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ABSTRACT

Sudden cardiac death (SCD) usually affects patients under 40 years of age, with most
of its victims displaying a cardiac abnormality, either previously known or even unrecognized.
However, in up to 5-10% of cases, the underlying cardiac arrest takes the form of ventricular
fibrillation and the context of no obvious cardiac pathology, in what researchers now agreed
upon to correspond to idiopathic ventricular fibrillation (IVF). As expected, these patients
represent a highly heterogeneous group, in whom both diagnosis and management are
challenging.

Nowadays, it remains unclear if this condition really exhibits no cardiac abnormalities
or if our exams are to blame as not being powerful enough to detect them. In fact, the goal of
this review is to provide a broad insight into IVF potential underlying etiopathologies, even
asking whether it represents a real individual clinical entity. In order to accomplish so, an
extensive literature review, focused on the key aspects surrounding the concept of IVF, namely
its definition, diagnosis, etiology, pathophysiology and follow-up, was performed.

IVF incidence seems to be decreasing in the last few decades, which can be, at last,
partially attributed to the stipulation of new well-defined primary arrhythmia syndromes, the
improvement in high-resolution imaging modalities and the further implementation of genetic
testing. On the other hand, a majority of unexplained SCAs remain insufficiently investigated,
thus resulting in the diagnosis of IVF to be still probably overused. Therefore, a constant
diagnosis re-evaluation during a long-term follow-up seems of utmost importance in virtually
all cases.

As such, there is a desperate need for international medical societies to frame
management guidelines, so that standardized and systematic approaches could be
implemented, in order to improve the proportion of definitive diagnosis in otherwise apparently
unexplained SCAs and to ensure that opportunities for specific therapies and preventive
strategies, including among family members, are not missed. After all, the rate of potentially
lethal arrhythmic recurrences in IVF patients is not neglectable.



BACKGROUND

Sudden cardiac death (SCD) is defined as a sudden natural unexpected death from a
cardiac cause occurring within 1h of onset of symptoms in patients without prior conditions that
would appear fatal.»?2 Most victims (>90%) happen to have a cardiac abnormality, either
previously known or unrecognized,>* namely of ischemic, electrical, infectious or structural
nature.® In fact, data on SCD survivors show that only 5-10% of cases occur in the absence
of any apparent underlying heart disease (so called idiopathic).>513 In 80%, SCD is because
of ventricular fibrillation (VF) or rapid ventricular tachycardia (VT)2. The prevalence of IVF in
survivors of SCD with otherwise normal electrocardiogram (ECG) who received an implantable
cardioverter defibrillator (ICD) ranges between 8.4% and 10.8%.°%'* Obviously, prevalence of
IVF could be difficult to be established, as patient’s phenotype might change during the follow-
up.** In addition, its incidence will probably decline with advancements in diagnostic testing
and the discovery of new primary arrhythmia syndromes.*>*’

About IVF, two different consensus statements have been published, proposing two
different definitions. The first is from the 1997 Consensus Statement of the Joint Steering
Committees of the Unexplained Cardiac Arrest Registry of Europe and the United States,
which describes IVF as the terminology that best acknowledges the timely inability to identify
a causal relationship between the clinical circumstance and the arrhythmia.® The second and
more recent definition is from the 2013 Heart Rhythm Society/European Heart Rhythm
Association/Asia Pacific Heart Rhythm Society Consensus Statement of Inherited Primary
Arrhythmia Syndromes, and defines IVF as a resuscitated cardiac arrest, preferably with
documentation of VF, in which known cardiac, respiratory, metabolic and toxicological causes
have been excluded through clinical evaluation.*® In other words, IVF diagnosis depends on
the absence of a substrate for VF and exclusion of specific diseases, including structural
cardiac disease (ie, myocarditis, cardiac sarcoidosis, arrhythmogenic, hypertrophic and dilated
cardiomyopathy) and primary arrhythmia syndromes (ie, Brugada syndrome (BrS),
catecholaminergic polymorphic ventricular tachycardia (CPVT), long QT syndrome (LQTS),
short QT syndrome (SQTS) and early repolarization syndrome (ERS).*¢ In fact, the discovery
of channelopathies has largely contributed to a decline in IVF incidence, since most of them
were regarded as IVF before they were discovered. However, although the exact definition of
IVF has changed during the years and although new diagnostic tools are available, no specific
guidelines have been developed for the definition and diagnosis of IVF, as well as a protocol
for exclusion of specific cardiac diseases that cause SCD.® On the other hand, despite major
improvements in the diagnosis of these electrical syndromes, concealed forms of these known
genetic disorders may still explain a proportion of IVF or SCD incidents.?®'® For example,

CPVT, typically caused by mutations in the ryanodine receptor gene (RYR2), may still get
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misclassified as IVF.2° Moreover, mutations in other arrhythmia-associated genes, such as
SCN5A and KCNH2, may initially manifest as VF, even though in most cases an underlying
electrical disease is later identified.?%?? This situation illustrates that IVF is an appropriate
“initial” or “working” diagnosis, because it reflects our current inability to establish a link
between a life-threatening arrhythmic event and clinical information obtained by detailed
invasive and noninvasive examinations.® In fact, recent studies have shown that in >50% of
apparently unexplained sudden cardiac arrest (SCA), a specific etiology can be unmasked
through a complete systematic medical assessment.®2324|n their study, Conte G et al.1* also
reported that an initial diagnosis of IVF changed over the time in 27% of patients. This is crucial
from several perspectives including prognostication, implementation of specific therapy when
possible, appropriate lifestyle counselling, and also optimization of screening and prevention
among relatives.?®3° The characteristics and the extent to which such cases undergo a
systematic thorough investigation in real-life practice are unknown.® In parallel, in up to 20%
of IVF cases, a family history of SCD or IVF is present, suggesting that at least a subset of IVF
is also hereditary.'?153135 |n these cases, a primary electrical disease might be present in up
to 93% of situations.®# Because no cardiac abnormalities are observed, family members that
may be at risk may not be identified.

Most patients with IVF share several characteristics: (1) the majority are men,*3" with
male sex proportion ranging from 56% to 86%;438-41 (2) the first arrhythmic event occurs during
young adulthood,*>4243 namely being these patients usually <40 years of age.>*” Specifically,
mean age ranges from 28 to 40.4 years, >63%41 whereas median age is reported to lie between
43 and 45 years, significantly lower than that of patients presenting with VF because of specific
etiologies;**4(3) the primary arrhythmia - when documented - is polymorphic VT or VF
triggered by a short-coupled premature ventricular complex (PVC),”33 presenting as syncope
or cardiac arrest;*® (4) the tendency — when compared to other causes of SCA — of not
displaying specific cardiac symptoms during the weeks prior to the event (64%), with resultant
less pre-SCA emergency medical service call and, thus, longer collapse-to-basic life support
duration.** These findings fit particularly with a primary electrical cardiac disorder, giving hope
that a specific syndrome may be defined, and emphasize the challenge represented by the
prediction of such cases, where SCA may be the inaugural event,*344" Other less
standardized particular features include higher left ventricle ejection fraction (LVEF)* and
lower cardiovascular risk factor burden,*® when compared to more common SCA etiologies.
There also seems to be an at rest index cardiac arrest occurrence predominance (67% of
events).*

The implantation of an ICD is currently advocated as first-line therapy for patients with

IVF, even though, due to its relative rarity, most studies investigating patient outcomes are



small.®® As for prognosis, it is perceived as being satisfactory, particularly when ICD therapy is
provided.? In relative terms, it is generally better than other primary electrical disorders.*®

IVF presents a unigue challenge, as it represents a severe life-threatening condition
notoriously difficult to predict and further characterize in a standardized fashion. Nowadays, it
is not possible to identify a potential underlying cause for the life-threatening arrhythmia
episode, both by invasive and non-invasive testing, following the resuscitation event.®
However, extensive diagnostic evaluation, including targeted genetic testing, could establish
a specific etiology for SCA in more than 20% of patients otherwise assumed to be IVF
presenters.® On the other hand, the extent to which a so-called comprehensive cardiac
assessment is carried out in the real-life setting has not been fully investigated. Moreover, IVF
might be the first manifestation of subclinical, hence undetected, structural or electrical heart
disease, as already showed for early stages of arrhythmogenic right ventricular
cardiomyopathy/dysplasia (ARVC/D).® In fact, IVF does not imply complete absence of
common abnormal findings, like first degree atrioventricular (AV) block or atrial fibrillation (AF).2
As a result, IVF survivors should undergo regular — at least annual — cardiologic examinations,
to rule out a delayed onset of heart disease, which could imply additional treatment.®

The goal of this review is to provide a broad insight into IVF potential underlying
etiopathologies, even asking ourselves whether it represents a real clinical entity in itself. In
fact, given the successive emergence of different nosological conditions from what was
otherwise regarded as idiopathic SCA, one might wonder if its definition is intrinsically a

consequence of medical research underachievement.



METHODS

Relevant studies related to IVF, published from inception until May 31, 2020, were
searched and identified in MEDLINE (through PubMed), Cochrane Controlled Register of
Trials (CENTRAL), ClinicalTrials.gov, World Health Organization (WHO) International Clinical
Trials Registry Platform (ICTRP) and EMBASE electronic databases. In addition, hand search
of article references was also performed. The research was limited by language (english,
spanish and portuguese) and type of subjects (humans and animal models) and focused on
the main aspects surrounding the concept of IVF, namely its definition, diagnosis, etiology,
pathophysiology and follow-up. Explicitly, the search equation, taken in its most complete form,
was: “ventricular fibrillation” [title/abstract] [MeSH] AND “idiopathic”. Two reviewers
independently searched the literature and extracted pertinent publications. Different articles
arising from the same database were reduced to the last and most up-to-date one. Only full
articles were eligible for inclusion, and no further study design restrictions were considered.
This review prosecution followed the “Preferred Reported Items for Systematic Reviews and
Meta-Analyses (PRISMA)” guideline, whenever possible. Moreover, this article was registered
in “PROSPERO - International Prospective Register of Systematic Reviews”, with the number
CRD42020198719. No funding was provided.

Taking resources from all the different databases and the hand search in aggregation,
1108 articles were first identified. Then, after remotion of duplicate elements and article
screening through title and abstract, only 289 papers remained. Of these, 181 full texts were

regarded as relevant, with 154 being included in this review, as showed in figure 1.

1108 articles identified

819 removed

(duplicated or irrelevant through title screening)

v

289 papers screened
(title + abstract)

— 108 excluded as not relevant
v
181 full texts
— 27 excluded as not met inclusion criteria
A 4
154 included

Figure 1 - Summary of evidence search and selection.



RESULTS

1- Differential Diagnosis of Patients With VF

VF has an extensive differential diagnosis consisting of many cardiac and noncardiac

causes. As noncardiac causes of VF are usually easily detected by laboratory and toxicological

assessment, we exclusively discuss the potential cardiac causes of VF. We reproduce a table

by Visser M. et al,® pointing out, if known, an overview of the incidence and prevalence of the

cardiac diseases to be considered in the differential diagnosis of VF, the percentage of patients

presenting with (aborted) SCD as the condition’s first manifestation, and the event rates of

recurrences of VT/VF for each specific disease.

Disease Incidence/Prevalence SCD as First Event Rate
Manifestation
of Disease
CAD/MI Incidence MI: 785 000/y in the 20% Death rate CAD: 287-390/100 000/y
us; for males and 201-277/100 000/y for
Prevalence CAD: 17.6 million females
in the US;
Coronary Incidence: unknown 2.4% 14% of patients with a secondary
artery Prevalence: unknown prophylactic ICD received
spasm appropriate ICD therapy (FU 3.2 y)
DCM Incidence: 3.6—7.9/100 000 Rarely Unknown
personyears
Prevalence: 1/2700
HCM Incidence: 1.4-3.6/100 000 Unknown 5%/y ICD discharge rate (skewed
personyears Annual death | toward a more severe
rate SCD phenotype)
Prevalence: 1/500 0.7%
35% of all
HCM-related
deaths are
sudden and
unexpected
ARVD/C Incidence: unknown 13% 19% of primary prophylactic ICD
Prevalence: 1/5000 patients showed recurrence of VF
(FU4.7y)
BrS Incidence: unknown Unknown Event rate per year per group of
Prevalence: 50—-100/100 0005 presentation:
Cardiac arrest: 7.5%
Syncope: 1.8%
Asymptomatic, spontaneous type 1
BrS ECG: 0.8%
Total (all patients with BrS): 1.9%
LQTS Incidence: unknown Unknown 13% (87/647) of genotyped patients

Prevalence: 50/100 000

2% of young
athletes with

with LQTS 1, 2, or 3
experienced cardiac arrest before the
age of 40 years and




SCD in | before initiation of treatment (FU 6.2
postmortem y)
studies
CPVT Incidence: unknown Unknown Arrhythmic event rate
Prevalence: 10/100 000 Probands: 21.7 per 1000 person-
years
Relatives with RyR2 mutation: 4.4
per 1000 person-years
SQTS Incidence: unknown 40% 16% of patients experienced VF (FU
Prevalence: unknown 60 mo)
ERS Incidence ERS: unknown 100% Unknown
Prevalence ER: in normal (presentation
population: 1% with VF or
to 5% SCDis
in patients with IVF: 7% to | part of the
31% definition  of
ERS)
Myocarditis | Incidence: unknown 16% Unknown
Prevalence: unknown
Cardiac Incidence: unknown 41% of Unknown
Sarcoidosis | Prevalence: 20-30/100 000 patients with
for pulmonary myocardial
sarcoidosis, of which 5% has | sarcoidosis
cardiac confirmed on
involvement autopsy
presented with
SCD
IVF Incidence: Estimated 4900— 100% Appropriate ICD therapy in 11% to
47 000 patients/y in the US 43%
Prevalence: unknown

Table 1 — Differential diagnosis of VF, proposed by Visser M. et al'®

ARVD/C indicates arrhythmogenic right ventricular dysplasia/cardiomyopathy; BrS, Brugada syndrome;
CAD, coronary artery disease; CPVT, catecholaminergic polymorphic ventricular tachycardia; DCM,
dilated cardiomyopathy; ER, early repolarization; ERS, early repolarization syndrome; FU, follow-up;
HCM, hypertrophic cardiomyopathy; ICD, implantable cardiac defibrillator; IVF, idiopathic ventricular
fibrillation; LQTS, long-QT syndrome; MI, myocardial infarction; SQTS, short-QT syndrome; SCD,
sudden cardiac death; VF, ventricular fibrillation; and VT, ventricular tachycardia; US — United States.

2- Diagnosis of IVF

Waldmann V. et al*® reported that, among survivors of out of hospital SCA, 12.3%
remained unexplained after ECG, echocardiography and coronary angiography. Cardiac
magnetic resonance imaging (MRI) yielded the diagnosis in 3.5%, while other investigations
accounted for 2.4% additional diagnoses. That way, 6.8% patients were assumed to have
suffered from IVF. Among these, only 16.3% cases benefited from a complete workup
(including pharmacological testing). Younger patients and those admitted to university centers
were found to have been more thoroughly investigated. On the other hand, the CASPER

registry'® showed that use of systematic non-invasive and invasive testing, including drug



provocation and the use of advanced cardiac imaging, led to a precise diagnosis in 56% of
unexplained cardiac arrest (UCA) due to VT/VF in patients with preserved left ventricular
ejection fraction and normal coronary arteries. Of these, 75% of patients were diagnosed with
a primary electrical disease and the remaining 25% had underlying structural heart disease.
Literally, the diagnosis of IVF is made by excluding other potential causes of VF, what
requires extensive diagnostic testing.®® Based on published guidelines,3161%%0 these patients
must have: no clinical evidence of drug intoxication or electrolyte abnormality at the time of
initial presentation; no identifiable structural heart disease, including valvular heart disease,
myocarditis and other cardiomyopathies, demonstrated by normal echocardiographic and
delayed gadolinium-enhanced cardiac MRI; no detectable coronary artery disease on coronary
angiography, with or without ventriculography; no significant alterations on exercise testing
(including QTc posture test); and no known electrophysiological disorders, namely long or
SQTS, BrS, CPVT, ventricular pre-excitation syndrome or ERS, shown in ECG, Holter or
telemetry monitoring. It should be noted, however, that in patients <45 years with a low risk for
coronary artery disease, coronary computed tomography (CT) or MR angiography is a valid
alternative for coronary angiography, because the sensitivity, specificity, and especially the
negative predictive value are all high.5*°2? In fact, if coronary CT or MR are normal, coronary
angiography is deemed not necessary.® Of course, routine testing should also comprise blood
chemistry, with cardiac enzymes and thyroid function, and chest radiograph.>1¢1°%0 These
screening exams are able to exclude the most common causes of VF. If no diagnosis is
achieved, the mandatory additional diagnostic tests are: pharmacologic testing with infusion of
a sodium-channel blocker (ajmaline, flecainide, procainamide or pilsicainide) to exclude BrS;
catecholamine infusion (isoprenaline and adrenaline) to exclude CPVT, ARVC/D and LQTS;
and ergonovine or acetylcholine provocation to exclude coronary artery spasm.'®53 Optional
additional diagnostic tests are endomyocardial biopsy and electrophysiological testing. In daily
practice, the option of additional testing often provokes discussion, because the diagnostic
value of some additional tests is debatable.’® Recent data show, however, that the use of high-
density electrophysiologic mapping may ultimately offer subclinical diagnoses of cardiac
disease in about 90% of individuals with IVF.4°®3 Electrocardiographic imaging (ECGI) is an
emerging high-resolution non-invasive imaging modality for mapping the electrical activity in
the heart.>** In healthy individuals, ECGI demonstrated that dispersion is small, namely for
repolarization®® However, ECGI did show increased dispersion in several arrhythmogenic
diseases. ECGI can, therefore, play a pivotal role in characterizing arrhythmia mechanisms in
patients with IVF, leading to diagnosis and treatment improvement. In addition, it seems to
have the potential to detect arrhythmogenic substrate in individuals before their first event,
offering the possibility of diagnosing and treating patients before SCA occurs. This is especially

relevant in family members of victims of SCD who might have a predisposition for IVF.%®
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The vyield of genetic testing in IVF is interesting, and it has definitely contributed
immensely to the detection of primary arrhythmia syndromes. However, even with next
generation sequencing, which screens large gene panels at once, its performance remains
suboptimal and variants of uncertain significance (VUS) are often detected.** Therefore, a
clinical suspicion, based on phenotype, should guide genetic testing.16195:57 Although targeted
genetic testing has been reported to find causative mutations in up to almost 50% of cases of
apparently unexplained SCA,? genetic screening for a large panel of genes in IVF patients is
not currently recommended.'®5” Yet, other authors'® recommend genetic screening in
otherwise assumed IVF patients with a basic panel of SCN5A and the most common LQTS
genes (KCNQ1 and KCNH2), as 50% of patients with BrS who present with SCA have a
concealed phenotype, and =25% of genotype-positive LQTS patients have a normal QT-
interval 165859 |f a patient presents with exercise- or emotion-induced VF, the same authors
recommend additional screening of RyR2 and CALM1. As conceivable, the yield of genetic
testing seems to be higher if a family history of SCD at a young age is present.5%%’

Screening of first-degree relatives of an unexplained SCA is essential and
recommended, and several studies have shown its clinical relevance. Steinberg et al*’ reported
cardiac abnormalities in 17-30% of a large population of 398 first-degree family members of
unexplained SCA. In addition to enabling early, specific management in case of identification
of a clear phenotype in relatives, family screening also has the potential to improve rates of
etiological diagnosis among index cases.?*?” These screening tests should include resting
ECG, exercise testing and echocardiography. In selected cases, Holter, signal-averaged

ECGs, MRI and pharmacologic testing may be performed.>3

3 - Possible etiopathogenic conditions

3.1- Mitral valve prolapse

Another entity subliminally related to VTs and SCD is mitral valve prolapse (MVP). In
general, MVP has a low prevalence in the pathology series of SCD.®® The estimated
occurrence of SCD in patients with MVP is as low as 0.2% to 0.4% per year.?! It has also
recently been showed that only a small proportion of competitive athletes with MVP develop
adverse cardiovascular events (0.5% per year).%? The worst prognosis is reported in those who
have both regurgitation, with volume overload of the left ventricle (LV), and VTs, demanding a
cautious restriction of competitive sports.®3°® Noteworthy, SCD in MVP patients usually occurs
while at rest or during sleep.®” However, an association between even hemodynamically
uncomplicated MVP and arrhythmic SCD was reported. In 1980, Lichstein® found that the
most common site of origin of ventricular ectopy was the posterobasal portion of the LV. In

2013, in a study including survivors of OHCA with bileaflet MVP, Sriram et al®® noted a
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premature ventricular beat (PVB) configuration of outflow tract origin, mainly from the LV,
alternating with papillary muscle (PM) or fascicular origin. The so-called “arrhythmic MVP”
syndrome is, electrocardiographly, characterized by complex PVBs arising from one or both
PMs, fascicular tissue, mitral annulus and LV outflow tract, as well as by T-wave inversion in
the inferolateral leads.®”®® Among the MVP-unrelated factors, ventricular repolarization
abnormalities and a prolonged QT interval (ranging from 9% to 26%) have also been
suggested in arrhythmic MVP patients.®! Basso C. et al’”’%" first provided convincing
evidence of a structural myocardial substrate of electrical instability, under the form of fibrosis
in the LV myocardium closely linked to the mitral valve. It is unlikely that arrhythmic MVP
patients with LV myocardial fibrosis have a coincident, unrelated IVF with Purkinje triggers
amenable to ablation.” The consistent localization of PVB foci and abnormal tissue with slow
conduction to the vicinity of the subvalvular mitral apparatus indeed suggests a structural
association. Presumably, the heterogeneity of the tissue on these regions and its unique
electrophysiologic properties are a primary abnormality, and the excessive motion and stretch
with consequent scarring represent the secondary anomaly.”® The genesis of malignant
arrhythmias in MVP probably recognizes the combination of the substrate (regional myocardial
hypertrophy and fibrosis and their relation with Purkinje fibers) and the trigger (mechanical

stretch) because of primary morphofunctional abnormalities of the mitral annulus.”:74.7

3.2- Genetics

Genetic testing allows identification of a likely causative mutation in up to 32% of
unexplained sudden deaths in children and young adults.”®"® A genetic origin of IVF has also
been hypothesized,® as several familial cases of IVF have been reported, suggesting that a
subset of IVF is hereditary. However, the genetic background of IVF is likely heterogeneous
and of polygenic nature.>'68° Besides, its manifestation might be multifactorial, requiring
discrete subclinical abnormalities, for example mild electrolyte disturbances, namely
hypokalemia, or small areas of fibrotic myocardial tissue, which are currently undetectable with
the available diagnostic modalities.'® Moreover, a subset of patients originally diagnosed with
IVF may carry clinically relevant genetic variants associated with inherited arrhythmogenic
diseases.>®

Compared to other arrhythmogenic diseases, there have been relatively few studies
focusing on the genetic landscape of IVF,*® not only because of the complexity and cost of the
techniques but also because it is not routinely recommended in the 2013 European Heart
Rhythm Society Association/Heart Rhythm Society/Asia Pacific Heart Rhythm Society expert
consensus statement.'® Previous studies have shown that the yield of genetic testing,
particularly under the form of the so-called molecular autopsy, in IVF, although highly variable,

is about 9%.2481 However, most of these studies have screened small gene panels, of a
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maximum of 10 genes. Extensive genetic screening with whole exome or genome sequencing
has identified several monogenic causes of IVF.12828 These include the well-established
Dutch founder haplotype in the DPP6 gene!? and SEMA3A,?* identified in a Dutch family and
in a Japanese cohort, respectively, as well as the newly-identified CALM1.8 Other genes have
been linked to IVF, including a loss of function variant in RYR2,828 which causes VF at rest,®?
and IRX3,8% which is associated with short-coupled torsades des pointes.12:82:83:85

Recently, Leinonen et al® provided the first evidence of a clearly quantifiable
contribution by identifiable genetic cardiac disorders to the occurrence of IVF. Using whole-
exome sequencing and next-generation sequencing approaches, pathogenic or likely
pathogenic variants residing in RYR2, CACNA1C, and DSP genes were found in 9% of IVF
patients. Most of them (71%) were found in the RYR2 gene, associated with CPVT. These
genetic findings prompted a renewed clinical assessment of patients, causing disease
reclassification. Additionally, in 9 patients (11.8%), 10 novel or extremely rare variants that
were classified as of unknown significance were detected. Patients carrying pathogenic and
likely pathogenic variants were generally younger at the time of the VF incident in comparison
to the remaining patients (19.9+19.5 SD vs 32.4 + 12.7 SD years, P=0.01).

In another report,*® genetic testing screening at baseline or during follow-up period was
done in 26% of patients diagnosed with IVF. One was diagnosed with LQTS type 2 after a
positive genetic yield (KCNH2 mutation). A broad panel for channelopathies and
cardiomyopathies were done in 12 subjects (24%); 2 out of 12 patients (16.7%) had ARVC/D
with PKP2 gene positive and LMNA gene positive. VUS in potential disease-related genes
were found in 8 cases (66.7%) although, according to American College of Medical Genetics
and Genomics guidelines, these were not considered pathogenic. Though a small proportion
underwent genetic screening, it did confirm pathogenic mutations in three cases, which shows
a modest diagnostic yield for commonly known genetic variations for channelopathies and
cardiomyopathies (23.1%), in keeping with a recent study by Broendberg et al,®” in which the
diagnostic yield for disease causing mutation was 24% (n=19/80).

In a long-term outcome of a pediatric cohort with an initial diagnosis of IVF,** 45 patients
(83%) underwent genetic testing. A potential pathogenic mutation for inherited arrhythmia
syndromes was identified in a third of the patients, namely RYR2 [n=7], TRDN [n=2], CALM1
[n=1], CASQ2 [n=1], SCN5A [n=1], KCNH2 [n=1], MYH7 [n=1] and SLC22A5 [n=1]. Variants
in RYR2 were identified in close to half of the genotype-positive patients. Repeat genetic
sequencing with an extended genetic panel was performed in 54% of the population at the
discretion of the treating physician. One patient (2%) developed phenotypic evidence of
hypertrophic cardiomyopathy (HCM) during follow-up. Of note, that patient had previously been
identified as a MYH7 variant carrier. Consistent with these finding, Lahrouchi et al®® reported

that, in patients with sudden arrhythmic death syndrome, RYR2 variants were the most
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commonly identified pathogenic/likely pathogenic variants following postmortem genetic
testing (43% of genotype-positive cases). On the other hand, in a study by Visser and
colleagues,* in which a large panel of 33 genes associated with SCD was screened in 79
patients, the overall yield for genetic testing was lower, at 15%, with only a quarter of genotype-
positive patients harboring CPVT gene variants. Of note, patients included in Frontera’s
study,* as in that of Lahrouchi et al,®® were significantly younger than the patients included by
Visser et al.** It is important to acknowledge, however, that a significant proportion of
apparently pathogenic RYR2 variants may not be disease causing.®* About Visser and
colleagues’ study,* of the 12 detected pathogenic mutations, 4 were diagnostic, as the
mutation revealed a specific diagnosis (CVPT in 3 patients and LQTS type 1 in 1 patient), 4
mutations were detected in arrhythmogenic cardiomyopathy patients, 3 patients carried the
Dutch DPP6 haplotype and 1 patient revealed a MYL2 mutation, with a corresponding HCM
phenotype. Variants of uncertain clinical significance were detected in 13 IVF patients. Genetic
family screening was performed in 33 family members of the 12 patients with a pathogenic
mutation and identified 12 mutation carriers. As a result, the yield of family screening was 36%,
enabling prophylactic treatment in 58% of mutation carriers. However, only 4 diagnostic
mutations were detected, and next-generation sequencing concurrently disclosed 13 variants
of uncertain clinical significance.

In another study, Visser et. al.** described the findings of the extended next generation
sequencing panel of 179 genes in 33 IVF survivors and report a yield of only one pathogenic
or likely pathogenic variant: a truncating variant in the titin (TTN) gene, seen in a single patient.
Whilst, at first glance, their findings portray a negative message regarding the utility of genetic
testing in IVF, it must be noted that these 33 patients were a sub-selection of a larger cohort
of apparent IVF survivors in whom previous genetic testing had already proven negative.
Besides, of the 179 genes included in second-line testing, only a small number have been
reliably associated with either IVF or with established phenotypes that carry a risk of VF;
variants in sarcomeric genes MYBPC3, MYH7, TNNI3 and TNNT2 are recognized causes of
HCM, while truncating variants in TTN are seen in cases of dilated cardiomyopathy (DCM) and
peri-partum cardiomyopathy. One or more VUS was identified in 24% of patients with the initial
33-gene panel, which increased to 34% overall with the extended panel.

Alders et al.'? performed a genome-wide haplotype sharing analysis to identify the
responsible gene for IVF in 3 distantly related families from the Netherlands. The authors
identified a mutation located on the chromosome 7936 harboring a part of the dipeptidyl
peptidase-like protein-6 (DPP6) gene, which encodes for a component of the transient outward
potassium current (Ito). The correlation between the DPP6 mutation and IVF was confirmed in
a larger population of 26 families, including 601 members, from the Netherlands. The mutation

increased levels of the DPP6 mRNA 20-fold compared to controls. Penetrance of IVF was
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high: 50% of risk-haplotype carriers experienced (aborted) SCD before 58 years of age.
Posteriorly, Xiao et al.® demonstrated that DPP6 overexpression selectively increases the Ito
current in the Purkinje fibers, leading to abnormal depolarization and early repolarization (ER),
which may explain at least part of the pathogenesis of VF in this particular subgroup of patients.
These results provide a potential rationale for the efficacy of quinidine, an Ito blocker, in IVF
patients. In 2015, Sturm et al*® identified the first missense mutation (p.H332R) of DPP6 in a
proband with recurrent IVF. Yet, this variant was also rather frequently (0.5%) occurring in a
control population without that specific phenotype, resulting in a challenging identification of
supposedly pathogenic variants.®® Ding et al®> employed whole-exome sequencing in
combination with arrhythmia-related gene-filtering to explore the possible causative gene for a
chinese family with SCD, syncope and suspicious IVF. A second missense mutation
(c.1578G>C/p.Q526H) of DPP6 was identified and co-segregated with affected patients in this
family. This novel mutation (c.1578G>C/p.Q526H) is located in the cysteine-rich domain, which
is responsible for ER-to-Membrane transport. This study is consistent with Sturm et al*®®
research, confirming that both mutations may lead to gain of function of Kv4.3 and result in IVF
due to a disturbance of the efflux of potassium ion. At present, ten DPP6 mutations have been
identified in patients with different disease phenotypes.*

Among genes coding ion channels and their modulatory proteins, KCNE5 (KCNELL) is
located in the X chromosome and encodes an auxiliary $-subunit for K channels. KCNES5 has
also been shown to modify the Ito. In 205 Japanese patients® with BrS or IVF who tested
negative for SCN5A mutation, 2 novel KCNE5 variants were identified from 4 unrelated
families: the variant p.Y81H was a single-nucleotide alternation (c.241T>C), resulting in an
aminoacid substitution from a tyrosine at residue 81 with a histidine (p.Y81H). The second
variant had 2 nucleotide changes (c.[276C>A and 277G>T]), causing an aminoacid
substitution from an aspartate at residue 92 to a glutamate and from a glutamate at residue 93
to a stop codon (p.[D92E;E93X]). Functional consequences of the KCNE5 variants were
determined through biophysical assay using cotransfection with KCND3 or KCNQ1. In the
experiments with KCND3, which encodes Kv4.3, Ito was significantly increased for both
KCNES5 variants, compared with wild-type, thus documenting increased VF risk. In contrast,
there was no significant change in current properties with KCNQ1 cotransfection for neither
wild-type KCNE5 nor the 2 variants. With a simulation model, both variants demonstrated
notch-and-dome or loss-of-dome patterns. Given that KCNES5 is located in the X chromosome,
the upregulation of Ito currents may occur preferentially in male and so male sex would be
anticipated to have more lethal phenotypes than the female sex.

Paech et al*’ identified 2 novel, functional heterozygous mutations - ¢.6224T>C
(p.11e2075Thr, Exon 41) and ¢.13781A>G (p.Lys4594Arg, Exon 94) - on the RyR2 gene, in a

family with at least 10 members who died or were resuscitated due to VF, with the most
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probable diagnosis being IVF. No clinically affected patient was without mutation. In principle,
RyR2 gene mutations cause enhanced sensitivity of the sarcoplasmatic calcium channel to
either luminal or cytosolic calcium levels, which occur, for example, at higher heart rates during
exercise. This leads to calcium overload and establishes the basis for store overload-induced
calcium release, with consequent delayed after-depolarizations and the potential for ventricular
arrhythmias. A publication of Priori and Chen®* reported RyR2 mutations in patients with IVF.
Interestingly, in 2002, this working group classified all patients with RyR2 mutations as CPVT
patients. Yet, by 2011, this classification was superannuated. The differentiation between
CPVT and IVF remains a difficult issue, mainly based on clinical characteristics and gross
genetic classification. In this case, the family history, exercise testing, and epinephrine stress
testing do not suggest an association between arrhythmia and adrenergic triggers, which
makes CPVT unlikely. It currently seems more reasonable to classify patients with different
RyR2 mutations according to the functional effects of the mutation,®® meaning that patients
with RyR2 mutations but lacking induction of ventricular arrhythmias during exercise stress
testing are rather classified as IVF, assuming a different arrhythmogenic mechanism. The
authors couldn’t conclude whether the reported mutations cause a new entity of IVF or whether
these patients experience a variant of CPVT with an atypical clinical course.

Nakano and colleagues from 13 centers in Japan studied two populations with UCA
and documented VF.®* Guided by their previous results in mice studies,®® they focused on
SEMAS3A as a candidate gene. This gene is vital for normal neuronal pattern development and
has been implicated in various disease conditions. Interestingly, murine cardiac-specific
SEMAS3A under-expression results in sinus bradycardia, while SEMA3A over-expression in a
susceptibility to VT and SCD, putatively due to differences in the pattern of cardiac
innervation.®® In their study,® through resequencing and single nucleotide polymorphism
genotyping of SEMAB3A, it was found that a non-synonymous polymorphism (1334V,
rs138694505A.G) in exon 10 of the SEMA3A gene was associated with UCA, with an odds
ratio of 3.1 (95%CI 1.7-5.7). UCA patients with SEMA3AI334V also displayed slightly different
autonomic nervous system control, apparently as a result of a higher incidence of sinus
bradycardia. In fact, subsequent in vivo studies using cardiac biopsies revealed that UCA
patients with SEMA3AI334V display aberrant sympathetic nerve fiber growth. Furthermore, in
vitro studies using transfected HEK293T cells revealed that the 1334V aminoacid replacement
in SEMA3A indeed disrupts the normal function of the protein in neural growth inhibition and
control of cardiac innervation.8

Calmodulin (CALM) association with the cardiac muscle RyR2 regulates excitation—
contraction coupling.®” Defective CALM—RyR?2 interaction is associated with heart failure.” In
addition, recent genetic studies have identified 5 missense CALM mutations associated with

severe ventricular arrhythmia and SCD susceptibility.%8% 2 CALM mutations were associated
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with stress-induced polymorphic VT reminiscent of CPVT (CPVT-CALM),*® whereas the other
3 mutations led to recurrent cardiac arrest in infancy associated with severe QT prolongation
reminiscent of a LQTS. Another recent study®® has reported a novel CALM mutation
(Phe90Leu;CaMF90L) as the causative missense genetic defect in a family with IVF and early
onset SCD (childhood and adolescence). The mutation was present in 2 family members who
displayed a marginally prolonged QT-interval during exercise. It is suggested that this mutation
fallouts in altered Ca2+ binding, which leads to reduced ability to interact with the RyR2, thus
producing dysregulated Ca2+ release.®>% This is compatible with [3H]ryanodine binding
studies, which suggest that CALMF90L loses its ability to inhibit the RyR2 channel at a specific
range of Ca2+ concentrations. These observations imply that CALMFO0L may cause IVF due
to a defective interaction with RyR2, leading to dysregulated SR Ca2+ release.®’

ANK2 mutations have been reported'® as the cause of various inherited primary
arrhythmia syndromes, including LQTS type 4, SQTS, BrS, CPVT and IVF. ANK2 encodes
ankyrin-B, which is a form of a membrane protein complex with some ion transporters in
cardiomyocytes. So, the authors?!®® state that ankyrin-B syndrome should also be considered
as a differential diagnosis of IVF, as their investigation indicates that ANK2 mutations may play
a role as an “accessory mutation”, as well as a causative mutation.

An Australian family with marked cardiac phenotype heterogeneity among 4 individuals
was studied:1%2 While some were asymptomatic, other presentations included left ventricular
non-compaction, resuscitated cardiac arrest due to IVF, DCM and sudden unexplained death.
In the absence of a unified clinical diagnosis, whole-exome sequencing was performed,
identifying an Alal19Thr mutation in the alpha-actinin-2 (ACTN2) gene that segregated with
disease. The variant affects an aminoacid in the highly conserved actin-binding CH1 domain.
The diverse clinical phenotypes seen in this family, including IVF, suggest that mutations in
the ACTN2 gene likely perturb a number of different mechanical and arrhythmogenic
substrates. Haplotype analysis showed that this mutation segregated with the same unique
haplotype in a second family also with clinically diverse cardiac disease, being likely inherited
from a common ancestor. The spectrum of clinical presentations and outcomes is remarkably
similar in both families. Indeed, there have been two SCDs in young people (aged under 35
years), one where HCM was identified and one in which no cause was detected at post-
mortem. While phenotypic heterogeneity and incomplete penetrance are common features of
inherited cardiac diseases, it is unclear how divergent cardiac phenotypes emerge from the
same mutation. This paradigm is, indeed, exemplified by the structural and arrhythmogenic
pathologies potentially caused by the Ala119Thr mutation in ACTNZ2.

Genetic screenings of Japanese IVF patients were performed and found a novel
SCN5A missense mutation (S1710L) in one symptomatic IVF patient that did not exhibit the

typical Brugada ECG.!%® Heterologously expressed S1710L channels showed marked
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acceleration in the current decay, together with a large hyperpolarizing shift of steady-state
inactivation and depolarizing shift of activation. However, enhanced inactivation due to
accelerated current decay is not a unigue feature specifically observed for S1710L. Similar
channel property was observed in BrS mutation T1620M, although only at higher temperature,
and was regarded as one of the relevant mechanisms for ST elevation. It has been a matter
of controversy whether this IVF subgroup is a phenotypic variation of the BrS or a distinct
disease, because ECGs of BrS patients are profoundly affected by an autonomic nervous
system tone and exhibit time-dependent changes with occasional normalization. This finding
has genetic relevance, indicating that BrS and this IVF subgroup are, at least, genetically
overlapped, such as with other allelic disorders of the SCN5A gene, like LQT3 and hereditary
AV block.

Loss-of-function mutations in the SCN5A-encoded sodium channel SCN5A or Nav1.5
have been identified in IVF, in the absence of BrS phenotype.'® Navl.5 is regulated by 4
sodium channel auxiliary b subunits. A novel missense mutation, Navb3-V54G, caused loss of
the Navb3 function and a reduction in INa, possibly by interfering with the chaperone and cell
membrane localization functions of the Navb3 subunit. This mutation was identified in a 20-
year-old male diagnosed with IVF, whose ECG exhibited epsilon waves, despite presenting a
structurally normal heart. The mutated residue was highly conserved across species, localized
to the Navb3 extracellular domain, and absent in 800 reference alleles. It was found that HEK-
293 cells had endogenous Navb3, but COS cells did not. Co-expression of Nav1.5 with Navb3-
V54G (with or without co-expression of the Navbl subunit) in both HEK-293 cells and COS
cells revealed a significant decrease in peak sodium current and a positive shift of inactivation
compared with WT. Co-immunoprecipitation experiments showed association of Navb3 with
Navl.5 and immunocytochemistry demonstrated a dramatic decrease in trafficking to the
plasma membrane when co-expressed with mutant Navb3-V54G. Interestingly, the boy’s
mother was an asymptomatic gene-mutation carrier and exhibited J-point elevation (JPE) in
her ECG. These findings support that the SCN3B-encoded Navb3 subunit interacts with
SCNB5A subunits, creating a loss-of-function phenotype, and that SCN3B may be a novel IVF-
susceptibility gene. A possible overlap of BrS and IVF, previously reported,®> and even an
association with ER may, therefore, extend to the molecular level.

Familial ER has also been reported and, apparently, it displays an autosomal dominant
inheritance pattern with incomplete penetrance.*? Two independent population-based studies
have suggested some degree of inheritance of the ERPs in the general population,'® but the
familial inheritance of malignant ERPs has not been clearly demonstrated. A candidate gene
approach in IVF patients with ER has identified several possibilities. Gain-of-function mutations
in KCNJ8, which encodes a pore-forming subunit of the ATP-sensitive potassium channel,

leading to shortening of action potential duration (APD), has been identified in IVF with
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ER.194106 Decreased calcium currents also have been proposed as a mechanism for IVF
associated with ER; Particularly, mutations in L-type calcium channel genes, including
CACNA1C, CACNB2B, and CACNA2D1, have recently been identified.1°” However, functional
studies are not yet available.'®” Moreover, other 3 missense mutations of SCN5A (A226D,
R367H, and L846R) were identified in 3 out of 26 IVF patients.1%® These variants affect highly
conserved residues, and all of the mutant SCN5A channels failed to generate any currents
when expressed in heterologous expression systems. R367H and L846R are thought to be
located in the pore region, and were not found in the genomes of 200 healthy control
individuals. Immunostaining revealed that cells expressing A226D channels showed
cytoplasmic fluorescence, while cells expressing wild-type channels showed marked
peripheral fluorescence, suggesting that the mutation results in trafficking defect. On the other
hand, cells expressing R367H channels and those expressing L846R channels showed a
similar fluorescence pattern to wild-type channels, suggesting that these mutations do not
affect trafficking. The 3 unrelated probands shared similar clinical phenotypes: multiple
episodes of syncope; prolongation of the PR interval; sodium channel blocker administration
not inducing a type | Brugada ECG pattern; ERP mainly located in inferior leads; prolonged
His-ventricular interval (55ms, 65ms, 68ms). Facing this evidence, the authors concluded that
loss of sodium channel function plays a role in IVF associated with ER, and that SCN5A is a
causative gene of this particular entity.

All supra-mentioned pathogenic or likely pathogenic genes are summarized in table 2.
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Gene

Protein

Genetic Incident

Comments

ACTN2 Alpha-actinin-2 Alal19Thr Identified in an Australian IVF-family with marked cardiac phenotype heterogeneity 192
ANK2 Ankvrin-B NM_020977.3 Associated with various inherited primary arrhythmia syndromes, including LQTS type
y 4, SQTS, BrS, CPVT and IVF100101
Calcium Voltage-Gated
CACNAILC Channel Subunit Alphal C F30:p.Gly402Ser Related with LQTS and IVF with ER;>107
CACNB2B Beta subunit of voltage- : Related with LQTS and IVF with ER;5107
dependent calcium channels
Alpha-2/delta subunit of
CACNA2D1 voltage-dependent calcium - Related with LQTS and IVF with ER;>1%7
channels
. Frequently associated with CPVT and LQTS;®
CALM1 Calmodulin 1 CALMFI0L Screening recommended in exercise- or emotion-induced VF. 34.8597,98.99
CASQ2 Calsequestrin 2 Deletion of exon 1 SCD during sleep. 3
At present, ten DPP6 mutations | Overexpression selectively increases the Ito current in the Purkinje fibers, leading to
have been identified.** abnormal depolarization and ER;° Well-established haplotype for IVF; 1241:44.89.90,91,92
DPP6G Dipentidvl Peptidase Like 6 with a 50% penetrance;*? In the central part of the Netherlands and in families
peptidyl Fep p.H332R% originating from the Gouda region, screening is recommended, as the DPP6 haplotype
accounts for over 25% of IVF cases in this area;% Also associated with scTdP in Dutch
€.1578G>C/p.Q526H% Patients.%!
May cause several cardiomyopathies and keratodermas, including skin fragility-woolly
hair syndrome.®> One Italian patient from Leinonen cohort® carried a pathogenic
DSP Desmoplakin 112:p.GIn620 nonsense mutation, resulting in clear changes in cardiac electrophysiology, but without
definite clinical manifestations typical for DSP-associated cardiomyopathies. This
Italian cohort contained 3 other carriers of rare variants in DSP, classified as VUS.
IRX3 Iroquois-class homeodomain 1262G>C (R421P) Associated with scTdP and physical activity; Functional perturbation in the His-Purkinje
protein 1453C>A (P485T) system.83
Potassium voltage-gated p.Y81H c.241T>C
KCNES5 channel subfamily E C.276C>A Gain-of-function effects on Ito %
regulatory beta subunit 5 277G>T
Potassium Voltage-Gated A . . . . .
X ) May initially manifest as VF, even though in most cases an underlying electrical disease
KCNH2 Channel Subfa2rn|ly H Member is later identified, namely LQTS?2, 19223440
Potassium Inwardly Rectifying — . . . . 104,106
KCNJS Channel Subfamily J Member ) Gain-of-function mutation associated with ER
8
LMNA Lamin A/C - Associated with ARVC/D and DCM*°
MYH7 B-myosin heavy chain - Associated with HCM3*
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PKP2 Plakophilin 2 - Associated with ARVC/D*°
Often identified in genotype-positive patients; 34:37:82,86,88,94,95
RYR2 Rvanodine recentor 2 €.6224T>C10 Frequently associated with CVPT;520:34
y P €.13781A>G10 A significant proportion of variants may not be disease causing;3*
If IVF exercise- or emotion-induced, screening is recommended.*®
Sodium Voltage-Gated - 104
SCN3B Channel Beta Subunit 3 - May be a novel IVF-susceptibility gene
A226D108
R367H,108
L846R,108
SCNBA Sodium voltage-gated channel S1710L%03 Frequently associated with BrS;
alpha subunit 5 Navb3-V54G104 Loss-of-function mutations have been identified in IVF, with or without ER 34:103.104,108,142
5432-5433insGAGT, identified
in IVF-CRBBB.1*2
- Non-synonymous polymorphism identified in a Japanese cohort;
SEMA3A Semaphorin-3A 1334V, rs138694505A.G Over-expression may be associated with IVE®
SLC22A5 Solute Carrier Family 22 e . ”
Member 5 - Identified in a pediatric cohort
TRDN Triadin - Identified in a pediatric cohort 34
. €.52198G>T . _— . . . . "
TTN Titin 0.E17400 Truncating variant; Associated with DCM and peripartum cardiomyopathy

Table 2 — Pathogenic or likely pathogenic genes reported in IVF or presumable IVF patients.

ARVC/D - arrhythmogenic right ventricular cardiomyopathy/dysplasia; BrS-Brugada syndrome; CPVT- catecholaminergic polymorphic ventricular tachycardia;
DCM-dilated cardiomyopathy; ER-early repolarization; HCM-hypertrophic cardiomyopathy; Ito- transient outward potassium current; IVF-idiopathic ventricular fibrillation;
LQTS-long QT syndrome; scTdP-short-coupled torsades des pointes; SQTS-short-QT syndrome; SCD-sudden cardiac death; VUS-variants of uncertain significance;

VF-ventricular fibrillation;
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3.3 - Microstructural myocardial substrate

In high-resolution experimental setups, typical VF requires a continuous reentry for its
maintenance, of which a critical determinant is the presence of normal (fiber arrangement) vs.
abnormal (fibrosis) structural heterogeneities.>® Because patients with IVF are deemed to be
free of structural heart disease, one might have expected that VF reentries would be distributed
homogeneously across both ventricles. However, a clustering of reentries was observed, and
mapping of these regions in sinus rhythm revealed, in some of them, abnormal electrogram
characteristics, indicating the presence of a “microstructural” cardiomyopathic alteration. In a
study®® involving electrophysiological analysis, myocardial areas manifesting low-amplitude
and prolonged fractionated signals were found in 67% of patients. The abnormal tissue was
found to be clustered in 1 or 2 areas, whereas 4 patients had scattered abnormal areas. In a
previous study, the abnormal surface area covered a mean of 13+5cm?, ranging from 6 to
22cm?, representing 3.9+1.7% of the total ventricular surface. This finding is in keeping with
prior experimental studies, which showed that even small ventricular lesions in the range of 4
cm? are sufficient to promote VF. The right ventricle was the structure preferentially harboring
the abnormal area, whereas the LV or the septum were less frequently affected. The
comparison of endocardial and epicardial recordings at the same location showed that these
abnormal signals were recorded in only one side, mostly epicardial, indicating that the
pathology involved a part of the ventricular wall rather than being transmural, which may
explain why these abnormalities tend to be unperceived by MRI. Among all abnormal areas,
86% colocalized within or at the border of a main driver region, what indicates that the
mechanism of VF is, indeed, linked to microstructural alterations acting as a substrate
maintaining reentry, in the same way as overt pathological heterogeneities maintain VF in
structural heart diseases. A phenotypic screening performed in 48 consecutive patients
referred for IVF unveiled that: 23% presented a Purkinje abnormality without a microstructural
myocardial abnormality; 67% showed microstructural myocardial abnormalities, with 10.4%
also displaying Purkinje triggers; 5 patients had neither apparent Purkinje nor microstructural
abnormalities. Therefore, only 10% of IVF remained completely unexplained after
comprehensive investigations. In these cases, unexplained SCD may result from an external
ephemeris factor (as fever, vagal burst, hypokalemia, etc), considered necessary to reach a
critical arrhythmogenic threshold, or concealed causes, such as LQTS, which may become
detectable during follow-up or by genetic testing. It is likely that both common and distinct
nosological processes are involved in these different substrates and that a spectrum of
different diseases, such as genetic, inflammatory, or acquired cardiomyopathies, can affect

them.
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3.4 - Early repolarization and J Wave

The detection of a J-wave has been considered an innocuous finding and even a
normal variant.®64%1%4 Epidemiologic studies have detected this variant in 1-24% of the general
population.”4%109110 However, the introduction of a new clinical entity, ERS, and the
subsequent demonstration of the importance of the J wave in survivors of SCD, being present
in 23 to 60% in IVF cases worldwide,®"111:112 have generated renewed interest in the ECG J
waves. ERS is one of the so-called J wave syndromes, together with BrS and with other
particular situations, namely hypothermia, acute myocardial ischemia, silent coronary artery
disease, inflammatory diseases, such as pericarditis, electrolyte or metabolite disorders, such
as hypercalcemia, and drug intoxications, such as with cocaine or with antidepressants.*? J-
wave syndromes are defined as a distinct electrocardiographic phenotype (slurring/notch)
affecting the junction between the QRS complex and the ST segment. Recent data provide
evidence for heterogeneous substrates, related to either delayed depolarization due to
microstructural alterations or real ER abnormalities.>® Nonetheless, all this highlights the
possibility that J waves may be more important than previously recognized and may serve as
a common mechanism of VF in various clinical settings.®

J waves are commonly observed in healthy individuals, predominantly in young
males,'411> mimicking BrS epidemiology, and especially among athletes (in up to 36%),09-111
and particularly in those involved in competitive sports and in young black subjects.!'? As for
athletes, Cappato et al.1!® reviewed the ECG of 21 athletes with cardiac arrest or sudden death
obtained before or immediately after the event and found a J wave and/or QRS slurring in any
lead in 28.6% of cases and in 7.6% of control athletes (p=0.006). However, arrhythmia
recurrence did not differ in the group with cardiac arrest between those with and those without
the ECG pattern. ERP was present in 10 of 21 competitive athletes who suffered a cardiac
arrest (47%) as compared with 108 of 365 control healthy athletes (29,6%). ERP was also
found in 25 of 54 (46%) professional soccer players who had a significantly lower heart rate
and higher left atrial filling pressure.''” The ERP was located in the precordial leads only in 18
athletes (33%), whereas in 7 athletes (13%) the ERP was also present in the inferior leads.
On the other hand, J wave prevalence was also demonstrated to be race-dependent, being
more common in black patients.''* In addition, heritability of ER has been shown in a
population-based study,®® and, as in other arrhythmia syndromes, such as LQTS and BrS
syndrome, ion channel genes are responsible for IVF associated with ER.1941%6-19%8 On the one
hand, a family history of SCD is reported in 18% of ER patients.!'® On the other hand, an
increased rate of ER in first-degree relatives of SCD patients compared with matched healthy
controls has been demonstrated.'*! In that particular study,!'! 33 patients and 72 first-degree
relatives were screened. Out of these 33 patients, 55% had ER, and ER was seen in 19.4%

out of the 72 family members. ER in a relative was more common if the proband had a
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persistent ERP (OR 10.7, 95% CI 2.2-51.5; P = 0.003). The ERP in the relatives was of the
same pattern to that of the proband. It was also more common than that in first-degree relatives
in a healthy control population (OR 2.0, 95% CI 1.04-4.0; P = 0.038). These findings thereby
raise a possibility of familial inheritance of ER when this is persistent in nature, what is
important as it will enable linkage analysis to be performed. This information could potentially
be used to guide family screening and identify nhew mutations using family members with
persistent ER.

The association between J waves and IVF was first described by Haissaguerre et al.,’
who showed that they were more frequently recognized in patients with IVF than in matched
healthy control subjects (as many as 1 out of 3 IVF patients demonstrated J waves and ST-
segment elevation) and that there was a higher (two-fold) incidence of recurrent VF and even
electrical storm in case subjects with ER than in those without. Indeed, patients with “IVF and
ER” seemed to have a worse (rather than a different) form of IVF.1'® Their findings were
confirmed by numerous authors, namely Nam et al.*® and Rosso et al.,’'! as well as, later on,
Aizawa et al.®120 Moreover, Siebermair et al.** demonstrated a significant association of ERP
with appropriate ICD therapies during long-term follow-up, where ERP conferred an almost
four-fold increased risk. These observations were, finally, re-enforced by reports underlining
that the ERP may be associated with an increased mortality risk even in the general
population.1%®119 As it seems, the Haissaguerre et al. study’ triggered a “fear of J waves.”

ERP should be differentiated from ERS, which is diagnosed in patients with
unexplained VF or polymorphic VT and documented ER, or in SCD victims with a negative
autopsy and a previous ECG demonstrating ER.'® Until recently, ERS was regarded as a
subentity of IVF. However, ERS has a distinctive phenotype and has shown to have a separate
genetic substrate, as several candidate genes for a familial inheritance of a malign ERP have
been identified.'°"12! Therefore, ERS is considered a separate disease entity, being distinct
from IVF. This concept more famously came to light with the release of the 2013 consensus
statement on the primary arrhythmia syndromes.!8 If a patient shows ER that does not fulfill
diagnostic criteria, then these abnormalities are not explanatory and the diagnosis IVF
remains.®

J waves may exhibit dynamic changes, occurring in IVF and being closely related to
VF occurrence.”38111.119 |n fact, augmentation of the J-wave amplitude is common before VF
occurrence. This finding is similar to prominent right precordial ST elevation just before VF
episodes that occurs in patients with BrS.112122.123 |n addition to this augmentation before VF
occurrence, J waves may show transient nature.®4° Actually, in 5 of 40 patients with aborted
SCD, J waves disappeared spontaneously within weeks.3#12° This dynamicity of J waves has

also been studied experimentally and may even reach a beat-to-beat variation standard.??
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J waves were well reproduced in animal studies, and Ito expressed predominantly in
the epicardial myocardium were shown to be their cellular and ionic basis, as well as the
mechanism backing arrhythmogenic potential.1?> When Ito was inhibited by 4AP or quinidine,
the phase 1 notch of the action potential decreased, with the concomitant diminution of J
waves. On the other hand, an augmentation of Ito is observed at slower rates and is considered
to be the underlying mechanism of a pause-dependent augmentation of J waves.!?4122 Diverse
antiarrhythmic drug therapy has been shown to impact this mechanism.122125 However, to
date, no drug challenge test has proven utility to improve diagnosis or stratify the risk of
arrhythmic events, as has been demonstrated in other primary electrical diseases (BrS and
LQTS).'?¢ Likewise, factors for the genesis and dynamicity of J waves are still not fully
understood. Besides, J waves may be observed in association with myocardial ischemia and
J waves may appear preceding vasospasm and/or development of VF.*2* |n a study,*?’
among the 67 patients with proven coronary spasm, 20.9% revealed J waves in the baseline
ECGs, and J waves were augmented (>0.1 mV) in 50% of patients during intracoronary
acetylcholine administration. Furthermore, 4 of the 7 patients with J-wave augmentation
developed VF. Among the remaining 53 patients without J waves at the baseline, J waves
were newly induced by intracoronary acetylcholine in 5 patients (9.4%), but VF developed in
none of 53 patients. On the other hand, hypothermia is known to result in ECG changes similar
to ERP. In a retrospective cohort study,'?® therapeutic cooling significantly increased the
prevalence and mean amplitude of ER in the overall VF cohort.

Risk seems to vary markedly with the degree of ER, quantified as the magnitude of
JPE. Thus, patients with a JPE magnitude >0.2 mV are at about twice the risk of cardiac
arrhythmic death as compared with those with JPE defined using a more conventional cut-off
of 20.1 mV.1 Furthermore, patients with ER who have experienced an episode of IVF have a
mean JPE magnitude of around twice that seen in those without arrhythmia.’36111:128 |n g
study,'* the J-RR slope (mm/s) was greater in patients with IVF than in controls (3.5+0.7 vs
2.410.8; P<0.01), just as was J-wave amplitude (mm), at an RR interval of 1.2 seconds
(2.8+0.9 vs 2.0+0.6; P<0.05). In another study,!'? the J wave amplitude was significantly higher
(P<0.0001), more significantly influenced by the autonomic tone and more closely associated
with heart rate and with high frequency components (vagal activity index) on frequency-domain
heart rate variability analysis in subjects with than without IVF. Inferolateral J wave elevation,
present in between 1 and 9% of healthy adults,'?® as opposed to precordial J wave elevation,
has since been identified in several studies as also a marker of arrhythmic risk in the general
population as well as in those with cardiovascular disease.”53109.111.112118,119,122.126 \|gregver,
ER in the right precordial leads has also been associated with IVF.1%® Similarly, a more
extensive J wave lead distribution seems to confer worse prognosis.®%! Besides, the

combination of ER with a horizontal/descending ST segment was, likewise, strongly associated
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with an increased risk of arrhythmic death.#212°130 Rosso et al.’*° reported that 68.4% of the
19 IVF patients with ER had horizontal/descending ST segments, which was also almost equal
to Sekiguchi et al.®*! results (75%). Significant fluctuations of the J-wave over time, such as
those recorded by Holter monitoring or triggered by abrupt RR changes, also seem to be
associated with a higher risk of arrhythmic events.?®

Patients with IVF and J waves also display other specific electrocardiographic findings:
they tend to have QTc intervals in the lower normal range,!®21%8.120 which fail to prolong
adequately during heart rate slowing,!'® and, likewise, lower slopes of QT-RR and QaT-RR
regression lines and impaired prolongation of QT and QaT at longer RR intervals;*3® a minority
displays AV conduction disturbances;'* most have a slower heart rate and longer PR intervals
and QRS durations;!08118120 5 minority presents initial QRS abnormalities resembling the
classic delta-wave of Wolff-Parkinson—-White (WPW) pattern, a so-called “pseudo” delta-
wave.®* In addition, the high rate of AF and ERP found by Siebermair et al. in IVF survivors
might indicate an underlying heart disease or myocardial electrical disorder not apparent at the
index event.*®

As pointed out by Wellens cited in Lévy S. et al, '3 the combination of ERP with IVF is,
even so, quite rare, whereas the ERP is common in the young healthy population. In
asymptomatic subjects with the ERP but without familial history of sudden death, the
prognostic significance of the ECG anomaly is still unclear. Thus, it is believed that, in a patient
with this asymptomatic “isolated” ERP, caution should be observed not to generate
unnecessary anxiety in informing the patient of the possible relation of the ECG pattern with
SCD as the odds are extremely low. The risk of developing IVF in this situation has been
calculated, by Rosso et al,'!! to be 1/10,000. We should, therefore, avoid the “fear of the J
waves”, as rightly pointed out by Viskin'!® and try to develop (preferably non-invasive) tools
that might be helpful for risk stratification of subjects with asymptomatic “isolated” ERP. In that
regard, and although desirable, a prospective multicentre study to determine the prognostic
significance of the asymptomatic “isolated” ERP is difficult to perform because, as shown by
Tikkanen et al.,'®® the survival curves in subjects with versus without the ERP start to diverge
only after a 15-year follow-up. In addition, as the population becomes older, other causes may
be responsible for total mortality and IVF becomes rare in the older age group. However,
electrophysiologists may still be consulted about the arrhythmic-death risk after an incidental
discovery of J waves. Unfortunately, they do not know yet how to distinguish “arrhythmogenic”
from “normal” J waves, resulting in poor prediction of recurrence of malignant arrhythmias.84°
Since IVF is a rare disease, and there are no tests for confirming or excluding it in the

asymptomatic patient, asymptomatic patients with J waves may not benefit from further testing.
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3.5 - Sympathetic innervation

Cardiac innervation has been considered a predisposing arrhythmogenic factor.'
Indeed, various authors have examined the role of cardiac innervation as a possible contributor
to IVF, with a putative role of the sympathetic system as a trigger of VTs being suggested in
different clinical settings, namely LQTS.110:33.135

In 1999, Schéfers et al.*® first described presynaptic sympathetic innervation defects
in 25 patients with IVF. In particular, the group reported significantly reduced segmental
lodinel23-metaiodobenzylguanidine (1231-MIBG) uptake in IVF patients, and available
evidence at that time suggested that lack of 123I-MIBG uptake in the inferior wall of the LV
might represent a risk factor for VF recurrence. However, this was not found to be a consistent
finding. When employing the same methodology in a small group of 8 Italian IVF patients, Biffi
M. et al.’®® reported an increased uptake of 123I-MIBG in the anterolateral wall of the LV.
Therefore, these authors postulated that anatomic site and the extent of increased sympathetic
activity might be important markers of enhanced vulnerability to VF, especially in the absence
of structural abnormalities. In fact, cardiac sympathetic innervation is highly heterogeneous,
even though predominant in anterolateral segments in normal subjects. Patients with IVF may
exhibit the same distribution, despite demonstrating a significantly greater density of
sympathetic terminals in the anterolateral segments, which may promote VTs.1%

Mechanistically, the finding of a reduced tracer activity in the inferior wall could result
from either a reduced re-uptake of MIBG/catecholamines, an increased release of
MIBG/catecholamines into the synaptic cleft or a combination of the two. All mechanisms
would lead to an enhanced catecholamine concentration in the synaptic cleft, with subsequent
downregulation of postsynaptic B-adrenoceptor density. This was, in fact, previously
demonstrated by quantitative PET studies in patients with idiopathic right ventricular outflow-
tract tachycardia or arrhythmogenic right ventricular cardiomyopathy. Moreover, as in patients
with BrS, the initial arrhythmic event of the IVF population with reduced 123I-MIBG uptake in
the inferior leads, 75% occurred at rest. This clinical observation, in combination with the
described MIBG findings, is, indeed, suggestive of an autonomic unbalance, under the form of
a mismatch between enhanced parasympathetic activity and reduced sympathetic activity, in
IVF patients. This pathophysiological condition predisposes to abnormal conduction and
dispersion of refractoriness, which may trigger and maintain VTs. This autonomic mismatch is
aggravated at times of physiological downregulation of adrenergic activity and may partly
explain the propensity for VTs and SCDs to occur at rest or during sleep, in these patients.
However, the definite mechanism linking 123I-MIBG SPECT results with VF/VT recurrences

remains to be elucidated, as no proof of a causal relationship can be provided from this study.
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3.6 Specific lone triggers

Emotional stress is well established as a trigger of SCD in the context of CAD and
Takotsubo cardiomyopathy, but its role in patients experiencing cardiac arrest with apparently
normal hearts is unknown. In a study,*’ it was shown that, for the 6 months before the IVF
event, 20 patients out of 25 displayed moderate-to-severe stress while only 5 exhibited low
stress. Moreover, during the preceding 24 hours, 9 patients with IVF showed moderate-to-
severe stress, with all the remaining presenting low stress. Given that the prevalence of stress
in patients with IVF actually exceeded that of patients with CAD, the authors concluded that
psychosocial stress may as well be a precipitating factor of IVF. The mechanisms underlying
this association between psychological stress and cardiac arrest in IVF are likely to involve
autonomic and neurohumoral stimulation of VTs.137138 |n fact, acute stress is associated with
high levels of circulating catecholamines. Conversely, chronic stress may be associated with
a decrease in vagal tone, which is, in itself, an established risk factor for cardiac mortality.'3138
However, other authors®!11® reported no epidemiologic link between spontaneous arrhythmias
and psychological stress.

As for stress, overwork has also been studied as a precipitant factor of IVF.
Interestingly, in Japan, the term “karoshi” was invented to describe unexplained sudden death
associated with overwork.*® A case of a 43-year-old man with IVF following a period of
overwork and sleep deprivation was also described by Wong et al.*® Retrospectively, he
reported working on two jobs, and only slept for estimated 4 hours a day in the preceding 2
months. His ECG on admission revealed a wide complex tachycardia, of uncertain type, but
with a patent Osborn wave, even though no definite features of ER were found. As previously
anticipated, case—control studies have found an association between prolonged working time
and acute myocardial infarction, with an up to two-fold higher risk being reported. However, it
is often difficult to prove a causative relation between overwork and SCD, due to potential
recall and confounder biases, given that, for instance, working extra hours, sedentarism,
unhealthy diet and sleep deprivation often go hand in hand. Commonly, the proarrhythmic
mechanism is attributed to the catecholamine release.

Unreliable cases or case series also reported high fever as a rare potential trigger of
IVF.12313% Indeed, a mechanistic approach for this event has already been established: high
temperature might affect sodium channel function, particularly if encoded by a variant form of
SCN5A.1 pasquié et al.,**® for instance, reported 3 patients, in whom Brugada or LQTS were
excluded, who developed VF attacks in the context of fever. Omori K. et al.*° also reported a
rare case of recurrent IVF induced by high fever. In turn, Amin et al. and Lim et al., cited by
Omori et al.,'* reported that a fever-induced prolonged QT interval also resulted in VF attacks.

It has been unclear, however, why the reported patients did not suffer from cardiac arrest
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events when they exhibited high fever during childhood, for instance in the context of infectious
diseases.'4

In turn, Aizawa et al.'*! showed that complete right bundle branch block (RBBB) is more
prevalent in patients with IVF than in control subjects. Of note, this ECG morphology might
mask the characteristic features of BrS, itself a major cause of VF with no structural heart
disease. However, a case report*? managed to related IVF with RBBB (IVF-RBBB), rather
than with BrS. In this case, a novel SCN5A mutation, 5432-5433insGAGT, was identified,
illustrating a potential genetic background for IVF-RBBB.42

4 - Pathophysiological Mechanism of IVF

The pathophysiology of IVF can be grossly subdivided into 3 electrophysiological
phases: trigger sources, initiation and maintenance/perpetuation, which are further described

below.’

4.1 — Trigger sources

SCD is thought to result from an interaction between a substrate and a trigger, as might
be exemplified by LQTS.*¥” Substantial evidence suggests that, as the severity of the substrate
increases, the intensity of the trigger required to induce an event decreases.®’

In the majority of cases, VF is triggered by PVCs or by the transition from a VT 414576
These PVCs may result from abnormal automaticity, triggered activity or, more rarely, reentry,
either of phase 2 or reentry using the Purkinje system.’® In a multicenter study of patients with
IVF, PVCs triggering VF arose from the right Purkinje system in 45.7% of patients, followed by
the left Purkinje system in 40% and the right ventricle outflow tract (RVOT) in 11.4%.3!

a) IVF arising from generic PVCs

A review of IVF patients’ records showed that the number of PVCs in 24h exceeded
1000 in 8 of 52 subjects studied by 24-hour Holter ECG and that LPs were present in 21.4%
of cases. In addition, in 4 cases, ventricular stimulation induced sustained polymorphic VT,
which later degenerated into VF.®

The pathogenesis of short-coupled PVCs is largely unknown, although a genetic origin
might be detected in a limited number of patients with short-coupled torsades des pointes
(scTdP)/VF, including the Dutch DPP6-haplotype, RyR mutation that causes scTdP at rest and
IRX3 mutation.*?#283 However, the main cellular mechanism of short-coupled PVCs and scTdP
seems dependent on the Ito of the His and Purkinje fibers. An increase in Ito causes a deeper
phase 1 of the cardiac action potential. Because Ito tends to increases only in Purkinje fibers,

a strong local repolarization gradient is created with the adjacent ventricular myocardium,
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which may result in local ectopy and short-coupled PVCs. PVCs with a short-coupled interval
(ie, “R-on-T” phenomenon) can cause phase 2 reentry and, hereby, elicit VF.8°

The origin of ectopic triggers can be demonstrated by mapping the earliest origin or by
pace mapping if ectopies are rare. The RVOT, and, less frequently, the LVOT, with their usual
monomorphic PVCs, are the reported locations in 15% of cases.>® On the other hand, in cases
where runs of polymorphic PVCs have been reported, not only the initial one but also
subsequent beats can be associated with Purkinje activity, suggesting repetitive reentry or
triggered activity.>

b) IVF arising from RVOT, papillary muscles and moderator band PVCs

PVCs originating from the RV, namely in the region of the RVOT, papillary muscles and
the moderator band (MB), may occasionally trigger VF.1731:32.53.76.10L143-147 |n particular, several
investigators!”31:32146 have already reported RVOT PVCs-triggered IVF. In most patients,
PVCs arose from the septal area of the RVOT"3132 Of note, one study*® described that
malignant PVCs, inducing polymorphic VTs and/or VF, had shorter coupling intervals when
compared with benign PVCs of the same morphology. However, this finding was not consistent
with a study by Noda et al.,*? which compared IVF-associated PVCs with benign RVOT PVCs
and noted no significant difference regarding the number of isolated PVCs per day, their
coupling interval (always > 320ms) and even their QRS duration. In addition, in the originating
area of the PVCs, no fragmentation, double or delayed potentials were found. However, after
PVC ablation, the elimination of one focus was followed by the onset of a new PVC morphology
only in IVF patients. As for PVCs originating from the MB, previous studies!*"14® showed that
those were found to be responsible for VTs, and, likewise, that catheter ablation of those foci
might be effective in preventing SCA and ICD shocks. The main characteristics of these PVCs
were a narrow duration, an LBBB pattern with precordial transition later than V4, intrinsicoid
deflection in the precordial leads of < 10 ms, and a left superior axis.'°14” Of note, it was
considered that the site of the PVC origin may be deeper down the endocardial surface. The
long-term prognosis of patients with PVCs originating from the MB is not obvious, as cases
with PVCs causing VTs are relatively few. In addition, the mechanism of the arrhythmogenicity
behind the MB is also not clear, although it seems likely that Purkinje cells might affect VT
occurrence.®* An intriguing hypothesis, which can possibly relate arrhythmia originating from
the MB to bradycardia, is mechanical stretch. Mechanical stimulation of ventricular myocytes
seems to directly result in membrane depolarization, action potential prolongation and
triggered activity-induced PVCs and VT.* Stretch-activated receptors, including gadolinium
receptors, result in the activation of multiple current components of sodium, calcium and
potassium, with a net positive current leading to membrane depolarization and

afterdepolarizations. Interestingly, the MB appears particularly prone to mechanical stretch
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during bradycardia, due to increased ventricular filling. On the other hand, an interesting case
of left ventricular fascicular VT involving the MB was reported. In this case, however, the VT

mechanism was considered to be reentry.14®

¢) IVF arising from Purkinje system-related arrhythmias

The Purkinje system may generate or even maintain arrhythmias by automaticity,
triggered activity or, more rarely, reentry, during multiple conditions, such as electrolyte
imbalance, catecholaminergic stimulation, drug exposure and myocardial ischemia. In fact, in
these circumstances, Purkinje fibers may survive within the necrotic muscle, therefore
providing the arrhythmogenic substrate.?1:53148-150 However, the His-Purkinje system cannot be
sufficiently screened by the surface ECG, due to the limited cumulative voltage change of the
relatively low number of its specific cells,*** thus presenting an obstacle to its consideration as
a potential key underlying substrate source.

In patients with IVF, arrhythmia-triggering PVCs — identifiable via a characteristic early
sharp pre-PVC potential — may originate from the Purkinje system, namely from its distal
portion, in up to 93% of the cases.31531481%0.151 1n g multicenter experience,** PVCs arising
from the Purkinje system of the LV were characterized by a relatively short QRS duration
(115+11ms) and a wider area of origin, as compared to RVOT PVCs. Indeed, PVCs with right
ventricular origin mostly arise from the anterior wall and display a significantly longer QRS
duration (143+10ms; p<0.01). In Purkinje-related ectopies, a shorter PVC coupling interval and
a higher prevalence of spontaneous polymorphic PVCs were also noted. Furthermore, in the
Purkinje system IVF group, a family history of SCD and arrhythmic storms were more common.
Likewise, these ectopies commonly have short-coupling R-on-T intervals. Importantly,
radiofrequency ablation of these beats resulted in suppression of recurrent VF episodes. On
the other hand, long conduction times, fragmented Purkinje activity and dissociated activity
between contiguous bipoles are also suggestive of alterations in the Purkinje system or its
myocardial connections. These alterations may be of structural or electrical nature (e.g.
defective gate function) and likely result in heterogeneity of refractoriness, leading to
nonuniform conduction across the Purkinje system.

As previously described, the electropathologic mechanism of IVF may correspond to
macro-reentry within the His-Purkinje network, being often triggered by closely coupled PVCs.
On the other hand, abnormal automaticity in the Purkinje fibers likely results from a deficient
calcium regulation by the sarcoplasmic reticulum.’ Likewise, triggered activities themselves,
such as early afterdepolarizations (EADs) or delayed afterdepolarizations (DADS), are
commonly recorded in the Purkinje cells and can result from Ca?* overload.’®4° Particularly,
EADs occur more readily in the Purkinje system than other regions. The ionic mechanism of

EADs in Purkinje cells is attributed to ICa and the reactivation of INAL2.1% |t seems even likely
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that triggered activity acts both as the trigger as well as the mechanism for perpetuation in the
presence of single PVC induction of VF in an otherwise normal heart. In addition, an SCN5A-
related channelopathy has recently been described with families affected by multifocal ectopic
Purkinje-related PVCs, associated with SCD.*%?

Purkinje triggers are, however, often transient, being present only during short
arrhythmic periods. Therefore, challenging the Purkinje conduction may reveal itself a valid
approach for these patients. It can be performed retrogradely, by pacing close to the Purkinje
network, which is a simple technique, or anterogradely, by His-bundle or fascicular pacing. Its
goal would be to reveal functional abnormalities in the conduction system, which can, in turn,
underlie an arrhythmogenic substrate, thus offering a method for detecting a subclinical
“Purkinjopathy” in patients who are at risk for VTs and SCD.**In a study®3, the authors have
observed 5 patients, survivors of IVF, who had neither short-coupling Purkinje ectopy nor
microstructural myocardial alteration. A distinct electrophysiologic response was, however,
observed during programmed stimulation at the distal left fascicular system. Specifically, no
VF or repetitive activity was induced by stimulation from the RV, while pacing from the left
posterior fascicle could consistently induce repetitive polymorphic VT within the distal Purkinje
system. The polymorphic QRS complexes were associated with distal Purkinje potentials on a
beat-to-beat basis, whereas the proximal Purkinje fascicle and bundle branch potentials were
slower or absent (excluding a bundle branch reentry). The variations in ventricular cycles were
preceded by a similar change in Purkinje cycles and arrhythmia termination was preceded by
the disappearance of Purkinje activity. Although triggered activity cannot be ruled out, the
repetitive responses are likely reentries induced in peripheral Purkinje system, with a gradual
shift in trajectory and ventricular exit, as demonstrated by computer modeling studies.

Recent data focus on PVCs arising from both the RVOT or the Purkinje system.17:31:32.151
For instance, Kleissner M. et al.**3 reported that in one IVF patient the trigger site was both in
the Purkinje network and in the myocardium of the RVOT.

4.2 — Initiation and maintenance/perpetuation of VF

Evidence on IVF initiation and maintenance was, again, summarized in a review by Tilz
et al.,!” and their findings are next described. VF ensues when an electrical wave break
induces reentry and triggers a cascade of new wave breaks. The theory of ongoing wave break
postulates that this wave break, which continues as long as VF persists, initially involves the
reentry mother circuit, which, in turn, disappears at the moment of VF initiation. An opposing
theory asserts that the mother wave survives as long as VF is sustained and that the multiple
wave breaks occur as an epiphenomenon, given a fibrillatory conduction block in outlying
regions, unable to conduct 1:1. Another theory postulates that there is no reentry mother circuit

but a central firing focus. This focus underlies a fibrillating activity with the same
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epiphenomenon of various wave breaks in outlying regions unable to conduct 1:1. It appears
that factors regulating cell membrane properties, affecting APD, cell excitability, and
conducting velocity throughout tissue are critical for wave stability. Accumulating evidence
suggests that electrical properties of the cell membrane predisposing tissue to VF could be
directly determined by abnormal calcium release from the sarcoplasmic reticulum.

The observations of successful outcome after ablation despite the persistence of
isolated short-coupled Purkinje-associated ectopy suggests that there is a potential to sustain
activity within the Purkinje network.>® On the other hand, some authors hypothesize that, in
RVOT PVCs-associated IVF, the rapid firing of a local focus could be responsible for both the
initiation and the perpetuation of the arrhythmia. Indeed, it has been shown that rapid pacing
from that area gave rise to a polymorphic morphological change in the QRS configuration in 2
out of 7 patients. The polymorphic change of QRS complexes following rapid pacing from the
point of ablation was observed also in a single case report of RVOT PVCs-associated IVF.
This hypothesis is supported by the observation that VF can occur following very fast pacing
or a spontaneous high ventricular rate. This is, for example, observed clinically, if AF or atrial
flutter is rapidly conducted to the ventricles over an accessory pathway.

Another theory is that IVF depends on rapid firing of multiple foci.3?

5 - Necessity of Follow-Up and Reassessment of Diaghosis

The importance of re-evaluation of the diagnosis in IVF patients has already been
reported and may have significant consequences for both the assessment of a patient’s
prognosis and family screening and counselling.®® Since the underlying disease substrate is
often unknown, routine clinical follow-up is recommended, due to potential late emerging of
cardiac pathology, as 7% to 50% of patients initially diagnosed with IVF will later reveal a
specific disease.42440:4180 |n fact, while repeated ECG assessment alone during follow-up may
lead to a change in the initial diagnosis of IVF in up to 30% of cases,**# a global work-up
strategy, using a systematic algorithm including pharmacological, exercise and genetic testing,
may allow the identification of cardiac abnormalities in more than 50% of apparently IVF
sufferers.92324 Waldmann V. et al.,’® to the best of our knowledge the first study evaluating
the completeness of medical assessment among survivors of unexplained SCA in the
community, reported that less than 20% of the patients diagnosed with IVF received a
comprehensive investigation. In particular, while cardiac MRI was performed in the majority of
cases (80%), coronary vasospasm provocative testing and ajmaline tests were clearly
underused. Also, the very low utilization of exercise testing and Holter-ECG recordings could
have led to missed opportunities to diagnose CPVT or LQTS.® These striking findings illustrate

that: 1) very few investigations are performed during follow-up subsequent to the initial
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evaluation during index hospitalization; 2) the gap between results reported by highly
specialized electrophysiology teams working in tertiary centers and the real-world approach
involving numerous unselected hospitals is huge, underlining the importance of referring these
patients to expert centers.®

In the light of the above, we propose a systematic algorithm for IVF diagnosis in

suspicious patients:

Blood chemistry and toxicology screening
ECG, telemetry monitoring or Holter
Basic Exercise ECG, including QTc posture test
testing Chest radiograph, echocardiography, delayed gadolinium-enhanced cardiac MRI

Coronary angiography*, with or without ventriculography
No diagnosis achieved

Sodium channel blocker provocation (ajmaline, flecainide, procainamide or pilsicainide)
Catecholamine (adrenaline, isoprenaline) infusion

Ergonovine or acetylcholine provocation

Additional
testing Electrophysiologic studies, with high-density endoepicardial mapping and programmed stimulation
ECGI
No diagnosis achieved
Endomyocardial guided biopsy
Genetic testing: targeted, based on phenotype and family history; screening, with a basic panel

Optional (SCN5SA, KCNQ1 and KCNH2); Additional screening of RyR2 and CALM1 if exercise- or emotion-
testing

induced VF; DPP6 screening in specific regions

Figure 2 — Proposed IVF diagnosis algorithm.

* |In patients <45 years with a low risk for coronary artery disease, coronary-CT or MR angiography is a
valid alternative;

CT- computed tomography; ECG- electrocardiogram; ECGI- electrocardiographic imaging; MRI- magnetic
resonance imaging.

Only few and sometimes conflicting factors are known or suspected to influence
arrhythmia recurrence rate and, ultimately, vital prognosis.*® Young age, regional wall motion
abnormalities, electrical storm occurrence, failure to suppress frequent ventricular ectopy by
use of antiarrhythmic drugs, personal history of syncope and aborted SCD and family history
of SCD are generally considered potentially influencing factors of arrhythmia
recurrence.344980118 yet different sources failed to show an influence of age and ejection
fraction, as well as of sex and arrhythmia inducibility in electrophysiologic study, on the rate of
VT/VF recurrence.'*° On the other hand, Conte et al.?° reported that age <16 years at the time
of the first VT was the only predictor of arrhythmia recurrence on multivariable analysis,
disclosing a two-fold increase in its risk, whereas none of the other candidate predictors, such
as previous syncope, family history of SCD and presence of cardiovascular risk factors, were
associated with arrhythmic recurrences. In yet another study, this time by Siebermair J. et al.,*®

which unveiled results from a single center long-term follow-up investigation of over 20 years,
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ERP was found to be the only predictor of arrhythmia recurrence in IVF survivors, being even
significantly associated with an early recurrence of arrhythmic events. Furthermore, this
analysis revealed that the occurrence of AF was the strongest predictor of inappropriate ICD
interventions. This high rate of AF in these IVF survivors might indicate an underlying heart
disease or a myocardial electrical disorder not apparent at the index event, which, once again,
shows that follow-up of these patients is particularly important. In addition, ECG features
themselves, such as Tpeak-Tend >100ms with U waves and right bundle branch block, were
associated with more arrhythmia recurrences in a pediatric cohort, in line with results from
similar research directed towards the adult population.® These ECG markers could potentially
modulate arrhythmic risk stratification but, based on the limited size of cohorts, these results
should be interpreted with caution.®* Furthermore, in a study by Chaudhry et al.,*° at baseline,
34% of patients had a normal ECG. Of these, 75% developed abnormalities during follow-up.
Conversely, of patients with an abnormal ECG at baseline, 29% normalized their ECGs during
follow-up. However, abnormal ECG at baseline did not predict ECG pathology at follow-up, nor
did it predict appropriate ICD therapy, ending up having no prognostic value in determining the
risk of ventricular arrhythmia recurrence.

The rate of arrhythmic recurrences in adult patients with IVF and normal ECGs is
considerable. In the aforementioned Conte et al. study®, the authors reported that 21% of 245
IVF patients with normal ECG experienced an arrhythmic recurrence, corresponding to an
annual rate of 3.6%, with a median time to first arrhythmic recurrence of 29 months. In a supra-
mentioned smaller cohort,*® 32% of IVF patients, both with normal and abnormal ECGs,
experienced recurrence of VF or sustained VT at a median time of 1.9 years (range 0.1-20.3)
from the index event, resulting in an event rate of about 3.1% per year, over a median 12.3
years. Other studies have reported adult ventricular arrhythmia recurrence rates of between
11 and 45%,316.17:394149 \wjith about 30% as the most frequently reported proportion. However,
and as a consequence of what was described above, the highest frequency of repeated
arrhythmic events seems to be observed in pediatric IVF cohorts,* with 57% of cases
experiencing recurrences, namely under the form of VF. Despite an overall higher arrhythmic
burden, these recurrent arrhythmic events in children occurred at a later stage, as compared
with those reported in the adult population. These findings suggest that, in pediatric IVF
patients, the disease process is associated with a more malignant course, with ongoing
arrhythmic risk extending over a more prolonged period of time.**In a long-term follow-up
study of an IVF cohort,* a high number of appropriate ICD therapies (n = 174, in 43% of
patients) was recorded, what is in line with a prior study, reporting frequencies ranging from
37 to 39%.2 As for event timing, in the abovesaid Conte et al. study®, it is reported that the
incidence of non-fatal events was highest in the first 5 years after the index IVF, whereas both

cardiac and non-cardiac mortality tended to occur later. Furthermore, as many as 95,5% of
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patients experienced an appropriate ICD intervention.

In the aforementioned study by Conte el al.,®° death occurred in 4.9% of IVF patients,
corresponding to an annual incidence of 0.74%, during a median follow-up of 63 months.
Among 19 patients who did not undergo ICD implantation, there were 9 deaths (47%). In
contrast, only 3 patients in the ICD group died (1.3%), and the cause of death was deemed
not to be of cardiac origin in 2 of them. Ozaydin et al.*® reported data in line with this outcome,
over a median follow-up of about 5 years, whereas Visser* cited a mortality rate of as high as
9%, over a median follow-up of 10.2 years. In the same Ozaydin et al.*® meta-analysis, which
aggregated 23 studies (encompassing a total of 639 patients), SCD was responsible for 80%
of the total mortality rate. However, another study accounted that, in a cohort of 40 patients
followed through national registries for a median 13.8 years, no cardiac mortality event was
reported.*°

Even though being generally considered a high-risk subgroup, there is relative paucity
of data on the natural history and long-term outcome of patients of pediatric age who present
with IVF. Of course, that stems primarily from the fact that the majority of arrhythmic SCDs in
young patients are attributable to structural cardiac diseases or primary arrhythmic
syndromes.®” However, in the above-mentioned first study®* that systematically explored long-
term outcomes in a pediatric population with an initial diagnosis of IVF, among 54 patients
(with a median age of 12.7+3.7 years at the time of index VF episode, and with a median of
109+12 months of follow-up), the majority (67%) of SCD events occurred in the context of high
adrenergic tone. Moreover, in 39% of patients, recurrences of ventricular arrhythmia also
occurred in the context of high adrenergic tone, being it exercise or intense stress/emotion.
Similarly, close to 20% of patients were revealed to possess variant alterations in genes
implicated in CPVT, even though only a small minority (3.7%) of patients would develop
evidence of an underlying cardiac phenotype during long-term follow-up. Moreover, concretely,
the cardiac disease would be either HCM or LQTS, with none of patients actually displaying
an undisputed evolution to a CPVT diagnosis. These findings suggest that both the clinical
course and the underlying arrhythmogenic substrate in pediatric patients with IVF are distinct
from those previously reported for adult IVF cohorts, thus potentially contributing to an even

lower etiologic and diagnostic yield of testing in this particular patient population.
6 - Future Perspectives
Future guidelines should promote a standardized and systematic approach for patients

with IVF. In particular, they should begin by addressing the specific indications of more readily

available non-invasive diagnostic tests, namely cardiac imaging examinations. Then, they
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should move to further standardize more advanced investigations, including ergonovine
challenging, cardiac mapping procedures and genetic testing.

In the case of imaging, in the future, quantitative measurements of the presynaptic
noradrenaline recycling and postsynaptic -adrenergic receptor density using PET may render
insights into the pathophysiology and risk assessment of IVF.*>* Likewise, studies in larger
cohorts are required to validate the significance of 123I-MIBG SPECT as a hew imaging-based
risk assessment tool in IVF patients.!” The increased sympathetic innervation of the left
anterolateral wall may also be used as a diagnostic marker of this poorly understood
disorder.*

As for genetic testing, whole-genome sequencing for non-coding variants in ion channel
and cardiomyopathy genes may shed light on confounding etiologies, as knowledge grows in
combination with exome analyses.?° In conjunction with functional studies, genetic testing
appears to enclose the ability of redefining IVF even further in the future. As of now, extensive
genetic testing is, however, not recommended in IVF patients because of its low yield and high
costs.'® Nevertheless, the costs of this sort of investigation have decreased, resulting in an
increase in its feasibility. Consequently, large custom multigene panels have been created and
are rapidly replacing targeted genetic screening based on phenotype. Of course, the yield of
these custom multigene panels has yet to be determined. Accordingly, an increasing number
of variants of uncertain clinical significance have been detected. The interpretation and clinical
use of these minor alterations is challenging. Future research, and more specifically functional
studies, have to demonstrate the causality between these variants of uncertain clinical
significance and IVF.1®

Future research should also focus on identifying potential polygenic and non-genetic
causes that likely underpin much of IVF. These may actually have wider implications for the
comprehension of the mechanisms of VF in other more common scenarios, such as ischemic
heart disease. With further improvements in the understanding of the mechanisms responsible
for VF, we should aim to predict, for instance, the proportion of patients with PVCs that are at
greatest risk of VF or its recurrence, and even define the patient population that is most likely
to respond to ablation, which should, in turn, follow a tailored technique selection.*® In fact,
rather than finding the one needle, we need to understand the interaction between the blades
of grass in the stack.?® In addition, through advances in the understanding of primary electrical
syndromes, subgroups with a specific underlying disease can be identified, diagnosed and
managed appropriately, improving prognosis and preventing recurrent events.>®

A comprehensive registry of patients with IFV, particularly with international coverage,
should also be established. This would allow, for instance, both a better definition of the

incidence and a further characterization of the different features of this elusive disease. The
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database should include information on the performed diagnostic tests, in order to assess their

reliability and to gain even more insight into an eventual underlying disease.
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CONCLUSION

IVF patients represent a rare and heterogeneous group, with a largely unknown natural
history, in whom both diagnosis and management are challenging. In fact, this nosological
entity requires the completion of both extensive and differentiated complementary testing and
offers few curative options, due to unknown or even inexistent underlying disease.

Historically, after limited diagnostic testing, all VF patients with an apparently normal
heart were diagnosed with IVF, resulting in a too large and dissimilar patient population.
However, recently, the incidence of IVF has been showing a diminishing tendency and we
expect the number of patients diagnosed with IVF to decline even further, albeit not
disappearing altogether. This decrease might be explained by the detection of new well-
defined primary arrhythmia syndromes, the improvement in high-resolution imaging modalities
and the advance in genetic testing.

Nevertheless, in the real world, a majority of unexplained SCAs remain insufficiently
investigated, thus resulting in the diagnosis of IVF to be still probably overused, despite the
availability of evidence supporting the yield of exhaustive medical investigations in this specific
setting. As a consequence, there is a desperate need for international medical societies to
frame management guidelines, so that standardized and systematic approaches could be
implemented in order to improve the proportion of definitive diagnosis in otherwise apparently
unexplained SCAs and to ensure that opportunities for specific therapies and preventive
strategies, including among family members, are not missed.

Of note, presently, IVF is no longer the obscure disease it has been for most of its
existence as an individual pathology. In fact, the role of a variety of genetic mutations and even
polymorphisms has already been unveiled. These may act individually or represent a distinct
pillar of the so-called polygenic manifestation, exerting their influence on a wide variety of
tissular mechanisms. In fact, processes as diverse as sympathetic innervation and myocardial
electrical repolarization and/or depolarization have already been established as driving
sources for the pathophysiology of this condition. A derangement in the latter process may be
even easily spotted through the detection of a J wave in the surface ECG. In addition, the term
“idiopathic” has been stretched to the limit, given that the existence of a so-called
microstructural myocardial substrate, particularly involving the RVOT and the Purkinje network,
has been repeatedly testified by a multiplicity of authors.

Given the very intricated nature of IVF diagnosis and management, and the fact that
this disease is not at all transitory — that is, it is not over when its paradigmatic event takes
place — a specialist-led cardiology follow-up is recommended in all cases. In particular, the
diagnosis must constantly be re-evaluated as more diagnostic data is gathered. However, even

if it is not, or, even more so, mostly if is not, one must never forget that the risk of ventricular
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arrhythmia recurrence, ICD therapy necessity or even mortality is real, thus cementing this

disease’s reputation as a silent killer.

Abbreviations:

APD-Action potential duration; ARVC/D - arrhythmogenic right ventricular cardiomyopathy/dysplasia; AF - atrial
fibrillation; AV-atrioventricular; BrS-Brugada syndrome; CPVT- catecholaminergic polymorphic ventricular
tachycardia; CT-computed tomography; CAD-coronary heart disease; DCM-dilated cardiomyopathy; DADs-delayed
afterdepolarizations; EADs-early afterdepolarizations; ER-early repolarization; ERP-early repolarization pattern;
ERS-early repolarization syndrome; ECG-electrocardiogram; ECGI electrocardiographic imaging; HCM-
hypertrophic cardiomyopathy; HF-high frequency; ICD- implantable cardioverter defibrillator; Ica-inward calcium
current; 1231-MIBG-lodinel23-metaiodobenzylguanidine; Ito- transient outward potassium current; IVF-idiopathic
ventricular fibrillation; JPE-J-point elevation; LBBB-left bundle branch block; LPs-late potentials; LV- left ventricle;
LVEF-left ventricle ejection fraction: LQTS-long QT syndrome; LF-low frequency; MRI-magnetic resonance
imaging; MVP mitral valve prolapse; MB-moderator band; In HF-natural logarithm of high-frequency components;
OHCA-out-of-hospital cardiac arrest; PM-papillary muscle; PVB-premature ventricular beat; PVC-short-coupled
premature ventricular complex; RBBB-right bundle branch block; RVOT-right ventricle outflow tract; RYR2-
ryanodine receptor gene; scTdP-short-coupled torsades des pointes; SQTS-short-QT syndrome; SCA-sudden
cardiac arrest; SCD-sudden cardiac death; UCA unexplained cardiac arrest; VUS-variants of uncertain significance;
VF-ventricular fibrillation; VT-ventricular tachycardia; WPW-Wolff-Parkinson—-White.

40



REFERENCES:

1. Zipes DP, Wellens HJ. Sudden cardiac death. Circulation.
1998;98:2334-51.

2. Wever E, Hauer R, Oomen A. Unfavorable outcome in
patients with primary electrical disease who survived an
episode of ventricular fibrillation. Circulation.
1993;88:1021-9.

3. Survivors of out-of-hospital cardiac arrest with apparently
normal heart. Need for definition and standardized clinical
evaluation. Consensus Statement of the Joint Steering
Committees of the Unexplained Cardiac Arrest Registry of
Europe and of the Idiopathic Ventricular Fibrillation Registry
of the United States. Circulation. 1997;95:265-72.

4. Chugh SS, Kelly KL, Titus JL. Sudden cardiac death with
apparently normal heart. Circulation. 2000;102:649-54.

5. Leinonen JT, Crotti L, Djupsjobacka A, Castelletti S,
Junna N, Ghidoni A, et al. The genetics underlying
idiopathic ventricular fibrillation: A special role for
catecholaminergic polymorphic ventricular tachycardia?. Int
J Cardiol. 2018;250:139-145.

6. Derval N, Simpson CS, Birnie DH, Healey JS, Chauhan
V, Champagne J, et al. Prevalence and characteristics of
early repolarization in the CASPER registry: Cardiac arrest
survivors with preserved ejection fraction registry. J Am Coll
Cardiol. 2011;58:722-728.

7. Haissaguerre M, Derval N, Sacher F, Jesel L,
Deisenhofer |, de Roy L, et al. Sudden cardiac arrest
associated with early repolarization. N Engl J Med.
2008;358:2016-2023.

8. Visser M, Pereira L, Mastenbroek MH, Versteeg H,
Hassink RJ. Impaired Mental Health-related Quality of Life
in Patients with Idiopathic Ventricular Fibrillation. PACE.
2017;40(5):578-584.

9. Nam GB. Idiopathic ventricular fibrillation, early
repolarization and other J wave-related ventricular
fibrillation syndromes. Circ J. 2012;76:2723-31.

10. Belhassen B, Viskin S. Idiopathic ventricular tachycardia
and fibrillation. J Cardiovasc Electrophysiol. 1993;4:356—
68.

11. Meissner MD, Lehmann MH, Steinman RT, Mosteller
RD, Akhtar M, Calkins H et al. Ventricular fibrillation in
patients without significant structural heart disease: a
multicenter experience with implantable cardioverter-
defibrillator therapy. J Am Coll Cardiol. 1993;21:1406-12.

12. Alders M, Koopmann TT, Christiaans |, Postema PG,
Beekman L, Tanck MWT, et al. Haplotype-sharing analysis
implicates chromosome 7g36 harboring DPP6 in familial
idiopathic ventricular fibrillation. Am J Hum Genet.
2009;84:468-76.

13. Priori SG, Aliot E, Blomstrom-Lundqyvist C, Bossaert L,
Breithardt G, Brugada P, et al. Task force on sudden cardiac
death, European Society of Cardiology. Europace. 2002;
4(1):3-18

14. Conte G, Caputo ML, Regoli F, Marcon S, Klersy C,
Adjibodou B, et al. True idiopathic ventricular fibrillation in
out-of-hospital cardiac arrest survivors in the Swiss Canton
Ticino: prevalence, clinical features, and long-term follow-
up. Europace. 2017;19:259-66.

15. Waldmann V, Bougouin W, Karam N, Dumas F,
Sharifzadehgan A, Gandjbakhch E, et al. Characteristics
and clinical assessment of unexplained sudden cardiac

arrest in the real-world setting: focus on idiopathic
ventricular fibrillation. European Heart Journal. 2018;0:1-9.

16. Visser M, van der Heijden JF, Doevendans PA, Loh P,
Wilde AA, Hassink RJ. Idiopathic ventricular fibrillation: the
struggle for definition, diagnosis, and follow-up. Circ.
Arrhythm Electrophysiol. 2016;9e003817.

17. Tilz RR, Fedele L, Satomi K, Kuck KH, Antz M.
Idiopathic Ventricular Fibrillation. Herz. 2007;3:233-239.

18. Priori SG, Wilde AA, Horie M, Cho Y, Behr ER, Berul C,
et al. HRS/EHRA/ APHRS expert consensus statement on
the diagnosis and management of patients with inherited
primary arrhythmia syndromes: document endorsed by
HRS, EHRA, and APHRS in May 2013 and by ACCF, AHA,
PACES, and AEPC in June 2013. Heart Rhythm.
2013;10:1932-1963.

19. Krahn AD, Healey JS, Chauhan V, Birnie DH, Simpson
CS, Champagne J, et al. Systematic assessment of patients
with unexplained cardiac arrest cardiac arrest survivors with
preserved ejection fraction registry (CASPER). Circulation.
2009;120:278-285.

20. Siegers CEP, Visser M, Loh P, van der Heijden JF,
Hassink RJ. Catecholaminergic polymorphic ventricular
tachycardia (CPVT) initially diagnosed as idiopathic
ventricular fibrillation: the importance of thorough diagnostic
work-up and follow-up. Int. J. Cardiol.2014;177:e81—e83.

21. Swan H, Amarouch MY, Leinonen J, Marjamaa A,
Kucera JP, Laitinen-Forsblom PJ, et al. Gain-of-function
mutation of the SCNS5A gene causes exercise-induced
polymorphic ventricular arrhythmias. Circ Cardiovasc
Genet. 2014,6:771-781.

22. Crotti A, Lundquist AL, Insolia R, Pedrazzini M, Ferrandi
C, De Ferrari GM, et al. KCNH2-K897T is a genetic modifier
of latent congenital long-QT syndrome. Circulation.
2005;112 (9):1251-1258.

23. Jiménez-Jaimez J, Peinado R, Grima EZ, Segura F,
Morifia P, Mufioz SJJ, et al. Diagnostic approach to
unexplained cardiac arrest (from the FIVI-Gen Study). AmJ
Cardiol. 2015;116: 894-899.

24. Herman ARM, Cheung C, Gerull B, Simpson CS, Birnie
DH, Klein GJ, et al. Outcome of apparently unexplained
cardiac arrest: results from investigation and follow-up of the
prospective Cardiac Arrest Survivors with Preserved
Ejection Fraction Registry. Circ Arrhythm Electrophysiol.
2016;9:e004012.

25. Behr ER, Dalageorgou C, Christiansen M, Syrris P,
Hughes S, Tome Esteban MT, et al. Familial evaluation
identifies inheritable heart disease in the majority of families.
Eur Heart J. 2008;29:1670-1680.

26. Semsarian C, Ingles J, Wilde AAM. Sudden cardiac
death in the young: the molecular autopsy and a practical
approach to surviving relatives. Eur Heart J. 2015;36:1290—
1296.

27. Steinberg C, Padfield GJ, Champagne J, Sanatani S,
Angaran P, Andrade JG, et al. Cardiac abnormalities in first-
degree relatives of unexplained cardiac arrest victims: A
report from the Cardiac Arrest Survivors with Preserved
Ejection Fraction Registry. Circ Arrhythm Electrophysiol.
2016;9:e004274.

28. Mellor G, Laksman ZWM, Tadros R, Roberts JD, Gerull

B, Simpson CS, et al. Genetic testing in the evaluation of
unexplained cardiac arrest: from the CASPER (Cardiac

41



Arrest Survivors with Preserved Ejection Fraction Registry).
Circ Cardiovasc Genet. 2017;10:e001686.

29. Wellens HJ, De Vreede J, Gorgels AP. Sudden cardiac
death. How to reduce the number of victims?. Eur Heart J.
1995;16:7-9.

30. Wellens HJJ, Schwartz PJ, Lindemans FW, Buxton AE,
Goldberger JJ, Hohnloser SH, et al. Risk stratification for
sudden cardiac death: current status and challenges for the
future. Eur Heart J. 2014;35: 1642-1651.

31. Haissaguerre M, Shoda M, Jais P, Nogami A, Shah DC,
Kautzner J, et al. Mapping and ablation of idiopathic
ventricular fibrillation. Circulation. 2002;106:962—967.

32. Noda T, Shimizu W, Taguchi A, Aiba T, Satomi K,
Suyama K, et al. Malignant entity of idiopathic ventricular
fibrillation and polymorphic ventricular tachycardia initiated
by premature extrasystoles originating from the right
ventricular outflow tract. 3 Am Coll Cardiol. 2005;46:1288—
1294.

33. Viskin S, Belhassen B. Idiopathic ventricular fibrillation.
Am Heart J 1990;120:661—-71.

34. Frontera A, Vlachos K, Kitamura T, Mahida S, Pillois X,
Fahy G et al. Long-term follow-up of idiopathic ventricular
fibrillation in a pediatric population: clinical characteristics,
management, and complications. J Am Heart Assoc.
2019;8:e011172.

35. Postema PG, Christiaans I, Hofman N, Alders M,
Koopmann TT, Bezzina CR, et al. Founder mutations in the
Netherlands: Familial idiopathic ventricular fibrillation and
DPP6. Neth Heart J. 2011;19:290-6.

36. Aizawa Y, Takatsuki S, Nishiyama T, Kimura T,
Kohsaka S, Kaneko Y, et al. Tachycardia-Induced J-Wave
Changes in Patients With and Without Idiopathic Ventricular
Fibrillation. Circ Arrhythm Electrophysiol. 2017;10:e005214.

37. Paech C, Gebauer RA, Karstedt J, Marschall C,
Bollmann A, Husser D. Ryanodine Receptor Mutations
Presenting as Idiopathic Ventricular Fibrillation: A Report on
Two Novel Familial Compound Mutations, ¢.6224T>C and
€.13781A>G, With the Clinical Presentation of Idiopathic
Ventricular Fibrillation. Pediatr Cardiol. 2014;35(8):1437-41.

38. Aizawa Y, Chinushi M, Hasegawa K, Naiki N, Horie M,
Kaneko Y, et al. Electrical Storm in Idiopathic Ventricular
Fibrillation Is Associated With Early Repolarization. J Am
Coll Card. 2013;62(11):1015-9.

39. Ozaydin M, Moazzami K, Kalantarian S, Lee H, Mansour
M, Ruskin JN. Long-term outcome of patients with idiopathic
ventricular fibrillation: a meta-analysis. J Cardiovasc
Electrophysiol. 2015;26(10):1095-104.

40. Chaudhry U, Platonov PG, Rubulis A, Bergfeldt L,
Jensen SM, Lundin C, et al. Idiopathic ventricular fibrillation
— Long term prognosis in relation to clinical findings and
ECG patterns in a Swedish cohort. Journal of
Electrocardiology. 2019;56:46-51.

41. Visser M, Heijden J, Smagt JJ, Doevendans PA, Wilde
AA, Loh P, et al. Long-Term Outcome of Patients Initially
Diagnosed With Idiopathic Ventricular Fibrillation: A
Descriptive  Study. Circ  Arrhythm  Electrophysiol.
2016;9:e004258.

42. Honarbakhsh S, Srinivasan N, Kirkby C, Firman E,
Tobin L, Finlay M, et al. Medium-term outcomes of
idiopathic ventricular fibrillation survivors and family
screening: a  multicentre  experience.  Europace.
2016;19:1874-80.

43. Viskin S, Belhassen B. Idiopathic ventricular fibrillation.
In: Gussak |, Antzelevitch C, Wilde AAM, Friedman PA,
Ackerman MJ, Shen W-K, editors. Electrical Diseases of the
Heart: Genetics, Mechanisms, Treatment, Prevention.
London, UK: Springer-Verlag London Ltd., 2008:508—-606.

44. Visser M, Dooijes D, van der Smagt JJ, van der Heijden
JF, Doevendans PA, Loh P, et al. Next Generation
Sequencing of a large gene panel in patients initially
diagnosed with idiopathic ventricular fibrillation. Heart
Rhythm. 2017;14(7):1035-1040.

45. Adler A, Gollob MH. Primary prevention of idiopathic
ventricular fibrillation: not for the faint of heart. Heart
Rhythm. 2016;13:913-914.

46. Karam N, Marijon E, Jouven X. Opening a new front in
the fight against sudden cardiac death: is it time for near-
term prevention?. Int J Cardiol. 2017;237:10-12.

47. Marijon E, Uy-Evanado A, Dumas F, Karam N, Reinier
K, Teodorescu C, et al. Warning symptoms are associated
with survival from sudden cardiac arrest. Ann Int Med.
2016;164: 23-29.

48. Wong CH, Chan YH, Cheng YH, Lam CS. Is overwork
a precipitant factor of idiopathic ventricular fibrillation?.
International Journal of Cardiology.2016;223:218-219.

49. Siebermair J, Sinner MF, Beckmann BM, Laubender R,
Martens E, Sattler S, et al. Early repolarization pattern is the
strongest predictor of arrhythmia recurrence in patients with
idiopathic ventricular fibrillation: results from a single centre
long-term  follow-up over 20 vyears. Europace.
2016;18(5):718-25.

50. Al-Khatib SM, Stevenson WG, Ackerman MJ, Bryant
WJ, Callans DJ, Curtis AB, et al. 2017 AHA/ACC/HRS
guideline for management of patients with ventricular
arrhythmias and the prevention of sudden cardiac death.
Circulation. 2018;138:e272—-e391.

51. Miller JM, Rochitte CE, Dewey M, Arbab-Zadeh A,
Niinuma H, Gottlieb I, et al. Diagnostic performance of
coronary angiography by 64-row CT. N Engl J Med.
2008;359:2324-2336.

52. Meijboom WB, Meijs MF, Schuijf JD, Cramer MJ, Mollet
NR, van Mieghem CA, et al. Diagnostic accuracy of 64-slice
computed tomography coronary angiography: a
prospective, multicenter, multivendor study. J Am Coll
Cardiol. 2008;52:2135-2144.

53 Haissaguerre M, Nademanee W, Hocini M, Duchateau
J, André C, Lavergne T, et al. The Spectrum of Idiopathic
Ventricular Fibrillation and J-Wave Syndromes: Novel
Mapping Insights. Card Electrophysiol Clin. 2019;11:699—
709.

54. Ramanathan C, Ghanem RN, Jia P, Ryu K, Rudy Y.
Noninvasive electrocardiographic imaging for cardiac
electrophysiology and arrhythmia. Nat Med. 2004;10:422—
8.

55. Cluitmans MJM, Peeters RLM, Westra RL, Volders
PGA. Noninvasive reconstruction of cardiac electrical
activity: Update on current methods, applications and
challenges. Neth Heart J. 2015;23:301-11.

56. Blom LJ, Volders PGA, Wilde AA, Hassink RJ. Life-long
tailoring of diagnosis and management of patients with
idiopathic ventricular fibrillation—future perspectives in
research. Neth Heart J. 2018;26(7-8): 367-374.

42



57. Priori SG, Blomstrém-Lundqvist C, Mazzanti A, Blom N,
Borggrefe M, Camm J, et al. 2015 ESC guidelines for the
management of patients with ventricular arrhythmias and
the prevention of sudden cardiac death: the task force for
the management of patients with ventricular arrhythmias
and the prevention of sudden cardiac death of the European
Society of Cardiology (ESC). Endorsed by: association for
European Paediatric and Congenital Cardiology (AEPC).
Eur Heart J. 2015;36:2793-2867.

58. Probst V, Veltmann C, Eckardt L, Meregalli PG, Gaita F,
Tan HL, et al. Long-term prognosis of patients diagnosed
with Brugada syndrome: Results from the FINGER Brugada
Syndrome Registry. Circulation. 2010;121:635-643.

59. Goldenberg |, Horr S, Moss AJ, Lopes CM, Barsheshet
A, McNitt S, et al. Risk for life-threatening cardiac events in
patients with genotype-confirmed long-QT syndrome and
normal-range corrected QT intervals. J Am Coll Cardiol.
2011;57:51-59.

60. Narayanan K, Uy-Evanado A, Teodorescu C, Reinier K,
Nichols GA, Gunson K, et al. Mitral valve prolapse and
sudden cardiac arrest in the community. Heart Rhythm.
2016;13:498-503.

61. Basso C, lliceto S, Thiene G, Marra MP. Mitral Valve
Prolapse, Ventricular Arrhythmias, and Sudden Death.
Circulation. 2019;140:952-964.

62. Caselli S, Mango F, Clark J, Pandian NG, Corrado D,
Autore C, et al. Prevalence and clinical outcome of athletes
with mitral valve prolapse. Circulation. 2018;137:2080—
2082.

63. Kligfield P, Levy D, Devereux RB, Savage DD.
Arrhythmias and sudden death in mitral valve prolapse. Am
Heart J. 1987;113:1298-1307.

64. Grigioni F, Enriguez-Sarano M, Ling LH, Bailey KR,
Seward JB, Tajik AJ, Frye RL. Sudden death in mitral
regurgitation due to flail leaflet. J Am Coll Cardiol.
1999;34:2078-2085.

65. Martinez-Rubio A, Schwammenthal Y, Schwammenthal
E, Block M, Reinhardt L, Garcia-Alberola A, et al. Patients
with valvular heart disease presenting with sustained
ventricular tachyarrhythmias or syncope: results of
programmed ventricular stimulation and long-term follow-
up. Circulation. 1997;96:500— 508.

66. Avierinos JF, Gersh BJ, Melton LJ, Bailey KR, Shub C,
Nishimura RA, et al. Natural history of asymptomatic mitral
valve prolapse in the community. Circulation.
2002;106:1355-1361.

67. Basso C, Perazzolo MM, Rizzo S, De Lazzari M, Giorgi
B, Cipriani A, et al. Arrhythmic mitral valve prolapse and
sudden cardiac death. Circulation. 2015;132:556-566.

68. Lichstein E. Site of origin of ventricular premature beats
in patients with mitral valve prolapse. Am Heart J.
1980;100:450-457.

69. Sriram CS, Syed FF, Ferguson ME, Johnson JN,
Enriquez-Sarano M, Cetta F. Malignant bileaflet mitral valve
prolapse syndrome in patients with otherwise idiopathic out-
of-hospital cardiac arrest. J Am Coll Cardiol. 2013;62:222—
230.

70. Chesler E, King RA, Edwards JE. The myxomatous
mitral valve and sudden death. Circulation. 1983;67:632—
639.

71. Bharati S, Granston AS, Liebson PR, Loeb HS, Rosen
KM, Lev M. The conduction system in mitral valve prolapse

syndrome with sudden death. Am Heart J. 1981;101:667—
670.

72. Syed FF, Ackerman MJ, McLeod CJ, Kapa S, Mulpuru
SK, Sriram CS, et al. Sites of successful ventricular
fibrillation ablation in bileaflet mitral valve prolapse
syndrome. Circ Arrhythm Electrophysiol.
2016;9(5)e004005.

73. Noseworthy PA, Asirvatham SJ. The knot that binds
mitral valve prolapse and sudden cardiac death. Circulation.
2015;132:551-552.

74. Perazzolo MM, Basso C, De Lazzari M, Rizzo S, Cipriani
A, Giorgi B, et al. Morphofunctional abnormalities of mitral
annulus and arrhythmic mitral valve prolapse.

Circ Cardiovasc Imaging. 2016;9:e005030.

75. Fulton BL, Liang JJ, Enriquez A, Garcia FC, Supple GE,
Riley MP, et al. Imaging characteristics of papillary muscle
site of origin of ventricular arrhythmias in patients with mitral
valve prolapse. J Cardiovasc Electrophysiol. 2018;29:146—
153.

76. Cheniti G, Vlachos K, Meo M, Puyo S, Thompson N,
Denis A, et al. Mapping and Ablation of Idiopathic
Ventricular Fibrillation. Front Cardiovasc Med. 2018;5:123.

77. Bagnall RD, Das KJ, Duflou J, Semsarian C. Exome
analysis-based molecular autopsy in cases of sudden
unexplained death in the young. Heart Rhythm. 2014; 11:
655-662.

78. Narula N, Tester DJ, Paulmichl A, Maleszewski JJ,
Ackerman MJ. Post-mortem whole exome sequencing with
gene-specific analysis for autopsy-negative sudden
unexplained death in the young: a case series. Pediatr
Cardiol. 2015; 36:768-778.

79. Nunn LM, Lopes LR, Syrris P, Murphy C, Plagnol V,
Firman E, et al. Diagnostic yield of molecular autopsy in
patients with sudden arrhythmic death syndrome using
targeted exome sequencing. Europace. 2016;18:888-96.

80. Conte G, Belhassen B, Lambiase P, Ciconte G,
Asmundis C, Arbelo E, et al: Out-of hospital cardiac arrest
due to idiopathic ventricular fibrillation in patients with
normal electrocardiograms: results from amulticentre long-
termregistry. Europace. 2019; 0:1-8

81. Bai R, Napolitano C, Bloise R, Monteforte N, Priori SG.
Yield of genetic screening in inherited cardiac
channelopathies: how to prioritize access to genetic testing.
Circ Arrhythm Electrophysiol. 2009;2:6-15.

82. Cheung JW, Meli AC, Xie W, Mittal S, Reiken S,
Wronska A, et al. Short-coupled polymorphic ventricular
tachycardia at rest linked to a novel ryanodine receptor
(RyR2) mutation: leaky RyR2 channels under non-stress
conditions. Int J Cardiol. 2015;180:228-236.

83. Koizumi A, Sasano T, Kimura W, Miyamoto Y, Aiba T,
Ishikawa T, et al. Genetic defects in a His-Purkinje system
transcription factor, IRX3, cause lethal cardiac arrhythmias.
Eur Heart J. 2016;37(18):1469-75.

84. Y. Nakano, K. Chayama, H. Ochi, Toshishige M,
Hayashida Y, Miki D, et al. A nonsynonymous
polymorphism in semaphorin 3A as a risk factor for human
unexplained cardiac arrest with documented ventricular
fibrillation. PLoS Genet. 2013;9(4): €1003364.

85. Marsman RF, Barc J, Beekman L, Alders M, Dooijes D,

van den Wijngaard A, et al. A mutation in CALM1 encoding
calmodulin in familial idiopathic ventricular fibrillation in

43


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6153961/

childhood and adolescence. J Am Coll Cardiol.
2014;63(3):259-66.

86. Roston TM, Sanatani S, Wayne Chen SR. Suppression-
of-function mutations in cardiac ryanodine receptor RyR2:
emerging evidence for a novel arrhythmia syndrome? Heart
Rhythm. 2017;14:108-109.

87. Broendberg AK, Christiansen MK, Nielsen JC,
Pedersen LN, Jensen HK. Targeted next generation
sequencing in a young population with suspected inherited
malignant cardiac arrhythmias. Eur J Hum Genet.
2018;26(3):303-13.

88. Lahrouchi N, Raju H, Lodder EM, Papatheodorou E.
Utility of post-mortem genetic testing in cases of sudden
arrhythmic death syndrome. J Am Coll Cardiol.
2017;69:2134-2145.

89. Xiao L, Koopmann TT, Ordog B, Postema PG, Verkerk
AO, lyer V, et al. Unique cardiac Purkinje fiber transient
outward current beta-subunit composition: a potential
molecular link to idiopathic ventricular fibrillation. Circ Res.
(2013) 112:1310-22. doi:
10.1161/CIRCRESAHA.112.300227

90. Sturm AC, Kline CF, Glynn P, Johnson BL, Curran J,
Kilic A, et al. Use of whole exome sequencing for the
identification of Ito-based arrhythmia mechanism and
therapy. Journal of the American Heart Association.
2015;4(5):e001762.

91. ten Sande JN, Postema PG, Boekholdt SM, Tan HL, van
der Heijden F, de Groot NMS, et al. Detailed
characterization of familial idiopathic ventricular fibrillation
linked to the DPP6 locus. Heart Rhythm. 2016;13:905-12.

92. Ding DB, Fan L, Xiao Z, Huang H, Chen Y, Guo S, et al.
A novel mutation of dipeptidyl aminopeptidase-like protein-
6 in a family with suspicious idiopathic ventricular fibrillation.
QJM. 2018; 111(6):373-377.

93. Ohno S, Zankov DP, Ding W, Itoh H, Makiyama T, Doi
T, et al. KCNE5 (KCNE1L) Variants Are Novel Modulators
of Brugada Syndrome and Idiopathic Ventricular Fibrillation.
Circ Arrhythm Electrophysiol. 2011;4:352-361.

94. Priori SG, Chen SRW. Inherited dysfunction of
sarcoplasmic reticulum Ca? handling and
arrhythmogenesis. Circ Res. 2011;108:871-883.

95. Priori SG, Napolitano C, Memmi M, Colombi B, Drago
F, Gasparini M, et al. Clinical and molecular characterization
of patients with catecholaminergic polymorphic ventricular
tachycardia. Circulation. 2002;106:69—-74.

96. leda M, Kanazawa H, Kimura K, Hattori F, leda Y,
Taniguchi M, et al. Sema3a maintains normal heart rhythm
through sympathetic innervation patterning. Nat Med.
2007;13: 604-612.

97. Nomikos M, Thanassoulas A, Beck K, Vassilakopoulou
V, Hu H, Calver BL, et al. Altered RyR2 regulation by the
calmodulin  FOOL mutation associated with idiopathic
ventricular fibrillation and early sudden cardiac death. FEBS
Lett. 2014; 588(17):2898-2902.

98. Nyegaard M, Overgaard MT, Sondergaard MT, Vranas
M, Behr ER, Hildebrandt LL, et al. Mutations in calmodulin
cause ventricular tachycardia and sudden cardiac death.
Am J Hum Genet. 2012;91:703-712.

99. Crotti L, Johnson CN, Graf E, De Ferrari GM, Cuneo BF,
Ovadia M, et al. Calmodulin mutations associated with
recurrent cardiac arrest in infants. Circulation. 2013;127:
1009-1017.

100. Mohler PJ, Schott JJ, Gramolini AO, Dilly KW,
Guatimosin S, duBell WH, et al. Ankyrin-B mutation causes
type 4 long-QT cardiac arrhythmia and sudden cardiac
death. Nature. 2003;421:634—-639.

101. Nishiyama T, Aizawa Y, Ito S, Katsumata Y, Kimura T,
Takatsuki S, et al. A subtype of idiopathic ventricular
fibrillation and its relevance to catheter ablation and genetic
variants. Heart Rhythm Case Rep. 2017;3(5): 277-281.

102. Bagnall RD, Molloy LK, Kalman JM, Semsarian C.
Exome sequencing identifies a mutation in the ACTN2 gene
in a family with idiopathic ventricular fibrillation, left
ventricular noncompaction, and sudden death. BMC Med
Genet. 2014;15:99.

103. Akaia J, Makitad N, Sakuradae H, Shiraid N, Uedab K,
Kitabataked A, et al. A novel SCN5A mutation associated
with idiopathic ventricular fibrillation without typical ECG
findings of Brugada syndrome. FEBS Lett. 2000; 479(1-
2):29-34.

104. Valdivia CR, Medeiros-Domingo A, Ye B, Shen W,
Algiers TJ, Ackerman MJ, et al. Loss-of-function mutation of
the SCN3B-encoded sodium channel b3 subunit associated
with a case of idiopathic ventricular fibrillation.
Cardiovascular Research. 2010;86:392—400.

105. Reinhard W, Kaess B, Debiec R, Nelson CP, Stark K,
Tobin, et al. Heritability of early repolarisation: a population-
based study. Circ Cardiovasc Genet. 2011;4:134-8.

106. Haissaguerre M, Chatel S, Sacher F, Weerasooriya R,
Probst V, Loussouarn G, et al. Ventricular fibrillation with
prominent early repolarization associated with a rare variant
of KCNJ8/KATP channel. J Cardiovasc Electrophysiol.
2009;20:93-98.

107. Burashnikov E, Pfeiffer R, Barajas-Martinez H, Delpon
E, Hu D, Desai M, et al. Mutations in the cardiac L-type
calcium channel associated with inherited J-wave
syndromes and sudden cardiac death. Heart Rhythm.
2010;7:1872-1882.

108. Watanabe H, Nogami A, Ohkubo K, Kawata H,
Hayashi Y, Ishikawa T, et al. Electrocardiographic
Characteristics and SCN5A Mutations in Idiopathic
Ventricular Fibrillation Associated With Early
Repolarization. Circ Arrhythm Electrophysiol. 2011;4:874-
881.

109. Tikkanen JT, Anttonen O, Junttila MJ, Aro AL, Kerola
T, Rissanen HA et al. Longterm outcome associated with
early repolarization on electrocardiography. N Engl J Med
2009;361:2529-37.

110. Sinner MF, Reinhard W, Muller M, Beckmann BM,
Martens E, Perz S et al. Association of early repolarization
pattern on ECG with risk of cardiac and all-cause mortality:
a population-based prospective cohort study
(MONICA/KORA). PL0S Med. 2010;7:€1000314.

111. Rosso R, Kogan E, Belhassen B, Rozovski U,
Scheinman MM, Zeltser D et al. J-point elevation in
survivors of primary ventricular fibrillation and matched
control subjects: incidence and clinical significance. J Am
Coll Cardiol. 2008;52:1231-1238.

112. Abe A, lkeda T, Tsukada T, Ishiguro H, Miwa Y,
Miyakoshi M, et al. Circadian variation of late potentials in
idiopathic ventricular fibrillation associated with J waves:
Insights into alternative pathophysiology and risk
stratification. Heart Rhythm. 2010; 7(5):675-82.

44



113. Lévy S, Sbragia P. ECG repolarization syndrome
abnormalities (J wave syndromes) and idiopathic ventricular
fibrillation. J Interv Card Electrophysiol. 2011;32:181-186.

114. Miyazaki H, Nakagawa M, Shin Y, Wakisaka O,
Shinohara T, Ezaki K, et al. Comparison of Autonomic J-
Wave Modulation in Patients With Idiopathic Ventricular
Fibrillation and Control Subjects. Circ J. 2013;77:330-337.

115. Viskin S. Idiopathic Ventricular Fibrillation “Le
Syndrome d’Haissaguerre” and the Fear of J Waves. J Am
Coll Cardiol. 2009;53(7):620-2.

116. Cappato R, Furlanello F, Giovinazzo V, Infusino T,
Lupo P, Pittalis M, et al. J wave, QRS slurring and ST
elevation in athletes with cardiac arrest in the absence of
heart disease: marker risk or recent bystander?. Circ
Arrhythm Electrophysiol. 2010; 3(4): 305-11.

117. Wilhem M, Brem MH, Rost C, Klinghammer L, Hennig
FF, Daniel WG, et al. Early repolarization, left ventricular
diastolic function and left atrial size in professional soccer
players. The American Journal of Cardiology.
2010;106:569-574.

118. Watanabe H, Nogami A, Ohkubo K, Kawata H,
Hayashi Y, Ishikawa T, et al. Clinical characteristics and risk
of arrhythmia recurrences in patients with idiopathic
ventricular fibrillation associated with early repolarization.
Int J Cardiol. 2012;159(3):238-40.

119. Nam GB, Kim YH, Antzelevitch C. Augmentation of J
waves and electrical storms in patients with early
repolarization. N Engl J Med. 2008;358:2078-2079.

120. Aizawa Y, Sato, M, Ohno S, Seiji H, Takatsuki, Fukuda
K, et al. Circadian pattern of fibrillatory events in non—
Brugada-type idiopathic ventricular fibrillation with a focus
on J waves. Heart Rhythm. 2014;11:2261-2266.

121. Medeiros-Domingo A, Tan BH, Crotti L, Tester DJ,
Eckhardt L, Cuoretti A, et al. Gain-of-function mutation
S422L in the KCNJ8- encoded cardiac K(ATP) channel
Kir6.1 as a pathogenic substrate for J-wave syndromes.
Heart Rhythm. 2010;7:1466-1471.

122. Shinohara T, Takahashi N, Saikawa T, Yoshimatsu H.
Characterization of J wave in a patient with idiopathic
ventricular fibrillation. Heart Rhythm. 2006;3:1082—1084.

123. Mizumaki K, Nishida K, lwamoto J, Nakatani Y,
Yamaguchi Y, Sakamoto T, et al. Vagal activity modulates
spontaneous augmentation of J-wave elevation in patients
with idiopathic ventricular fibrillation. Heart Rhythm.
2012;9:249 —255.

124. Kishi S, Fuse K, Kitazawa H, Sato T, Okabe M, Aizawa
Y. Intracoronary acetylcholine—induced augmentation of J
waves: A case of idiopathic ventricular fibrillation. Heart
Rhythm. 2018; 4(6): 247-250

125. Haissaguerre M, Sacher F, Nogami A, Komiya N,
Bernard A, Probst V, et al. Characteristics of recurrent
ventricular fibrillation associated with inferolateral early
repolarization: role of drug therapy. J Am Coll Cardiol.
2009;53:612-9.

126. Derval N, Lim HS, Haissaguerre M. Dynamic
electrocardiographic recordings in patients with idiopathic
ventricular fibrillation. Journal of Electrocardiology.
2016;46:451-455

127. Sato A, Tanabe Y, Chinushi M, Hayashi Y, Yoshida T,
Ito E, et al. Analysis of J waves during myocardial ischemia.
Europace. 2012;14:715-723.

128. Williams SE, Sabir |, Nimmo C, Linton N, Sebag FA,
Harrison JL, et al. Quantitative Assessment of the Effects of
Therapeutic Hypothermia on Early Repolarization in
Idiopathic Ventricular Fibrillation Survivors: A 7-Year Cohort
Study. Circ Arrhythm Electrophysiol. 2014;7:120-126.

129. Tikkanen JT, Junttila MJ, Anttonen O, Aro AL, Luttinen
S, Kerola T, et al. Early repolarization: Electrocardiographic
phenotypes associated with favorable long-term outcome.
Circulation. 2011;123:2666-2673.

130. Rosso R, Glikson E, Belhassen B, Katz A, Halkin A,
Steinvil A, et al. Distinguishing “benign” from “malignant
early repolarization”. The value of the ST-segment
morphology. Heart Rhythm. 2012;9:225-229.

131. Sekiguchi Y, Aonuma K, Takagi M, Aihara N,
Yokoyama Y, Hiraoka M. New Clinical and
Electrocardiographic  Classification in Patients  with
Idiopathic ~ Ventricular  Fibrillation. J  Cardiovasc
Electrophysiol. 2013;24(8):902-8.

132. Viskin S, Zeltser D, Ish-Shalom M, Katz A, Michael
Glikson, Justo D, et al. Is idiopathic ventricular fibrillation a
short QT syndrome? Comparison of QT intervals of patients
with idiopathic ventricular fibrillation and healthy controls.
Heart Rhythm. 2004;1(5):587-591.

133. Fujiki A, Sugao M, Nishida K, Sakabe M, Tsuneda T,
Mizumaki K, et al. Repolarization Abnormality in Idiopathic
Ventricular Fibrillation: Assessment Using 24-hour QT-RR
and QTa-RR Relationships. J Cariovasc Electrophysiol.
2004;15:59-63.

134. Letsas KP, Weber R, Kalusche D, Arentz T. QRS
complex abnormalities in subjects with idiopathic ventricular
fibrillation.  International  Journal of  Cardiology.
2010;145(2):342-5.

135. Biffi M, Fallani F, Boriani G, Fanti S, Kowoll L, Pettinato
C, et al. Abnormal Cardiac Innervation in Patients with
Idiopathic Ventricular Fibrillation. PACE. 2003;26:357—-360.

136. Schéfers M, Wichter T, Lerch H. Cardiac 123I-MIBG
uptake in idiopathic ventricular tachycardia and fibrillation. J
Nucl Med. 1999;40:1-5.

137. Lane RD, Laukes C, Marcus Fl, Chesney MA, Sechrest
L, Gear K, et al. Psychological Stress Preceding ldiopathic
Ventricular Fibrillation. Psychosomatic Medicine. 2005;
67:359-365.

138. Hemingway H, Malik M, Marmot M. Social and
psychosocial influences on sudden cardiac death,
ventricular arrhythmia and cardiac autonomic function. Eur
Heart J. 2001;22:1082-101.

139. Pasquié JL, Sanders P, Hocini M, Hsu LF, Scavée C,
Jais P, et al. Fever as a precipitant of idiopathic ventricular
fibrillation in patients with normal hearts. J Cardiovasc
Electrophysiol. 2004;15(11):1271-1276.

140. Omori K, Jitsuiki K, Ohsaka H, Mishima K, Ishikawa K,
Obinata M, et al. Recurrent idiopathic ventricular fibrillation
induced by high fever. American Journal of Emergency
Medicine. 2015;33:1331.e1-1331.e3

141. Aizawa Y, Takatsuki S, Kimura T, Nishiyama N,
Fukumoto K, Tanimoto Y, et al. Ventricular fibrillation
associated with complete right bundle branch block. Heart
Rhythm. 2013;10:1028-1035.

142. Manita M, Nakajima T, Kaneko Y, Kurabayashi M.

Idiopathic Ventricular Fibrillation Associated with Complete
Right Bundle Branch Block?. Intern Med. 2014;53:633-634.

45



143. Van Herendael H, Zado ES, Haqgani H, Tschabrunn
CM, Callans DJ, Frankel DS, et al. Catheter ablation of
ventricular fibrillation: importance of left ventricular outflow
tract and papillary muscle triggers. Heart Rhythm.
2014;11:566-73.

144. Santoro F, Di Biase L, Hranitzky P, Sanchez JE,
Santangeli P, Perini AP, et al. Ventricular fibrillation
triggered by PVCs from papillary muscles: clinical features
and ablation. J Cardiovasc Electrophysiol. 2014;25:1158—
64.

145. Kataoka M, Takatsuki S, Tanimoto K, Akaishi M,
Ogawa S, Mitamura H. A case of vagally mediated
idiopathic ventricular fibrillation. Nat Clin Pract Cardiovasc
Med. 2008;5:111-115.

146. Viskin S, Rosso R, Rogawski O. The “short coupled”
variant of right ventricle outflow ventricular fachycardia: a
not-so-benign form of benign ventricular tachycardia?. J
Cardiovasc Electrophysiol. 2005;16:912—6.

147. Sadek MM, Benhayon D, Sureddi R, Chik W,
Santangeli P, Supple GE, et al. Idiopathic ventricular
arrhythmias originating from the moderator band:
electrocardiographic characteristics and treatment by
catheter ablation. Heart Rhythm. 2015;12:67-75.

148. Anter E, Buxton AE, Silverstein JR, Josephson ME.
Idiopathic Ventricular Fibrillation Originating from the
Moderator Band. J Cardiovasc Electrophysiol. 2013;
24(1):97-100.

149. Martin CA, Nunn L, Lambiase PD. Syncope in a young
man: Role of Purkinje fibers in idiopathic ventricular
fibrillation. Indian Pacing and Electrophysiology Journal.
2017;17(4):113-115.

150. Haissaguerre M, Cheniti G, Escande W, Zhao A,
Hocini M, Bernus O. Idiopathic ventricular fibrillation with
repetitive activity inducible within the distal Purkinje system.
Heart Rhythm. 2019;16:1268-1272.

151. Haissaguerre M, Shah DC, Jais P, Shoda M, Kautzner
J, Arentz T, et al. Role of Purkinje conducting system in
triggering of idiopathic ventricular fibrillation. Lancet.
2002;359:677-8.

152. Laurent G, Saal S, Amarouch MY, Béziau DM,
Marsman RFJ, Faivre L, et al. Multifocal ectopic Purkinje-
related premature contractions: a new SCN5A-related
cardiac channelopathy. J Am Coll Cardiol. 2012;60:144—
156.

153. Kleissner M, Peichl P, Kautzner J. Idiopathic
ventricular fibrillation triggered by two distinct foci.
Europace. 2014;16(10):1459.

154. Paul M, Schéafers M, Kies P, Acil T, Schéfers K,
Breithardt G, et al. Impact of sympathetic innervation on
recurrent life-threatening arrhythmias in the follow-up of
patients with idiopathic ventricular fibrillation. Eur J Nucl
Med Mol Imaging. 2006; 33:866—870.

46



