a type 1 pattern with ajmaline prov-
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ocation (1mg/kg over 5 mins). He also had an abnormal SAECG. He was
asymptomatic. Genetic testing in both proband and father was negative.
The father received lifestyle advice as per recommended guidelines. An
ICD was not implanted.
Family 3
An 18 year-old male suffered VF during exercise. Clinical assessment, including Na-channel blocker provocation testing, revealed only basal septal
hypokinesia seen both on an echocardiogram and CMR. Five relatives (2
parents and 3 siblings) underwent clinical assessment. His 49 year-old
father was found to have a type 2 Brugada ECG pattern in the standard
and high RV lead positions at rest which converted to a type 1 pattern
with ajmaline provocation (1mg/kg over 5 mins). During exercise testing
changes in RV conduction approaching a type 1 Brugada ECG pattern
were also noted. Genetic testing in both proband and father was negative.
The father received lifestyle advice as per recommended guidelines. An
ICD was not implanted.
Family 4
A 19 year-old female suffered VF during rest. Clinical assessment, including Na-channel blocker provocation testing, revealed no positive findings.
Genetic testing with a 212 gene panel revealed a variant of uncertain
significance in the CACNA1C gene (c.6637G>A p.(Asp2213Asn)). Her 61
year-old mother received flecainide infusion for treatment of atrial fibrillation. During the infusion she converted to a type 1 Brugada ECG pattern.
She was found to carry the same variant in the CACNA1C gene. She was
asymptomatic and received lifestyle advice as per recommended guidelines. An ICD was not implanted.
Early Repolarization
An infero-lateral Early Repolarization (ER) pattern was seen in 14 (16%)
probands. ER was less common in relatives (n=11, 6%, p=0.007). There
was no significant difference in relatives with ER between families where
ER was seen in the proband compared to families where ER was not
seen in the proband (2/14, 14% vs. 9/75, 12%, p=0.66). In addition,
2 probands had a resting type 2 Brugada ECG pattern (intermittent in
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1) which did not convert to a type 1 pattern with Na channel blocker
provocation. Brugada syndrome was not diagnosed in relatives of either
family. However, ER was noted in a single relative from one family.
Genetic Testing
Genetic testing was performed in 66 (74%) probands. Testing strategies
varied from single phenotype panels to broad, multi-phenotype panels
of up to 212 genes. A pathogenic finding was noted in 1 (2%); a male
proband of Dutch ancestry was found to carry the DPP6 risk haplotype.
Cascade screening identified 2 positive relatives (as described above). In
addition, 13 variants of uncertain significance (VUS) in ANK2, DSP, DSG2,
CACNA1C, KCNQ1, ABCC9, TTN, JUP, RYR2 and DSC2 were identified
in 21 (24%) probands. The DSC2 variant was not found in either of the
proband’s parents. The CACNA1C mutation was found in the proband’s
mother in family 4 with positive findings. Predictive testing for the
remaining VUS was not carried out.

DISCUSSION
Idiopathic VF is diagnosed in a VF survivor where no cause can be
identified after comprehensive clinical evaluation. IVF is rare although
the precise prevalence is unknown, in part due to a lack of consensus
on what compromises a comprehensive clinical evaluation.6 Previous
studies of IVF have often contained a heterogeneous cohort of patients
with investigations carried out in varying depth.7 The inclusion criteria for
this study are purposefully strict to exclude, as confidently as possible,
recognised inherited arrhythmia syndromes and other causes of cardiac
arrest. The yield of clinical familial evaluation in this well characterised
cohort of IVF cases was low with only 5 (3%) individuals from 4 (4%)
families with a positive diagnostic test result. Furthermore, those cases
where a diagnostic test was positive for cardiac abnormalities are not
necessarily diagnosed with an inherited disease.
The DPP6 risk haplotype is currently the only well-established genetic
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culprit associated with familial IVF.8 However, identified cases have
been limited to Dutch families due to a founder mutation effect in that
population.9 There have been no reports of IVF associated with the DPP6
risk haplotype without Dutch heritage. Furthermore, the role of genetic
testing in idiopathic VF and unexplained cardiac arrest remains unclear.
The yield of pathogenic/likely pathogenic variants is low in IVF series.7,10 In
a large series of unexplained cardiac arrest survivors, the yield was 19%11
although a proportion of those patients did have an identifiable phenotype
after comprehensive clinical assessment. This illustrates the value of initial
clinical evaluation after cardiac arrest, as subtle phenotypic abnormalities
are required to guide genetic testing in the idiopathic VF patient.12 It also
explains the higher yield of genetic testing in SADS families,13,14 where the
evaluation of an electrical phenotype (e.g. Brugada pattern on ECG) in the
proband is limited.
Early Repolarisation
Similar to the original study by Haissaguerre et al,15 we found that the
inferolateral Early Repolarisation pattern (ER) was common in idiopathic
VF probands. Although ERS is now accepted as a diagnostic classification,
there has been little progress in the understanding of the underlying
pathophysiology over the last decade since its re-emergence as a
significant ECG finding. Previous reports have demonstrated heritability of
the ER pattern and it has been shown to be over-represented in relatives
of sudden death victims.16,17 In keeping with this, ER was more common
in families of probands displaying ER. However, no monogenic cause was
identified in any of these families, again reflecting the wider literature
which has not demonstrated convincing evidence of any single monogenic
cause of ERS. It is therefore likely that ER represents a polygenic risk
modifier for ventricular arrhythmias rather than a specific monogenic
disease entity.
Brugada based upon positive ajmaline
The diagnosis of Brugada Syndrome by positive ajmaline test in
asymptomatic patients is under debate18,19 due to the rate of false

5

88 | CHAPTER 5
positives in healthy controls. In studies performed in SUD/UCA families
there are high yields for establishing a diagnosis of Brugada Syndrome,20,21
while there is concern that confounding results may have resulted in
misdiagnosis of Brugada Syndrome in these families.18,22 In the diagnosed
families in our cohort, the affected probands all had negative ajmaline
tests, suggesting that the test results in their family members may have
been false-positives. Though the definition of false-positive sodium
channel block challenge is difficult to define because of the lack of a gold
standard.19 Routine usage of ajmaline testing in relatives of IVF patients,
in whom Brugada Syndrome has been excluded, should therefore not be
encouraged.
Management of IVF families
The evaluation of first-degree relatives in IVF families is complex and
requires a multidisciplinary team and approach.12 The findings and
diagnostic evaluation performed in the proband are needed to guide the
extent of family screening and interpret their results. The appropriate
diagnostic tests for evaluation of a family member might vary on a case
to case basis. Therefore, referral to an inherited cardiovascular disease
clinic should be considered in all IVF families to guide the evaluation of
relatives.
Limitations
The study was a retrospective analysis and therefore may be susceptible
to bias. Small cohort size limits the analysis of clinical predictors for
familial diagnosis. Because of the retrospective nature of the study,
standardized evaluation of family members was not performed for the vast
majority of the cohort, and extend of diagnostic testing differed between
individuals.

CONCLUSION
We conclude that comprehensive clinical evaluation of the unexplained
cardiac arrest survivor is the cornerstone of management not only of the
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proband but of the wider family. In cases where comprehensive clinical
evaluation, supplemented by genetic testing where appropriate, has
excluded heritable phenotypes, the yield of family screening is low.
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ABSTRACT
Background
Measuring repolarization characteristics is challenging and has been
reserved for experienced physicians. In electrocardiographic imaging
(ECGI), activation-recovery interval (ARI) is used as a measure of local
cardiac repolarization duration. We hypothesized that repolarization
characteristics, such as local electrogram morphology and local and global
dispersion of repolarization timing and duration could be of significance in
ECGI.
Objective
To further explore their potential in arrhythmic risk stratification we
investigated the use of novel repolarization parameters in ECGI.
Methods
We developed and compared methods for T-peak and T-end detection
in reconstructed potentials. All methods were validated on annotated
reconstructed electrograms (EGMs). Characteristics of the reconstructed
EGMs and epicardial substrate maps in IVF patients were analyzed by
using data recorded during sinus rhythm. The ECGI data were analyzed
for EGM morphology, conduction, and repolarization.
Results
We acquired ECGI data from 8 subjects for this study. In all patients we
evaluated four repolarization parameters: Repolarization time, T-wave
area, Tpeak-Tend interval, and T-wave alternans. Most prominent findings
were steep repolarization time gradients in regions with flat EGMs. These
regions were also characterized by low T-wave area and large differences
in Tpeak-Tend interval.
Conclusions
Measuring novel repolarization parameters in reconstructed electrograms
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acquired with ECGI is feasible, can be done in a fully automated manner
and may provide additional information on underlying arrhythmogenic
substrate for risk stratification. Further studies are needed to investigate
their potential use and clinical application.
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INTRODUCTION
Electrical signals from the heart have been vital in our understanding of
underlying heart disease since the invention of the electrocardiogram
(ECG) at the start of the 20th century. Since then, several invasive and
non-invasive methods have been developed to record electrical heart
signals and diagnose electrical heart disease or provide arrhythmic risk
stratification. Interpretation of the recorded signals has proven challenging
and is reserved for experienced physicians. However, due to the increased
volume and complexity of the recordings, more of these tasks are
automated nowadays.1
A novel method for mapping electrical activity of the heart is
electrocardiographic imaging (ECGI), an emerging noninvasive highresolution imaging modality.2,3 ECGI employs a mathematical algorithm
to reconstruct the electrical activity at the level of the heart muscle, from
extensive (typically 64-256) body-surface ECGs and a digital, patientspecific body and heart geometry using anatomical imaging. It uses a
model of the propagation of the electromagnetic field (from the heart
to the body surface) to reconstruct the electrical source of the recorded
body-surface ECGs.4
In ECGI, the recovery interval is used as a measure of local cardiac
repolarization duration. The activation-recovery interval (ARI) is defined
as the time between the steepest downslope of the QRS complex to
the steepest upslope of the T wave at a single cardiac location, which
is thought to reflect local action potential duration (APD).5 The potential
value of other repolarization parameters in ECGI has not been studied.
We hypothesized that repolarization characteristics, such as local T wave
morphology and local and global dispersion of repolarization timing and
duration could be of significance in ECGI. This may especially hold for
patients with idiopathic ventricular fibrillation (IVF), where the underlying
substrate for ventricular arrhythmia is still unknown. However, local
repolarization characteristics that contribute to arrhythmic risk6 are difficult
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to detect. We investigated several epicardial electrogram characteristics
that are known to reflect dispersion of repolarization duration, a known
risk factor for ventricular arrhythmias.7 On the standard 12-lead ECG,
spatial dispersion of repolarization is reflected by T-wave area,8 transmural
dispersion of repolarization duration by T-wave peak to T-wave end
(Tpeak-Tend) interval,9,10 and temporal dispersion of repolarization
duration by T-wave alternans and beat-to-beat variability of repolarization
duration.11–13 To further explore their potential in arrhythmic risk
stratification we investigated the use of these repolarization parameters by
ECGI.

METHODS
Signal acquisition
The study protocol was approved by the Medical Research Ethics
Committee of Maastricht University Medical Centre, and informed consent
was obtained from all patients. We acquired body-surface potentials and
a CT with electrode positions and heart-torso geometry in 8 participants.
Body-surface potentials were recorded from over 200 unipolar electrodes
using a dedicated ECGI system (ActiveTwo Setup, BioSemi, Amsterdam,
The Netherlands) with a sampling frequency of 2048 Hz. During
acquisition, potential recordings were notch-filtered to reduce powerline
interference. The body-surface signals were combined with patient-specific
heart-torso geometry and processed with ECGI algorithms to reconstruct
epicardial potentials as described previously.14
Detection algorithms
We developed and compared methods for T-peak and T-end detection
in reconstructed potentials. For T-peak detection, we filtered the
reconstructed electrograms using a 2nd order Savitzky-Golay filter
(window length 199 samples). After filtering, two algorithms were applied:
one based on the work of Cesari et al15 used in 12-lead ECG T-peak
detection, and a newly developed method based on wave characteristics.
For T-end detection, we compared two algorithms using the ‘tangent

6

100 | CHAPTER 6
method’16 and the ‘tail method’,17 respectively. All methods were validated
on reconstructed electrograms (EGMs) annotated by two physicians
(LB and RR). A detailed overview of the methods and validation of the
detection algorithms can be found in Appendix I.
Data analysis
Characteristics of the reconstructed EGMs and epicardial substrate
maps in IVF patients were analyzed by using data recorded during sinus
rhythm. The ECGI data were analyzed for EGM morphology, conduction,
and repolarization. The T-wave area on reconstructed epicardial unipolar
EGM is defined as the area under the curve ranging from the manually
determined start of the T-wave until the end of the T-wave determined by
the tangent method. The Tpeak-Tend interval was measured as the time
in milliseconds from the peak of the T-wave until the end of the T-wave
using the developed algorithm. Recovery time was determined from the
maximum positive slope of the EGM T-wave.

RESULTS
Patient characteristics
We acquired ECGI data from 7 IVF patients and one healthy subject for
this study. In all patients we evaluated four repolarization parameters:
Repolarization duration (RT), T-wave area, Tpeak-Tend interval, and
T-wave alternans. Patient characteristics and measurements are displayed
in Table 1.
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P1

P2

P3

P4

P5

C

P6

P7

IVF

IVF

IVF

IVF

IVF

-

IVF

IVF

57

54

42

23

47

50

73

24

fe-

fe-

male

fe-

male

male

male

male

male

male

12-lead

flat

LBBB

ECG

ST/T

Diagnosis
Age in
years
Sex

male
nor-

nor-

nor-

nor-

nor-

nor-

mal

mal

mal

mal

mal

mal

Tpeak-Tend (ms)
mean

60

71

59

83

72

75

95

65

(SD)

(23)

(15)

(24)

(45)

(25)

(28)

(70)

(38)

range

5-166

12-

15-

17-

28-

12-

24-

6-

167

163

189

246

195

334

235

(min-max)
T-wave area (µV2)
mean

27

115

37

31

47

34

167

45

(SD)

(27)

(119)

(28)

(27)

(37)

(25)

(176)

(45)

range

0-173

0-587

0-189

0-181

0-272

0-142

0-957

0-

(min-max)

250

RT (ms)
mean

336

293

295

340

352

299

317

328

(SD)

(27)

(47)

(24)

(33)

(38)

(36)

(79)

(30)

range

303-

217-

260-

294-

249-

105-

114-

247-

(min-max)

403

366

336

413

401

360

400

379

Table 1. Patient characteristics and repolarization measurements
C: Control; ECG: Electrocardiogram; IVF: Idiopathic ventricular fibrillation; LBBB
Left bundle branch block; ms: milliseconds; P: Patient; RT: Recovery time; SD:
Standard deviation;

6

102 | CHAPTER 6
Epicardial electrocardiographic imaging data
Representative maps of RT, T-wave area and Tpeak-Tend interval
demonstrate marked local variety in repolarization characteristics in
all subjects (Figure 1 and Supplemental Figures 1-6). Most prominent
findings were steep repolarization time gradients in regions with flat EGMs
(Figure 2). These regions were also characterized by low T-wave area and
large differences in Tpeak-Tend interval. Within regions of homogenous
RT, differences in T-wave area and Tpeak-Tend interval were frequent.
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6

Figure 1 Epicardial maps of reconstructed electrogram repolarization
time, T-peak to T-end interval and T-wave amplitude of an IVF patient and
healthy subject. IVF idiopathic ventricular fibrillation; ms milliseconds.
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Figure 2 Reconstructed epicardial electrograms at regions of flat
repolarization. Areas with areas of steep repolarization gradients (left)
coincide with areas of low amplitude T-waves (right). ms milliseconds
T-wave area
Figure 1B shows epicardial maps of T-wave area for an IVF patient
and the healthy subject. The IVF patient has two marked areas
of increased T-wave area, located at the RV free wall and LV apex
respectively (arrows). Similar phenomena were seen in other IVF patients
(Supplemental Figures 1-6). In the healthy subject, absolute differences
in T-wave area are smaller and areas are distributed more evenly over the
epicardial surface, with one large region of increased T-wave area located
on the anterior epicardium.
Tpeak-Tend interval
Figure 1C shows the Tpeak-Tend intervals of an IVF patient and the
healthy subject. Both show a heterogeneous distribution of Tpeak-Tend
intervals over the epicardium with the largest regional differences in areas
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with flat EGMs. Overall, Tpeak-Tend interval distributions followed the
pattern of T-wave area and RT.
T-wave alternans
Figure 3 shows the T-wave alternans of 5 consecutive beats in the healthy
subject and an IVF patient. Slight beat-to-beat variation of repolarization
time is seen, with most prominent differences on the anterior wall. The
IVF patients show similar distributions. Most of the epicardial EGMs show
no significant beat-to-beat change.
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Figure 3 T-wave alternans. Epicardial potential difference maps and
reconstructed electrograms for 6 consecutive beats in an IVF patient and
healthy subject. EGM electrogram; ms milliseconds; prim. primary; IVF
idiopathic ventricular fibrillation.
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DISCUSSION
In this study, we have shown the potential value of additional
repolarization parameters in ECGI, compared to repolarization duration
alone. Measuring these parameters in reconstructed electrograms is
feasible, can be done in a fully automated manner and may provide
additional information on morphology and dispersion of repolarization for
arrhythmic risk stratification.
Measuring repolarization in electrocardiographic imaging
The reconstruction of epicardial potentials using ECGI has been validated
extensively in torso-tank and canine experiments, and in human studies18.
Though some studies focused on morphological correlation of EGMs, most
research has been done comparing the ARI to invasively measured local
action potential duration (APD). These measurements are purely based
on the maximal downslope of the QRS (dV/dt min) and the latest maximal
upstroke of the T-wave (dV/dt max). The morphological attributes of the
reconstructed EGM, which provide more information on the relationship
between local and remote activity or the local vector of repolarization,
are not taken into account. Our results show that there are regional
differences in morphology, described by Tpeak-Tend interval and T-wave
area. The significance of these regional differences should be further
evaluated in larger studies to assess its validity in clinical applications.
Differences between ECG and ECGI repolarization parameters
The presence of local dispersion of repolarization duration is not
discernable on the 12-lead ECG. The local EGMs reconstructed with
ECGI provide data to measure local activation and recovery times that
approximate APD by calculating the ARI.5 The T-wave morphology of
local EGMs provides data on local vectors of repolarization and differences
between local and remote activity.5,9,19,20 Therefore, repolarization
abnormalities present in localized regions of the ventricles may well be
uncovered by analyzing the morphology of local EGMs using ECGI.
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Diagnostic potential of ECGI in primary arrhythmic substrates
The non-invasive reconstruction of local EGMs for the identification of
arrhythmic substrates has been studied extensively,2,21–23 with variable
results. Most studies focusing on repolarization are specifically looking at
crowding isochrones of ARI causing steep repolarization time gradients.24
Neighboring regions with large differences in repolarization time are
thought to be susceptible to extrasystoles that subsequently trigger reentrant tachycardia or ventricular fibrillation.25 Differences in repolarization
morphology and vector between regions have not been studied, but may
contribute to arrhythmogenic substrate. In patients where conventional
diagnostic tests have not been able to define an underlying substrate for
ventricular arrhythmias (e.g. IVF patients), the analysis of morphological
properties of local EGMs acquired through ECGI may help to uncover
underlying arrhythmogenic substrate.
Limitations
Although we showed that acquisition of additional repolarization
parameters from ECGI data is feasible and able to demonstrate regional
differences in these parameters, this study has several important
limitations. Firstly, the ability to generalize the results and draw a
conclusion regarding usability of novel repolarization parameters in ECGI
is limited by the relatively small number of patients. Secondly, quantitative
evaluation of characteristic findings in IVF patients could not be made
due to lack of a representative control population. The algorithm for
automated T-peak and T-end detection has been adapted for use in ECG
imaging data and requires further validation in future large scale ECGI
studies.
In this study we sought to demonstrate the utility of additional
repolarization parameters to the existing ECGI technique for characterizing
potentially arrhythmogenic substrate. The majority of the methods used
in our study have been designed and implemented as a proof of concept,
and it serves as a useful guide to researchers in this field. However,
these are preliminary data, and the methods will be further developed to
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integrate it in the current ECGI method. Future work includes validating
the methods and characterizing repolarization in a larger cohort of IVF
patients, family members and controls to identify underlying substrate for
arrhythmogenic risk stratification.

CONCLUSIONS
Measuring novel repolarization parameters in reconstructed electrograms
acquired with ECGI is feasible, can be done in a fully automated manner
and may provide additional information on underlying arrhythmogenic
substrate for risk stratification. Further studies are needed to investigate
their potential use and clinical application.
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ABSTRACT
Background
The correct interpretation of the electrocardiogram (ECG) is pivotal
for accurate diagnosis of many cardiac abnormalities and conventional
computerized interpretation has not been able to reach physician level
accuracy in detecting (acute) cardiac abnormalities yet. This study aims to
develop and validate a deep neural network for comprehensive automated
ECG triage in daily practice.
Methods
The 12-lead ECGs were acquired from January 2000 until August 2019 on
all non-cardiology wards and outpatient clinics, the Intensive Care Unit
and Emergency Department of the University Medical Center Utrecht.
We developed a 37-layer convolutional residual deep neural network on
a dataset of free text physician-annotated 12-lead electrocardiograms.
The algorithm learned to classify these ECGs into four triage categories:
normal, abnormal not acute, subacute and acute. The deep neural
network was trained on a dataset with 336.835 recordings from 142.040
patients and validated on a separate consensus validation subset (n =
984), annotated by a panel of five cardiologists-electrophysiologists.
Results were compared to the annotation of an individual physician in
daily practice and the conventional computer algorithm, Marquette 12SL.
Discriminative performance is presented with overall and class-specific
c-statistics (equivalent to an area under the receiver operating curve) and
sensitivities, specificities, positive and negative predictive values.
Results
The deep neural network demonstrated in this paper showed excellent
overall discrimination with a c-statistic of 0.95 (95% CI 0.94 – 0.96),
compared to 0.82 (95% CI 0.80 – 0.84) for the individual physician
in daily practice and 0.80 (95% CI 0.78 – 0.82) for the conventional
Marquette 12 SL computer algorithm.
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Conclusions
This study demonstrates that an end-to-end deep neural network can
accurately be trained on unstructured free text physician annotations
and used to consistently triage 12-lead electrocardiograms. When further
finetuned with other clinical outcomes and externally validated in clinical
practice, the demonstrated deep learning-based ECG interpretation can
potentially improve time-to-treatment and decrease healthcare burden.
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INTRODUCTION
With more than 300 million ECGs obtained annually worldwide, the
electrocardiogram (ECG) is a fundamental tool in the everyday practice
of clinical medicine.1 The correct interpretation of the ECG is pivotal
for accurate diagnosis of a wide spectrum of cardiac abnormalities and
requires the expertise of an experienced cardiologist. The life-threatening
nature of a suspected acute coronary syndrome and ventricular
arrhythmias requires not only accurate, but also timely ECG interpretation
and places a heavy logistic burden on clinical practice.
Automated triage of ECGs in categories that need acute, non-acute or no
attention may therefore be of great support in daily practice. Accurately
prioritizing different ECGs could lead to improvements in time-to-treatment
and possibly decrease healthcare costs.2 Especially in pre-hospital care
and non-cardiology departments, an expert knowledge to interpret ECGs
might not always be readily available.3–5 However, a consistent and fast
automated algorithm that supports the physician in comprehensive triage
of the ECG remains lacking.
Computerized interpretation of the ECG (CIE) was introduced over 50
years ago and became increasingly important in aiding the physician
interpretation in many clinical settings. However, current CIE algorithms
have not been able to reach physician level accuracy in diagnosing cardiac
abnormalities.5 Accurate interpretation of arrythmias and ST-segment
abnormalities remains the most problematic and many algorithms suffer
from high amounts of false positives for these disorders.4–9 Overdiagnosis
and failure to correct the erroneous interpretation by overreading
physician has shown to lead to unnecessary interventions and medication
use.10,11
With the development of algorithms that can benefit from large-scale
processing of raw data without the need for hand-crafted feature
extraction, a substantial improvement of CIE is forthcoming. Several of
these techniques, deep neural networks (DNN) in particular, have shown
to be highly effective in similar fields as speech recognition and image
classification.12–14 DNNs are computer algorithms based on the structure
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and function of the human brain. Their hidden layers of neurons can
be trained to discover complex patterns in signals such as the ECG.15 In
comparison to conventional CIE algorithms, DNNs have the advantage
that they jointly optimize both pattern discovery and classification in
an end-to-end approach that only needs the raw waveforms as input.
In medicine, deep learning showed promising results when applied to
arrhythmia detection in single lead ECG recordings and to early detection
of atrial fibrillation in normal sinus rhythm ECGs.16,17 When combined with
ultrasound or laboratory findings, deep learning algorithms were able to
detect reduced ejection fraction and hyperkalemia in 12-lead ECGs.18,19
This study aims to develop and validate a DNN for comprehensive
automated ECG triage that could support daily clinical practice.

METHODS
Study participants
The dataset contained 12-lead ECGs from patients between 18 and 85
years old recorded in the University Medical Center Utrecht from January
2000 to August 2019, obtained at non-cardiology departments. All
extracted data were de-identified in accordance with the EU General Data
Protection Regulation and written informed consent was therefore not
required by the UMC Utrecht ethical committee.
Training and development data acquisition and annotation
All ECGs were recorded on a General Electric MAC 5500 (GE Healthcare,
Chicago, IL, United States). We extracted raw 10 second 12-lead ECG data
waveforms from the MUSE ECG system (MUSE version 8, GE Healthcare,
Chicago, IL, United States). All recordings were systematically annotated
by a physician as part of the regular clinical workflow. Using a text miningbased approach on the cardiologists free-text annotation, the ECGs were
divided into 4 triage categories: [1] normal, [2] not acute abnormal
(consultation within 24 hours), [3] subacute abnormal (consultation within
3 hours) and [4] acute abnormal (consult immediately). Text mining
was performed with an in-house created dictionary, which mapped the
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free text annotation to the structured ‘’American Heart Association’s
Electrocardiography Diagnostic Statement List’’ using the quanteda
package for R (version 3.5, R Foundation for Statistical Computing,
Vienna, Austria).20,21 A panel of three electrophysiologists defined the
triage category for every diagnostic statement, based on how quickly a
cardiologist has to be consulted (figure 1). When multiple statements were
applicable to a recording, the overall triage category was the maximum
category.

Figure 1. ECG diagnoses with their corresponding triage category.
Triage categories as defined by the panel of electrophysiologists, with
[1] normal, [2] not acute abnormal (consultation within 24 hours), [3]
subacute abnormal (consultation within 3 hours) and [4] acute abnormal
(consult immediately). AV atrioventricular. AVNRT atrioventricular nodal
reentrant tachycardia, AVRT atrioventricular reentrant tachycardia.
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Validation data acquisition
For the validation of the DNN, a subset was annotated and triaged by the
reference standard, a panel of five practicing senior electrophysiologists or
cardiologists. All records were annotated by two independent annotators,
who were blinded to the other annotation. In case of disagreement in the
triage category, a third annotator was consulted, and the majority vote
was used as the final label. The recordings with three discordant votes
were discussed in a joint panel meeting and recordings of insufficient
quality were excluded. To validate the performance of the algorithm with
adequate precision, a minimum of 50 cases per category was needed.22
As the smallest triage category in the training dataset has a prevalence
of approximately 5%, the validation dataset was a randomly sampled
subset of 1000 recordings from unique patients. All recordings of these
patients were excluded from the training and development datasets. The
annotations that were given to the recording by a single physician in daily
practice and by the conventional computer algorithm, Marquette 12SL (GE
Healthcare, Chicago, IL, United States), were used for comparison. These
comparison annotations were obtained by manually categorizing the free
text annotation into one of the four triage categories based on figure 1.
Algorithm development
Considering that lead III, aVR, aVL and aVF are derived from lead I
and II, we used the raw 10 second 8-channel waveforms (I, II and
V1-V6), sampled at 500Hz, as the input for our DNN. We applied an
architecture similar to the Inception ResNet network, by combining
blocks of convolutional layers in parallel with residual connections.23,24
This network is built with layers of identical blocks with a pre-activation
design, consisting of two 1-dimensional convolutional layers, preceded
by batch normalization, rectified linear unit (ReLU) activation and
dropout.25–27 Every residual block consists of three parallel branches; one
with a normal convolutional layer, one with a dilated convolutional layer
and a shortcut connection, where the input to the block is added to the
output unadjusted.28 This enabled the network to determine features in
two different time-dimensions, where the dilated convolution covered a
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complete heartbeat. The flatten layer was used as the input to a singlelayer fully connected network with a softmax layer over the 4 triage
categories. An auxiliary softmax output layer was added in the middle of
the network during training. Weighted focal loss was used to counteract
the category imbalance in the dataset.29 Hyperparameters, such as
network depth, filter sizes and downsampling, were optimized on a 5%
randomly sampled development subset using a combination of manual
tuning and random grid search.
The final network consisted of 16 residual blocks with two 1D
convolutional layers with filter size 5 and dilation of 100 (Figure 2). Every
other block downsampled the input using a strided convolution and the
number of filters was doubled every fourth block. Dropout was performed
with a probability of 30%. This resulted in a final network with 37 layers.
This network was optimized using the Adam optimizer.30 Training was
terminated when the loss stopped decreasing in the development dataset.
Network training was performed using the PyTorch package on an Titan
Xp GPU (NVIDIA Corporation, Santa Clara, CA, United States).31
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7
Figure 2. Design of the deep convolutional neural network.
Schematic representation of the design of the 37-layer 1D residual
convolutional neural network. BatchNorm: batch normalization. ReLU:
rectified linear unit.
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Visualization of the DNN
To improve understanding of the decisions of the DNN, Guided Grad-CAM,
a technique for visual explanations in convolutional neural networks,
was adjusted for use in 1-dimensional data.32 Guided Grad-CAM is a
combination between the fine-grained Guided Backpropagation and GradCAM, which produces a coarse class-discriminative heatmap based on the
final convolutional layer.32,33 The heatmap is superimposed over the ECG
recording and shows the regions in the ECG important to the DNN for
predicting a specific triage category.
Statistical analysis
Inter-observer agreement was quantified using Krippendorff’s alpha for
ordinal data.34 Algorithm performance was assessed with the concordance
(or c) statistic (also known as area under the receiving operating curve
(AUROC)) for discriminative ability. All measures were applied in a oneversus-other approach for all triage categories. An overall measure
of algorithm performance was obtained by taking the micro-averaged
c-statistic.
All statistical analyses were performed using R version 3.5 (R
Foundation for Statistical Computing, Vienna, Austria). The TRIPOD
Statement for reporting of diagnostic models was followed, where
appropriate.35 All data are presented as mean ± standard deviation or
median with interquartile range (IQR). The 95% confidence intervals
around the performance measures were obtained using 2000 bootstrap
samples.

RESULTS
The total training dataset consisted of 336.835 recordings of 142.040
patients. The distribution of triage categories was unbalanced with the
most recordings in category 2 (41.5%) and the least in category 3 (3.1%).
In the validation dataset, there was consensus between the two experts
in 736 cases (73.6%). After consultation of a third tie-breaker expert
and exclusion of recordings of insufficient quality, 984 validation cases
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were used for the analysis. There was good inter-observer agreement,
with a Krippendorff’s alpha of 0.72. Conflicts in the first expert annotation
round occurred the most between category 1 and 2 (162/255, 64%),
between category 2 and 3 (30/255, 12%) and between category 2 and
4 (24/255, 9.5%). Disagreement between category 1 and 2 was mostly
due to different assessments on the presence of nonspecific ST-segment
or T-wave abnormalities. For category 2 and 3 and category 3 and 4, the
most common difference was the interpretation of ST-segment elevation
or depression. Table 1 summarizes the patient demographics and triage
category distributions of the recordings in the training and validation
datasets.
Diagnosis

Training (n =

Validation (n = 984)

336.835)
Male gender (n (%))

188858 (56.1)

402 (54.3)

Age (mean (sd))

60.77 (15.54)

60.38 (15.30)

Emergency Department

92532 (27.5)

310 (31.5)

Intensive Care Unit

20045 (6.0)

63 (6.4)

Non-cardiac outpatient clinic

73170 (21.7)

161 (16.4)

Non-cardiac ward

86630 (25.7)

263 (26.7)

Pre-operative screening

6300 (1.9)

8 (0.8)

Recovery ward

53994 (16.0)

163 (16.6)

Other

4164 (1.2)

16 (1.6)

Normal

142456 (42.3) a

418 (42.5) b

Abnormal, not acute

153360 (45.5) a

410 (41.7) b

Abnormal, subacute

24731 (7.3) a

76 (7.7) b

Abnormal, acute

16288 (4.8) a

80 (8.1) b

Location (n (%))

Triage category (n (%))

Table 1. Patient demographics and distribution of triage
categories in the training and validation datasets. a Distribution
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based on text mining categorization of annotations by physician in daily
practice. b Distribution based on the expert consensus panel annotation.
The discrimination, as measured by the c-statistic, of the DNN
demonstrated in this paper was 0.95 (95% CI 0.94 – 0.96), compared to
0.82 (95% CI 0.80 – 0.84) for the individual physician in daily practice and
0.80 (95% CI 0.78 – 0.82) for the Marquette 12 SL computer algorithm.
C-statistics, sensitivities (Se), specificities (Sp), positive predictive values
(PPV) and negative predictive values (NPV) per triage category in a onevs-all approach are shown in table 2, while the confusion matrices are
appreciated in figure 3. A visualization of the regions in the ECG important
for the DNN to predict a specific category is shown in figure 4.

Figure 3. Confusion matrices for the deep neural network, the
individual physician in daily practice and the conventional
Marquette 12SL algorithm. Rows represent the categories given by the
reference standard (panel) and columns the categories predicted by the
deep neural network (DNN) or derived from the free text annotation by
the physician in daily practice or the conventional Marquette 12SL
algorithm. The colormap is normalized per row and represents the
percentage in the true triage category. DNN deep neural network.
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Figure 4. Examples of electrocardiogram (ECG) leads II and V1
with superimposed a Guided Grad-CAM visualization showing
regions important for the deep neural network (DNN) to predict
a certain triage category in purple. A Normal ECG with focus on the
P-wave, QRS-complex and T-wave. B Normal ECG with a single ignored
premature ventricular complex (PVC). C Subacute ECG with a long QT
interval and a focus on the beginning and end of the QT-segment. D
Acute ECG with an inferior ST-elevation myocardial infarction and a
focus on the ST-segment and J-point. E Acute ECG with a complete
atrioventricular block and a focus on the pre-QRS-segment, where the
P-wave is missing.
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DNN

Physician

Marquette
12SL

Normal
C-statistic (95% CI)

0.95 (0.94 –

0.86 (0.83 –

0.85 (0.83 –

0.96)

0.88)

0.87)

Sensitivity

0.87

0.80

0.81

Specificity

0.88

0.91

0.89

Positive predictive value

0.85

0.87

0.85

Negative predictive value

0.90

0.86

0.87

0.91 (0.89 –

0.77 (0.74 –

0.73 (0.70 –

0.93)

0.80)

0.76)

Sensitivity

0.76

0.77

0.66

Specificity

0.89

0.77

0.80

Positive predictive value

0.83

0.71

0.71

Negative predictive value

0.84

0.82

0.77

0.94 (0.90 –

0.70 (0.65 –

0.71 (0.65 –

0.97)

0.76)

0.76)

Sensitivity

0.64

0.45

0.45

Specificity

0.98

0.96

0.96

Positive predictive value

0.78

0.49

0.51

Negative predictive value

0.97

0.95

0.95

0.94 (0.90 –

0.68 (0.63 –

0.77 (0.72 –

0.96)

0.74)

0.82)

Sensitivity

0.79

0.43

0.64

Specificity

0.94

0.94

0.90

Positive predictive value

0.55

0.40

0.37

Negative predictive value

0.98

0.95

0.97

Abnormal, not acute
C-statistic (95% CI)

Abnormal, subacute
C-statistic (95% CI)

Abnormal, acute
C-statistic (95% CI)
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Table 2. Diagnostic performance measures per triage category
for the deep neural network, the individual physician in daily
practice and the Marquette 12SL conventional algorithm in
the panel annotated validation dataset. CI: confidence interval,
C-statistic: concordance statistic, equivalent to area under the receiver
operating characteristic curve.
The DNN predicted a lower triage category than the true category
(undertriage) in 88 (8.9%) and a higher category (overtriage) in 107
(11%) of the recordings in the validation dataset. Most undertriage
(59/88, 67%) occurred between categories 1 and 2 and these
undertriaged recordings were categorized as 2 by the panel based on
nonspecific ST-segment abnormalities (26/59, 44%), old ischemia (12/59,
20%), left ventricular hypertrophy (7/59, 12%) or other reasons (14/59,
24%). All 9 acute category 4 recordings triaged as category 2 contained
ST-depression or T-wave inversion and no ST-elevation. In the category 2
recordings overtriaged as 4, the panel did mention nonspecific ST-segment
abnormalities in 20/34 (59%) recordings and old ischemia in 8/34 (24%).

DISCUSSION
This study is among the first to apply DNNs to a large dataset of 12-lead
ECGs for automatic interpretation. We demonstrated that a deep learning
approach outperforms the individual physician in daily practice in detecting
abnormalities for triage of 12-lead ECGs. Our DNN has an excellent
c-statistic of 0.95, with high positive and negative predictive values across
all triage categories. These findings indicate that a deep learning approach
may be used to support the physician in ECG triage and reduce clinical
workload with an improved prioritization of ECGs for interpretation by the
cardiologist.
Interpretation of the ECG requires extensive knowledge of the wide variety
of electrical manifestations of heart disease and a good understanding
of normal variety. This has been a challenge for both manual and
computerized interpretation, and has led to a collection of definitions,
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measurements and criteria to aid clinical decision making.5,21 This
challenge is also seen in this study, where the physician in daily practice
has high false negative rates and the conventional computerized algorithm
high false positive rates. This is in line with earlier studies, which found
similar patterns.4–9 The DNN improves both the high false negative rate of
physicians and the high false positive rate of conventional algorithms.
Conventional CIE uses manually derived features, which only capture
a fraction of the available information for any manifestation of heart
disease in the obtained raw signal. This is one of the reasons that could
explain the excellent performance of our algorithm and DNN in general,
as their integrated feature discovery and classification incorporates
the whole raw input signal. In addition, conventional CIE algorithms
are tuned to produce complete interpretations of the ECG and are less
focused on one of their most important uses, quick triage. By training on
a large physician-annotated 12-lead ECG dataset, where the labels are
mapped to predefined triage categories, we focus on a single task and
are able to improve accuracy. The large size of the dataset makes that
the network has seen a wide variety of ECGs and should therefore be well
generalizable.
Although the DNN does not use any manually selected features of the
signal, visualizations show that the network bases its decisions on same
regions in the ECG as experts would. As shown in figure 4 the network
correctly identifies a normal ECG, a long QT-segment, ST-elevation
myocardial infarction and a complete atrioventricular block in sensible
regions and correctly ignores a premature ventricular complex in a normal
ECG. Furthermore, inspection of the misclassifications of the DNN shows
a similar pattern to the disagreement between the experts in the panel.
The correct interpretation of ST-segment and T-wave abnormalities is
apparently challenging for both the cardiologist and the DNN.
Other research demonstrated the value of DNN for ECG interpretation
for similar problems, where a single-lead ECG was used for arrhythmia
classification and a 12-lead ECG for early detection of atrial fibrillation,
contractile dysfunction and hyperkalemia.16–19 Our study shows that, in
comparison to combining ECG recordings with other imaging modalities or
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laboratory findings, it is also feasible to use the less structured physician
labels to successfully train a network.
Triage is the process of classifying according to the severity of the case
to determine how quickly action is needed. Careful triage is needed to
prioritize those cases where timely action reduces morbidity and mortality
among patients. For a triage algorithm to be effective, it is important
that undertriage, e.g. failure to detect patients with acute disease, and
overtriage, e.g. false alarms, are minimized. Our DNN shows very high
negative predictive values for the highest categories, subacute and acute
(table 2). This can potentially reduce time-to-treatment for patients with
acute cardiac disorders, as the algorithm is able to provide triage advice
immediately after the ECG is acquired and before the ECG is assessed
by a physician with sufficient expertise. In addition, the algorithm shows
higher positive predictive values than the individual physician and the
conventional computerized methods, which will decrease the amount of
false alarms in otherwise normal ECGs. Since most hospital-acquired ECGs
fall into this category, a modest improvement can already significantly
decrease the workload for physicians.
This study has several limitations to address. Though a reasonable large
training dataset was used, the acute categories remained relatively
small. This is customary to an unselected real-world dataset but entails
a chance of underprediction. We made use of the focal loss method,
used in computer-vision DNN algorithms, to counteract this problem.26
In the validation dataset the triage category distribution was similar, but
confidence intervals showed adequate precision in the small categories
too. The representative sampling of the validation is also a strength,
making it possible to derive positive and negative predictive values, which
are most important to the patient. Furthermore, this network is trained
on ECGs all made with the same device and filtering strategy. It remains
unclear if the network will perform well when different recording devices
are used, and external validation is needed to investigate this. Finally,
we also note that external validation in other clinical settings is needed
to show its generalizability for use outside of the hospital, such as the
general practitioner, where it can be of particular use.
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Both manual and computerized ECG interpretation are hard to
standardize, as can be seen by high disagreement rates between the
experts (Krippendorff’s alpha 0.72). This number is comparable to
earlier studies on the inter-observer agreement between experts on
ECG interpretation.4,6,36 The panel-annotated validation dataset used in
this study is the current best reference standard available, but in clinical
practice, many other diagnostic tests are used to interpret the ECG
findings. Therefore, we suspect the diagnostic accuracy of our algorithm
could be further optimized with hard clinical outcome data, such as a
diagnosis and localization of myocardial infarction with coronary artery
angiography, cardiac enzymes and electrolyte disorders from laboratory
data and even mortality. Both optimization with clinical outcome data and
external validation is necessary before clinical implementation is possible.
Another future perspective of the DNN is their capability to continuously
improve and learn by adding new cases. Traditionally, neural networks
did not provide uncertainly around their predictions, but new insights
with several different Bayesian methods changed this.37 When combining
uncertainty around the predictions with active learning, it becomes
possible to let uncertain cases be annotated by a cardiologist and improve
the algorithm, while easier cases can be classified automatically.38
In conclusion, our end-to-end DNN can triage 12-lead electrocardiograms
into normal, abnormal and acute with high discrimination, outperforming
the conventional computerized algorithm and the physician in daily
practice. In clinical practice, this could lead to faster detection of acute
disorders and decreased and better-balanced workload for clinicians. If
further validated in clinical practice and other populations, the algorithm
could improve time-to-treatment for acute cardiac disorders and decrease
burden on daily clinical practice.
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INTRODUCTION
Arrhythmogenic cardiomyopathy (ACM), also known as arrhythmogenic
right ventricular dysplasia/cardiomyopathy, is an inheritable heart muscle
disorder in which sudden cardiac death due to ventricular fibrillation (VF)
may occur unexpectedly as the first manifestation of the disease.1 This
event is usually preceded by a long preclinical phase.2
Thus, prior to this event, the disease may frequently go unnoticed owing
to the absence of relevant symptoms. This early presymptomatic stage
has been defined as “concealed stage,” which does not necessarily
mean absence of disease; in the absence of symptoms, criteria for ACM
diagnosis may even be already present.2 Since 2010, ACM diagnosis is
made according to revised Task Force Criteria (2010 TFC) obtained by
international consensus.3 Fulfillment of these 2010 TFC (ie, presence of 2
major, 1 major plus 2 minor, or 4 minor criteria) is required for “definite”
ACM diagnosis. Although fulfillment of TFC is required for definite ACM
diagnosis, in the early disease stage it is conceivable that VF may occur in
the presence of most but not all criteria. These cases are often regarded
as idiopathic VF (IVF).
In contrast to VF due to ACM, in IVF all known cardiac, respiratory,
metabolic, and toxicologic etiologies should have been excluded by the
clinical evaluation available at the time of the arrhythmic event.4 However,
in our experience, some survivors of initially unexplained cardiac arrest
may develop “definite” ACM years after the index event,5 either by
progression of the disease or by improvement of diagnostic tools.
We present 2 cases of ACM patients with no or minimal disease at the
time of their initial cardiac arrest episode. These episodes occurred in
1991 and 1995, thus before availability of the 2010 TFC. This means
that ACM diagnosis was initially based on the less sensitive TFC
published in 19946 in 1 case, and on clinical and electrocardiogram (ECG)
characteristics in the other.

CASE REPORTS
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Case 1
A 24-year-old man collapsed twice in 1 year while playing in a soccer
match. The first time, in 1991, he regained consciousness shortly
after the start of resuscitation. Clinical evaluation was inconclusive.
The second time, in 1992, he received 2 external defibrillator shocks
because of VF. Resuscitation was successful and he was admitted for
diagnostic evaluation. ECG showed sinus rhythm with intraventricular
conduction delay, including prolonged terminal activation duration (70
ms), and J-point elevation in the inferior leads (Figure 1A). History, Holter
monitoring, and exercise test were unremarkable, and no ventricular
extrasystoles were reported. Family history was negative for sudden
cardiac death. Echocardiogram showed normal cardiac function and
biventricular dimensions; however, a local abnormality under the tricuspid
valve was noted. Transesophageal echocardiogram was performed,
in which this abnormality was characterized as prolapse of a tricuspid
valve leaflet. During electrophysiologic study, a prolonged HV interval
of 60–70 ms was measured. Right ventricular (RV) stimulation induced
polymorphic ventricular tachycardia (VT) starting as monomorphic VT with
left bundle branch block morphology and superior axis. Other diagnostic
tests, including coronary angiogram, myocardial biopsy, and ergonovine
provocation test, were normal. An implantable cardioverter-defibrillator
(ICD) was implanted and he was discharged. In the absence of an
obvious etiology, IVF was the initial diagnosis. Cardiac magnetic resonance
imaging (CMR) and signal-averaged ECG were not performed.
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Figure 1. A A 12-lead electrocardiogram (ECG) while off antiarrhythmic
drugs, showing sinus rhythm, QRS right axis deviation, QRS width 140 ms,
and prolonged terminal activation duration in V2 (70 ms). Clear J-point
and ST elevation in II, III, and aVF. B ECG after 10 years of follow-up,
showing negative T-waves in V1–V3.
Ten years after the initial presentation, negative T waves were recorded
in V1–V3 (Figure 1B). Thus, he went on to fulfill definite ACM diagnosis
criteria. On follow-up echocardiogram, there were no signs of tricuspid
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valve prolapse anymore, but careful reevaluation of imaging showed
subtricuspid dyskinesia. After 16 years, RV dilatation was noted
(echocardiogram 2008: dilated, hypokinetic RV; parasternal long-axis
RV outflow tract [RVOT]: 32 mm, parasternal short-axis RVOT: 35 mm).
Consecutive molecular genetic testing revealed an unclassified variant in
the DSG2 gene and a p.Leu729del mutation in the sodium channel gene
SCN5A. Familial cosegregation supported pathogenicity of this SCN5A
mutation (Figure 2). During 25 years of follow-up, he remained free of
ventricular tachyarrhythmias.

Figure 2 Pedigree of the p.Leu729del mutation carrier (case 1) reveals
co-segregation of the variant with the arrhythmogenic cardiomyopathy
phenotype with reduced penetrance. ARVD/C arrhythmogenic right
ventricular dysplasia/cardiomyopathy; Asx asymptomatic; .TAD
prolonged terminal activation duration. Symbols: square = male; circle
= female;+ =SCN5A mutation carrier; (+) = obligate SCN5A mutation
carrier; solid = clinical ARVD/C diagnosis; gray = clinical symptoms and/
or borderline ARVD/C diagnosis; empty = negative phenotype for ARVD/C.
*No abnormalities on comprehensive cardiac evaluation including 12-lead
electrocardiogram, Holter monitoring, and cardiac imaging. (From Te Riele
and colleagues.14)

8

144 | Chapter 8
In this case, fulfillment of 2010 TFC in follow-up was owing to
disease progression (eg, progression of precordial T-wave inversions),
misinterpretation of clinical evaluation (eg, wrong interpretation of
subtricuspid dyskinesia as tricuspid valve prolapse), and incomplete clinical
evaluation (no CMR was performed).
Case 2
In 1995, a 25-year-old man collapsed during light chores while at work in
a café. He was resuscitated and admitted to the intensive care unit. His
history was unremarkable and there was no sudden death in his family.
Electrocardiography showed sinus rhythm with negative T waves in leads
V4–V6 and low voltage in extremity leads (Figure 3A). Echocardiogram,
coronary angiogram, and myocardial biopsy were normal. The left
ventricular ejection fraction was 62% by echocardiography. During
electrophysiologic study, RVOT stimulation showed inducibility of a
monomorphic VT with left bundle branch block morphology and vertical
axis. An ICD was implanted and he was discharged. Thus, at initial
evaluation, he fulfilled 2 minor TFC for ACM diagnosis, indicating IVF as
initial diagnosis.
During follow-up, he experienced appropriate ICD shocks because of
VT episodes. Subsequent Holter monitoring showed 870 premature
ventricular complexes in 24 hours. Fourteen years after the event,
he showed signs of heart failure with dilated ventricles (Figure 3B,
echocardiogram 2009: RVOT/RV lateral wall akinesia, inferior RV
dyskinesia, parasternal long-axis RVOT: 56 mm, parasternal short-axis
RVOT: 59 mm, and left ventricular ejection fraction 25%). Genetic testing
revealed an unclassified variant in the plakophilin-2 gene and a pathogenic
c.40-42delAGA mutation in the phospholamban (PLN) gene. CMR and
signal-averaged ECG were not performed.
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Figure 3 A A 12-lead low-voltage electrocardiogram while off
antiarrhythmic drugs showing normal sinus rhythm and QRS right axis
deviation. Negative T waves in left precordial recordings and I, II, and
aVF. B Transthoracic echocardiogram during follow-up showing a dilated
right ventricle with subtricuspid aneurysm (arrow).
Fulfillment of ACM diagnosis criteria during follow-up was owing to
disease progression (eg, clinical signs of heart failure and increase in
echocardiographic measurements during follow-up) and misinterpretation
of clinical evaluation (eg, under-recognition of biventricular/left-dominant
disease in ACM at time of first symptoms).

8

146 | Chapter 8

DISCUSSION
Absence of diagnosis does not mean absence of disease
We present 2 cases with an initial presentation of nonfatal cardiac arrest
due to underlying VF. Since only nonspecific minor abnormalities were
identified at the time of presentation, these cases were diagnosed as IVF.
Many years after the initial presentation, TFC fulfillment led to a definite
diagnosis of ACM (Table 1).
The presented cases suggest that IVF or “concealed” ACM does not
necessarily mean absence of disease, and periodic reevaluation of
suspected ACM cases may lead to a definite diagnosis. Diagnosing ACM
in former IVF patients is important, as it provides additional management
options such as pharmacologic therapy and lifestyle interventions.2 More
importantly, in family members of patients with a genetic disorder, a
correct diagnosis may pave the way for cascade screening as a first step
toward arrhythmic risk stratification.
Reevaluation of diagnosis
IVF is a diagnosis by exclusion in which initial evaluation does not identify
an underlying cause. Diagnosing a specific disease, such as ACM, during
follow-up may be a consequence of (1) improvement in diagnostic tools,
(2) disease progression, or (3) misinterpretation of initially available data.
These are common challenges in clinical practice, and a combination of
these is illustrated in this report; our cases may be part of a larger patient
population that is not diagnosed at the time of clinical presentation.
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Case 1

Case 2

Initial evalu-

Follow-up

Initial evalua-

Follow-up

ation

period

tion

period

1

1

-

1

1994 TFC
Major criteria

QRS dura-

Severe dilata-

tion > 110

tion of RV

ms
Minor criteria

Diagnosis

1

2

1

VT with

Negative

VT with LBBB

LBBB mor-

T waves in

morphology

phology

V1-V3

No diagnosis

ACM

No diagnosis

ACM

1

2

-

1

VT with

Negative

Regional

LBBB mor-

T waves in

akinesia and

phology and

V1-V3

PLAX RVOT >

1

2010 TFC
Major criteria

superior axis
Minor criteria

1

1

32mm
2

Prolonged

Negative T

TAD

waves in V4-V6;

2

VT with LBBB
morphology
ACM diagnosis

Borderline

Definite

Possible

Definite

Table 1 Overview of Task Force Criteria fulfilled per case.
ACM arrhythmogenic cardiomyopathy; LBBB left bundle branch block;
PLAX parasternal long axis; RV right ventricle; RVOT right ventricular
outflow tract; TAD terminal activation duration; TFC Task Force Criteria;
VT ventricular tachycardia.
Improvement in diagnostic tools
The ability of diagnostic tests to detect electrical and structural
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abnormalities in the initial evaluation of patients suspected of ACM varies
considerably. Qualitative assessment of RV angiogram relies on clinical
experience, diagnostic sensitivity of myocardial biopsy is limited by the
segmental nature of disease,3 and echocardiography’s performance is
significantly less compared to CMR in detecting abnormalities fulfilling the
2010 TFC.7
In both these presented cases, CMR was not performed, which may
have impacted our ability to fully appreciate the structural phenotype in
these individuals. The improved availability in recent years of CMR has
made the detection of ACM with a subtler phenotype possible. Based
on this information and our clinical experience, we strongly suggest
a comprehensive CMR be performed in the work-up of a patient with
presumed IVF and used for evaluation of ACM diagnosis in suspected
cases.
Progressive disease
ACM is a progressive disease,8 and its disease course in desmosomal
mutation carriers is well studied.9 A long-lasting asymptomatic phase
precedes the clinical phase in most ACM patients, in which electrical
abnormalities tend to precede detectable structural changes. Moreover,
presence of both an electrical and structural substrate identifies patients
at high risk for arrhythmic events.10
Accordingly, diagnosis of ACM according to the 2010 TFC is based on
electrical, structural, genetic, and histologic abnormalities3 and requires
extensive diagnostic testing and periodic reevaluation in suspected cases.
In case 1, right precordial T-wave inversion and echocardiographic RV
dilatation after 10 years of follow-up are indicators of disease progression,
facilitating ACM diagnosis.
Misinterpretation of initially available data
Our knowledge of the underlying disease process and associated
pathogenic mutations has facilitated diagnosis of more subtle and
heterogeneous clinical presentations of ACM. Retrospectively, subtle
abnormalities could be misinterpreted during initial evaluation, as is
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illustrated by both our cases.
In both patients, pathogenic mutations were found in nondesmosomal
genes. The involvement of nondesmosomal genes in ACM has become
clearer in recent years. For example, overlap of desmosomal and sodium
channel disease (eg, ACM and Brugada syndrome) is an emerging area
of interest (as described in case 1)11; the phospholamban gene mutation
found in case 2 is associated with both an arrhythmogenic and dilated
cardiomyopathy phenotype.12
In case 2, increased awareness for biventricular/left-dominant forms in the
new 2010 TFC and the availability of molecular genetic testing facilitated
the diagnosis during follow-up. In case 1, already at baseline, abnormal
wall motion in the subtricuspid region was noted, which was falsely
interpreted as tricuspid valve prolapse. Since the subtricuspid region is a
hotspot region for early structural changes in ACM,13 overt ACM was likely
already present, albeit not recognized.

CONCLUSION
VF may be the first clinical manifestation of ACM, as shown in this
report. Appropriate diagnosis at later disease stages may be due to
(1) improvement in diagnostic tools, (2) disease progression, or (3)
misinterpretation of initially available data. In a VF survivor, a specific ACM
diagnosis may be clinically less relevant for the index patient. However,
in family members, a correct diagnosis may pave the way for cascade
screening as a first step toward arrhythmic risk stratification. To detect
affected family members before occurrence of ventricular arrhythmias
and sudden death, periodic reevaluation of suspected ACM cases during
follow-up is important.
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PROGRESS IN DIAGNOSIS AND MANAGEMENT OF
IDIOPATHIC VENTRICULAR FIBRILLATION
In the preceding decade, the number of idiopathic ventricular fibrillation
(IVF) patients who received a diagnosis during follow-up has increased
and this number is expected to increase further in the future.1 Progress
was made in diagnostic evaluation after sudden cardiac arrest, imaging
techniques and understanding the underlying pathology.2,3 Despite
these improvements, a group of patients remains without diagnosis and
management of this group proved to be difficult due to an insufficient
understanding of the underlying mechanism of ventricular arrhythmias.
This thesis has two principal aims: 1) to expand and improve current
diagnostics for idiopathic ventricular fibrillation and 2) to evaluate current
management of idiopathic ventricular fibrillation patients and family
members. To achieve these aims, we reviewed the current diagnostics
and management of IVF patients and SCD victims (Chapter 2 and 3).
We studied the incidence of ICD therapy and complications (Chapter 4)
and the yield of family cascade screening (Chapter 5) in IVF patients
and their family members. We explored the value of novel repolarization
parameters in ECG imaging (Chapter 6) and deep learning algorithms in
ECG triage (Chapter 7). Finally, we demonstrated the value of uncovering
a diagnosis and its impact on management in IVF (Chapter 8). The
findings of this thesis are put into perspective in the following sections.

DIAGNOSTIC TESTING AFTER SUDDEN CARDIAC ARREST
Sudden cardiac arrest (SCA) is a devastating event and despite great
efforts survival rates remain low. The majority of events happen in
the older population4 and its major cause is coronary artery disease,
accounting for >80% of SCA.5 In the remaining population a variety
of extracardial causes, structural and electrical heart disease has to
be excluded6 and this requires extensive diagnostic testing.2 When no
apparent cause is found, this is referred to as idiopathic ventricular
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fibrillation in survivors or sudden arrhythmic death syndrome in the
deceased.6,7
In Chapter 2, 3 and 8 we discuss the need for standardized and
extensive diagnostic testing in both groups of sudden cardiac arrest
victims. Lack of a comprehensive work-up is a common issue in realworld IVF cohorts1 and while there have been efforts to standardize
the required diagnostic tests2,8 this has proven to be difficult, resulting
in a heterogeneous study population.1,9–15 This is even more prominent
in sudden cardiac death, were post-mortem diagnostic possibilities are
limited16 and several definitions are used on the basis of the diagnostics
performed (e.g. sudden cardiac death (SCD), sudden unexplained death
(SUD) and sudden arrhythmic death syndrome (SADS)).7,17,18
In Chapter 2 we discuss the challenges in diagnosis and management
of idiopathic ventricular fibrillation in practice. We advocate the need for
extensive diagnostic testing since the lack of an underlying diagnosis
offers few curative options due to unknown underlying pathology. We
support the progress towards arrhythmic risk stratification using newly
developed diagnostic tests. Extensive diagnostic testing is required for
the diagnosis of IVF,6 though in real-world settings these requirements
are not always met. Waldmann et al1 describe the investigations
performed in a large cohort of SCA survivors and show that many required
diagnostics have not been performed in IVF patients. In retrospective
cohort studies of IVF patients8,9,19 this is an important limitation. Absence
of an underlying diagnosis means patients are denied therapeutic
treatment options (for example betablocker therapy in long QT syndrome/
catecholamiergic polymorphic ventricular tachycardia6,20,21, avoiding certain
drugs and lifestyle advice in Brugada syndrome and arrhythmogenic
cardiomyopathy22,23) for prevention of arrhythmia recurrence or heart
failure and their family members at risk do not receive recommended
genetic/phenotypic screening for inherited disease.6,24 The lack of a known
underlying substrate for arrhythmias also prevents comprehensive risk
stratification in these patients.
Diagnostic evaluation should not stop after the initial evaluation. Followup studies of IVF cohorts show a high percentage of diagnoses found
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during follow-up.9,10 These include many cardiomyopathies and primary
arrhythmia syndromes where family members may be at risk. VF may
be the first clinical manifestation of inherited disease, as shown in
Chapter 8. Appropriate diagnosis at later disease stages may be due to
improvement in diagnostic tools, disease progression, or misinterpretation
of initially available data. It may not always benefit the VF survivor, as
not all underlying diagnosis may require different management of the
index patient. However, in family members, a correct diagnosis may
pave the way for cascade screening as a first step toward arrhythmic
risk stratification. To detect affected family members before occurrence
of ventricular arrhythmias and sudden death, periodic reevaluation of
idiopathic ventricular fibrillation patients during follow-up is important.
Chapter 3 shows a similar relevance of diagnostic tests in young sudden
cardiac death victims. A dedicated and focused post-mortem investigation
is essential for detecting potential inherited cardiac diseases in young
sudden death victims, which facilitates appropriate management of
the victim’s family members. Uncovering the cause of death in young
sudden unexplained death victims requires a thorough autopsy and
targeted genetic testing, which together have a high yield of uncovering
inherited disease in these families.25,26 This facilitates cascade screening
and phenotypic evaluation of family members, thereby facilitating a
timely diagnosis of inherited disease and preventing SCD and disease
progression in those cases.

MANAGEMENT OF IDIOPATHIC VENTRICULAR
FIBRILLATION PATIENTS AND THEIR FAMILY MEMBERS
Management options for idiopathic ventricular fibrillation patients
are sparse and research on this topic is limited.12,19,27,28 Implantable
cardioverter-defibrillator (ICD) implantation is currently the treatment of
choice.6,29 Drug and ablation therapy have shown benefit in subgroups
of IVF patients.12,30 Even though ICD implantation is effective in treating
ventricular arrhythmias in general, it is also associated with risk of
inappropriate therapy and complications. In Chapter 4 we found that
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approximately one-third of patients received appropriate implantable
cardioverter-defibrillator therapy during long-term follow-up, confirming
the role of the ICD as an effective treatment in IVF by treating recurrences
of potentially lethal ventricular arrhythmias. We also found 17.5% of
patients received inappropriate ICD therapy and over 14% experienced
device-related complications. As these numbers show, no treatment
comes without unwanted side-effects and improved patient selection
for ICD implantation could reduce the number of patients exposed to
these risks. We found three independent predictors of appropriate shock
occurrence: Symptoms before cardiac arrest [hazard ratio (HR): 2.51,
95% confidence interval (CI): 1.48–4.24], signs of conduction disease
[HR: 2.27, 95% CI: 1.15–4.47], and carrier of the DPP6 risk haplotype
[HR: 3.24, 95% CI: 1.70–6.17]. This may imply that these patients
require additional management to prevent recurrent events and, though
we can only speculate on the underlying mechanisms of increased risk in
these groups, they provide an important starting point for arrhythmic risk
stratification and personalized therapy in IVF.
Management of family members is another important aspect in IVF
patient management due to the overlap with heritable cardiac disease
and primary arrhythmia syndromes that have a clear genetic base.31,32
Chapter 5 describes the role of familial cascade screening in idiopathic
ventricular fibrillation. Familial cascade screening is well established in
patients with heritable cardiac disease and in cases of Sudden Arrhythmic
Death Syndrome (SADS).6,25 The assessment of family members of
survivors of idiopathic ventricular fibrillation is not well established. Our
study shows that the yield of familial cascade screening in idiopathic
VF is low: an inherited arrhythmia syndrome was diagnosed in 5 (3%)
individuals from 4 (4%) families. Two relatives were found to carry the
DPP6 risk haplotype identified in the familial proband. In three separate
families the parent of the proband was diagnosed with Brugada syndrome
following a positive ajmaline provocation test. These findings are in
contrast to the sparse evidence currently available on family screening
in IVF where consistently higher yields are reported.33–35 Most of these
differences can be attributed to lenient inclusion criteria for probands, who
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did not all undergo extensive diagnostic evaluation. The higher yield in
family members can be explained by the high prevalence of undiagnosed
disease in the proband. Study outcomes were also defined differently:
Early repolarization syndrome was either excluded or defined as a
heritable cardiac disease in different studies.33 The low yield of inherited
disease we found in well-characterized IVF families has important
consequences for management, as the current recommendation to
perform phenotypic screening with ECG, echo and exercise test in all first
degree relatives of IVF patients might not be appropriate.

NOVEL METHODS FOR UNCOVERING ARRHYTHMOGENIC
SUBSTRATE
Conventional diagnostic tests have not been able to uncover
arrhythmogenic substrate in idiopathic ventricular fibrillation. This
provides an opportunity for new techniques to identify the underlying
pathology. A promising non-invasive technique to map arrhythmic
substrate is electrocardiographic imaging,36 which has been studied in
several other arrhythmogenic diseases.37–40 In Chapter 6 we studied
the novel use of repolarization parameters in electrocardiographic
imaging and we hypothesized that repolarization characteristics, such
as local electrogram morphology and variation in repolarization timing
and duration could be of significance. These characteristics have already
been proven useful in arrhythmic risk stratification using the 12-lead ECG
in other arrhythmogenic diseases.41–43 We found that measuring these
novel repolarization parameters in reconstructed electrograms acquired
with ECGI is feasible, can be done in a fully automated manner and may
provide additional information on underlying arrhythmogenic substrate for
risk stratification. Most prominent findings were steep repolarization time
gradients in regions with flat T-waves on the reconstructed electrograms.
These regions were also characterized by low T-wave area and large
differences in Tpeak-Tend interval. The significance of these findings
should be further explored in clinical studies.
Detecting (undiscovered) features in data to predict outcome is a task
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that deep convolutional neural networks (DNNs) perform very well.44 In
Chapter 7 we have studied the performance of DNNs in classifying on
12-lead ECG data in four triage categories. The deep neural network
demonstrated in this paper showed excellent overall discrimination with
a c-statistic of 0.95 (95% CI 0.94 – 0.96), outperforming the individual
physician in daily practice and the conventional computer algorithm. We
demonstrated that an end-to-end deep neural network can accurately
be trained on unstructured free text physician annotations and used
to consistently triage 12-lead electrocardiograms. In the context of
idiopathic ventricular fibrillation, this is an important finding, as the neural
network is capable of extracting both known and unknown features from
the electrocardiogram to improve its predictions.45 The hypothesis that
there are unknown features present in the electrical heart activity data
recorded by the electrocardiogram is plausible. The small cohort size
and heterogeneous nature of IVF may limit the application of machine
learning algorithms in this group. Though there are developments in the
deep learning field to adapt networks to overcome these limitations using
pre-trained models46,47 and they may help our diagnostic accuracy and
understanding (through visualization techniques such as gradCAM48) of the
underlying arrhythmogenic substrate in IVF.

FUTURE DIRECTIONS
Diagnostic testing is the crux of management and diagnosis of idiopathic
ventricular fibrillation. The progress in both imaging modalities and
genetic testing we have seen in the past decades has not come to a halt
yet, but rather continues to improve. The rise of data-driven healthcare
strategies has far from reached its full potential and could personalize risk
stratification and treatment using all available data sources.
Currently, an arrhythmogenic substrate for IVF is lacking. Until now,
imaging and mapping techniques have not been able to identify a
substrate in this group. However, the advancements in resolution and
accuracy of invasive and non-invasive imaging techniques facilitates
more detailed characterization of the electrical properties of the
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myocardium.38,49–52 Future clinical studies are needed to prove the
existence of arrhythmogenic substrate in these patients.
In IVF patients who have a family history of SCA / premature death
there is likely an inheritable component that attributed to the arrhythmic
risk. Though some monogenetic causes have been found in IVF,53,54
polygenetic causes are likely present in the affected families where no
single mutation has been found.55 Innovations in the field of genomics,
genome-wide association studies and development of polygenetic risk
scores could improve the management of these families by screening for
affected family members and arrhythmic risk stratification. Genome-wide
association studies could facilitate the development of polygenetic risk
scores,56 though considering the rarity and heterogeneity of IVF cohorts
this may prove to be a challenging task.
Accurately predicting the risk of sudden cardiac arrest in the healthy
population is currently not possible. Due to the complex and multifactorial
aetiology of this condition, there are simply too many underlying variables
to consider. This is an area where the recent advancements in the fields
of big data analytics can help to overcome this clinical problem.57 The vast
increase in available data from all sources, including healthy individuals,
can be used as input for prediction algorithms that are able to handle
numerous variables and interactions. They might be able to provide
insight in complex cases and suggest causes that initially wouldn’t have
been considered. Thereby shaping the future direction of research in this
field and hopefully contribute to discovery of underlying substrate in thus
far idiopathic ventricular fibrillation.
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Nederlandse Samenvatting
Na plotselinge hartstilstand is het vinden van een onderliggende
oorzaak van belang. Het uitsluiten van alle gangbare oorzaken, zoals
onderliggende cardiomyopathie of electrische hartziekten, vereist
uitgebreide diagnostiek en is noodzakelijk om de diagnose idiopathisch
ventrikelfibrilleren (IVF) te kunnen stellen. Deze zeldzame patientengroep
met een ogenschijnlijk structureel en electrisch normaal hart heeft baat bij
de ontwikkeling van nieuwe diagnostische mogelijkheden en uitbreiding
van kennis over het onderliggend substraat en mechanisme van hun
hartritmestoornissen om de prognose en behandeling van het ziektebeeld
te verbeteren.
In hoofdstuk 2 wordt een overzicht gegeven van idiopathisch
ventrikelfibrilleren. We bespreken het belang van verschillende
onderzoeken die moeten worden verricht om andere oorzaken uit
te sluiten en geven een overzicht van de prognose en behandeling.
Daarnaast blikken we vooruit op de ontwikkelingen en bespreken de
lopende studies naar idiopathisch ventrikelfibrilleren in Nederland.
In hoofdstuk 3 wordt de relevantie van diagnostische tests bij jonge
slachtoffers van plotselinge hartdood en het cardiogenetisch onderzoek
bij familieleden besproken. Het opsporen van een erfelijke aandoening
en het verrichten van familieonderzoek vereist nauwkeurig en uitgebreid
onderzoek bij de overledene. Bij dit proces zijn meerdere disciplines
betrokken en samenwerking tussen de verschillende specialismen vergroot
de kans op het opsporen van een erfelijke hartaandoening. We bespreken
de mogelijkheden die er zijn voor onderzoek bij de overledene en
familieleden in verschillende scenarios en hun bijdrage aan het vinden van
een erfelijke hartaandoening in de familie.
In hoofdstuk 4 worden de uitkomsten van ICD therapie bij 217
patienten met idiopathisch ventrikelfibrilleren beschreven. In deze groep
kwam bij 66 (30%) patienten een recidief ventriculaire ritmestoornis

voor waarvoor ICD-therapie nodig was tijdens een mediane follow-up
periode van 6.1 jaar. Daarnaast kregen 38 (17.5%) patienten onterechte
ICD therapie en kwamen bij 32 (14.7%) patienten ICD-gerelateerde
complicaties voor. Symptomen voorafgaand aan de hartstilstand, tekenen
van geleidingsziekte en dragerschap van het DPP6 risico haplotype waren
onafhankelijke voorspellers voor terechte ICD shocks.
In hoofstuk 5 beschrijven we de uitkomsten van cardiogenetisch
onderzoek bij familieleden van patienten met idiopathisch
ventrikelfibrilleren. In totaal zijn 189 familieleden uit 89 families
onderzocht die minstens een 12-kanaals rust-ECG hadden gehad. Bij
114 (79%) famlieleden was ook een echocardiogram verricht en 170
(90%) familieleden hadden meerdere onderzoeken ondergaan. Bij 5
(3%) familieleden uit 4 (4%) families werd een erfelijke hartziekte
gevonden. Twee familieleden bleken het DPP6-risico haplotype te dragen
dat ook bij de index patient was geïdentificeerd. In drie afzonderlijke
families werd bij een van de ouders van de index patient het Brugadasyndroom vastgesteld na een positieve provocatietest met ajmaline.
Deze bevindingen geven aan dat de opbrengst van familieonderzoek bij
idiopathisch ventrikelfibrilleren lager ligt dan verwacht.
In hoofdstuk 6 bestuderen we het gebruik van nieuwe
repolarisatieparameters bij ‘electrocardiografic imaging’ (ECGI). Om
de repolarisatie van het hart te beschrijven wordt op dit moment
voornamelijk gebruik gemaakt van repolarisatie tijd, maar niet van andere
parameters die afhankelijk zijn van morphologie en hartslagvariatie
en gebruikt worden voor risicostratificatie voor hartritmestoornissen
op het 12-kanaals ECG. We vonden dat het meten van deze nieuwe
repolarisatieparameters in de gereconstrueerde elektrogrammen van ECGI
mogelijk is, op een volledig geautomatiseerde manier kan worden gedaan
en kan helpen bij het beschrijven van het onderliggende aritmogene
substraat. Ook vonden wij dat steile repolarisatietijdgradiënten konden
worden gevonden in regio’s op het hart met vlakke repolarisatie op het
lokale elektrogram.

Hoofdstuk 7 geeft een beschrijving van een diep neuraal netwerk (DNN)
voor de classificatie van 12-afleidingen ECGs in vier triage-categorieën:
normaal, abnormaal-niet acuut, subacuut en acuut. We ontwikkelden een
37-laags convolutioneel residueel diep neuraal netwerk wat getrained
werd op een dataset van 336.835 ECG opnames van 142.040 patienten
geannoteerd door een individuele arts en wat gevalideerd werd op een
consensus validatieset (n = 984), die door een panel van vijf cardioloogelectrophysiologen beoordeeld was. Het neurale netwerk kon uitstekend
discrimineren tussen de vier categorieen (C statistiek van 0,95 (95%
BI 0,94 - 0,96)) en presteerde daarmee beter dan de individuele artsassistent en het conventionele computeralgoritme. Hiermee hebben
we aangetoond dat een diep neuraal netwerk nauwkeurig kan worden
gebruikt voor 12-kanaals ECG interpretatie.
In hoofdstuk 8 beschrijven we het belang van diagnostiek bij
idiopathisch ventrikelfibrilleren aan de hand van enkele casus van
patienten met initieel onverklaard ventrikelfibrilleren (VF) die later tijdens
de follow-up periode gediagnosticeerd worden met arrhythmogene
cardiomyopathie. VF kan de eerste klinische manifestatie van erfelijke
ziekte zijn en wij zagen dat het vinden van een diagnose in een later
stadium verklaard kan worden door verbetering van diagnostische
hulpmiddelen, ziekteprogressie of verkeerde interpretatie van de
aanvankelijk beschikbare gegevens. Ondanks dat het vinden van een
diagnose bij de index patient niet altijd leidt tot een verandering van
beleid, kan bij familieleden een juiste diagnose leiden tot cascadescreening als een eerste stap naar risicostratificatie. Om aangedane
familieleden op te sporen vóór het optreden van ventriculaire aritmieën
en plotse dood, is het belangrijk om patienten met idiopathisch
ventrikelfibrilleren periodiek te herevalueren.
Conclusies
In dit proefschrift zijn de ontwikkelingen op het gebied van diagnostiek en
behandeling van idiopathisch ventrikelfibrilleren beschreven. Het belang

van uitgebreide diagnostiek om een onderliggende oorzaak aan te tonen
dan wel uit te sluiten heeft belangrijke consequenties voor het beleid van
zowel de index patient als van de familieleden. Het inschatten van het
risico op levensbedreigende hartritmestoornissen en het karakteriseren
van onderliggend substraat in deze patientengroep behoeft meer
onderzoek naar diagnostische en therapeutische mogelijkheden.
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