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Inheritable arrhythmia syndromes are primary electrical abnormalities of the heart 
caused by derangements in the structure and function of the cardiac ion-channels. 
Ion-channels are pore-forming proteins that provide pathways for the controlled 
transmembrane movement of ions. When mutations in the genes encoding the ion-
channels of the heart, namely Na+, K+ and Ca++ channels, and their associated proteins, 
underlie the dysfunction, they are referred to as “cardiac channelopathies”.1 These are 
typically monogenic disorders, that is, disorders that follow a clear Mendelian pattern 
of inheritance, being most often inherited in an autosomal dominant pattern, and rarely 
in an autosomal recessive manner or as de novo mutations.2 The clinical manifestations 
of these diseases span a wide spectrum ranging from lack of symptoms to arrhythmias 
and sudden death.

Sudden cardiac death (SCD), defined as death from a cardiac cause occurring shortly 
after the onset of symptoms, is most often due to an organic cardiac abnormality, such as 
coronary artery disease or structural heart disease.1 However, death in young, active and 
previously healthy individuals with no identifiable cause on post-mortem examination, 
termed sudden unexplained death (SUD), constitutes about 5% of SCD. When sudden 
death of unknown etiology occurs in a child below one year of age, it is termed sudden 
infant death syndrome (SIDS). Unraveling the mystery surrounding SUD and SIDS 
has been the focus of numerous research efforts recently.3,4 As a result of this increased 
interest as well as the concurrent advances in molecular, genetic, experimental and 
clinical medicine, we have witnessed an exponential increase in knowledge on the genetic 
background of SUD and SIDS in the recent past. Inheritable arrhythmia syndromes 
play an integral role in this ever-expanding realm of young unexpected deaths and are 
currently implicated in ~35% of SUD and ~20% of SIDS cases.5,6 

Normal cardiac excitability results from a balance of depolarizing and repolarizing 
ionic currents. Each ionic current can be distinguished by its ionic selectivity and time 
course, which are properties that are conferred by specific ion-channels. Mutations in 
any of the genes involved in regulation of cardiac ion-channels may potentially result 
in arrhythmias and may be classified as arising from either abnormal action potential 
formation or abnormal action potential propagation.7 With the discovery of the genetic 
bases of congenital long QT syndrome about two decades ago, a growing number of 
channelopathies have been described including Brugada syndrome, catecholaminergic 
polymorphic ventricular tachycardia and short QT syndrome. Based on the underlying 
genetic mutations, the effect on the dysfunctional ion-channels could be either a loss 
or a gain of their ionic conductance, which allows for further classification of these 
disorders into loss-of-function and gain-of-function channelopathies, respectively 
(Table 1).8,9 This thesis addresses two groups of inheritable arrhythmia syndromes, 
namely congenital long QT syndrome, and loss-of-function sodium channelopathies, 
specifically focussing on the current diagnostic and therapeutic challenges. The 
common clinical manifestations of these diseases are shown in Figure 1.
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Table 1. Cardiac channelopathies and their phenotypes

Gene
Protein /

Current affected Effect of mutation Phenotype

KCNQ1 KvLQT1
Potassium outflow (IKs)

Loss-of-function Long QT syndrome type 1
Gain-of-function Short QT syndrome type 2

KCNH2 HERG
Potassium outflow (IKr)

Loss-of-function Long QT syndrome type 2
Gain-of-function Short QT syndrome type 1

SCN5A Nav1.5
Sodium inflow (INa)

Loss-of-function
Brugada syndrome type 1, 

Cardiac conduction disease, 
Sick sinus syndrome, Atrial 

fibrillation
Gain-of-function Long QT syndrome type 3

ANK2 Ankyrin B, anchoring 
protein Loss-of-function Long QT syndrome type 4

KCNE1 MinK
Potassium outflow (IKs)

Loss-of-function Long QT syndrome type 5

KCNE2 MiRP
Potassium outflow (IKr)

Loss-of-function Long QT syndrome type 6

KCNJ2 Kir2.1
Potassium outflow (IK1)

Loss-of-function Long QT syndrome type 7
(Anderson syndrome)

Gain-of-function Short QT syndrome type 3

CACNA1c Cav1.2
Calcium outflow

Loss-of-function Long QT syndrome type 8
(Timothy syndrome)

Gain-of-function Brugada syndrome type 3

CAV3 Caveolin
Sodium inflow Gain-of-function Long QT Syndrome type 9

SCN4B Sodium channel β-4 
subunit (INa)

Gain-of-function Long QT syndrome type 10

AKAP9
(Yotiao)

A-kinase anchoring 
protein (IKs)

Reduced current 
due to loss of cAMP 

sensitivity
Long QT syndrome type 11

SNTA1 α-1 syntrophin (INa)
Increased 

current due to 
S-nitrosylation of 

SCN5A
Long QT Syndrome type 12

KCNJ5 Kir3.4
(IKAch)

Loss-of-function Long QT Syndrome type 13

GPD1L Glycerol-3-phosphate 
deydrogenase 1-like

Reduced sodium 
current Brugada syndrome type 2

CACNB2b Calcium channel α-subunit Loss-of-function Brugada syndrome type 4

SCN1B Sodium channel β-1 
subunit Loss-of-function Brugada syndrome type 5

KCNE3 IKs and Ito channels 
β-subunit Gain-of-function Brugada syndrome type 6

*continued next page
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Part 1. Congenital Long QT Syndrome 
Congenital long QT syndrome (LQTS) encompasses a heterogeneous family of 
disorders characterized by delayed cardiac repolarization and a propensity to syncope 
and fatal ventricular arrhythmias including torsades de pointes (TdP).10-12 The estimated 
prevalence is ~1:2000 in the western world.13 On the surface electrocardiogram (ECG), 
heart rate corrected QT (QTc) interval prolongation is the hallmark feature; however, 
due to incomplete disease penetrance and variable expressivity, genetically affected 
individuals may have a normal ECG.14 At present, over 600 mutations in 13 genes 
are implicated in the causation of the different variants; nevertheless, LQTS types 1, 
2 and 3 account for up to 85% to 90% of the genotyped cases.15,16 LQT1 and LQT2 are 
caused by loss-of-function mutations in the genes (KCNQ1 and KCNH2) encoding the 
α subunits of two different cardiac K+ channels (Figure 2), responsible for the ionic 
currents IKs and IKr, respectively, and each accounts for approximately 40% of genotype-
positive LQTS patients.17,18 

Gene
Protein /

Current affected Effect of mutation Phenotype

SCN3B Sodium channel β-3 
subunit Loss-of-function Brugada syndrome type 7

RYR2
Cardiac ryanodine 

receptor
Diastolic calcium release

Gain-of-function
Catecholaminergic 

polymorphic ventricular 
tachycardia type 1

CASQ2
Cardiac calsequestrin

Diastolic calcium release Dysfunction
Catecholaminergic 

polymorphic ventricular 
tachycardia type 2

Figure 1. Symptoms (A) and signs (B) of congenital long QT syndrome and loss-of-function 
sodium channelopathies. VF, ventricular fibrillation; VT, ventricular tachycardia
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LQT3, on the other hand, is caused by gain-of-function mutations of the gene 
(SCN5A) encoding the α subunit of the cardiac Na+ channel, causing an increase in 
persistent inward sodium current (INaL) during myocardial repolarization.9 Although 
predominantly of autosomal dominant inheritance, a severe recessive form of LQTS, 
termed Jervell and Lange-Nielsen syndrome, occurs rarely, and is associated with 
congenital deafness and severe QTc prolongation.19 Since the identification of genes 
for LQT1 (KCNQ1), LQT2 (KCNH2) and LQT3 (SCN5A) in the mid-90’s,20,21 not only 
has our understanding of the genotype-phenotype correlations of LQTS broadened 
significantly but also mutations in other associated genes and their regulatory proteins 
have become known, paving the way for genotype-specific management. 

Diagnostic Work-Up
Clinical evaluation, provocation testing and molecular screening, all play integral roles 
in the diagnosis of LQTS, but a gold-standard diagnostic tool is still lacking. Clinical 
criteria incorporating family history, nature of symptoms and ECG characteristics 
are used extensively in the initial evaluation of patients presenting with evidence 
of LQTS.22,23 Based on the revised Schwartz criteria (2011),24 ≤1 point indicates low 
probability of LQTS, 1.5 to 3 points indicates intermediate probability of LQTS, and ≥3.5 
points indicates high probability of LQTS. History-taking, carried out with care for 
detail, goes a long way in establishing or excluding a diagnosis of LQTS in an index 
patient.25 Pertinent symptoms include palpitations, syncope, seizures, sudden cardiac 
arrest (SCA), SCD and SIDS. The relationship of cardiac events to a particular set of 
triggers quite often gives a clue to the underlying genetic disorder, namely adrenergic 
stimuli related symptoms in LQT1 and LQT2, and sleep or rest related symptoms in 
LQT3.26,27 Physical exercise, particularly swimming, is a known arrhythmogenic factor 

Figure 2. Schematic representation of the α-subunits of potassium channels responsible for 
Ito, IKur, IKr, IKs, IK1, and If, showing one single domain with six (A) or two (B) transmembrane 
segments. Four subunits (domains) co-assemble to form one functional channel (from Amin et 
al8 with permission).
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in LQT1 and hence a personal or family history of swimming related symptoms and 
near-drowning should be elicited;28 on the other hand, emotional stress and sudden 
loud auditory stimuli such as wake-up alarms or telephone bells are recognized 
triggers for arrhythmic events in LQT2 patients.29,30 While history of unexplained SCD 
or aborted SCA of young family members gives a clue to the possibility of inherited 
arrhythmia syndromes, specific history of exercise/emotion related syncope or TdP 
is more typical of LQT1 and LQT2. History of drug intake and electrolyte status at 
the time of event occurrence is extremely relevant in order to rule-out acquired long 
QT syndrome.31 TdP, prevalent in both the congenital and acquired forms of long QT 
syndrome, is a dangerous arrhythmia, requiring prompt abortive measures as well as 
long-term preventive treatment.32 

Systematic ECG analysis with accurate measurement of the QT interval is 
an absolute prerequisite in the evaluation of patients for LQTS. The QT interval is 
measured manually from the beginning of the QRS complex to the end of the T wave 
in lead II or V5. The end of the T wave is the intersection point between the isoelectric 
baseline and the tangent representing the maximal downward slope of the positive T 
wave or maximal upward slope of the negative T wave,33-35 as shown in Figure 3. 
The mean of three consecutive QT intervals is calculated and QTc is obtained using 
the Bazett’s formula (QT /√RR).36 Different repolarization patterns on the ECG are 
associated with different genotypes: broad based prolonged T wave in LQT1, low 
amplitude moderately delayed T wave in LQT2, and the late appearing non-distinct T 
wave in LQT3.37 Figure 4 gives examples of each of these ECG types. Since affected 
patients may first be encountered by family doctors, internists or pediatricians, it is 
important that all physicians are aware of and can identify the clues to underlying 
pathology.38 Although prompt recognition of disease and application of established 

Figure 3.  Illustration of QTc measurement technique. A tangent is drawn to the steepest slope 
of the last limb of the T wave in lead II or V5. The end of the T wave is the intersection of 
the tangent with the baseline. QT is heart rate corrected with Bazett’s formula with use of the 
preceding RR interval (from Postema et al35 with permission).
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interventions lead to a significant reduction in mortality, delayed diagnosis of LQTS 
is not uncommon. The most common alternative diagnosis is seizure disorder, 
especially in LQT2 patients.39,40 While diagnosing patients with a clearly prolonged 
QTc (>500 ms) is usually straightforward, challenges arise when QTc values lie in the 
normal or borderline zone.41 It is for this reason that the lying-standing test,42 exercise 
stress test and epinephrine challenge test are used in unmasking subclinical LQT1 and 
LQT2 cases.43 Continuous recording of the electrical activity of the heart, with Holter 
monitor,44,45 or insertable loop recorder,46 is sometimes employed when cardiac events 
are reported to occur in relation to a particular activity or time of day, which the resting 
ECG does not capture.

Genetic Testing and Risk Stratification 
The evolution of genetic testing into a clinical diagnostic tool has undoubtedly 
revolutionized the management of patients with LQTS and other inheritable arrhythmia 
syndromes.15,47 It has significantly altered the dynamics of diagnosing LQTS, especially 
in patients with a nondiagnostic QTc where clinical scoring loses efficacy.48 In addition 
to the genotype-phenotype correlations that have emerged from genetic testing of 

Figure 4. Standard twelve-lead ECG tracings, in a 13-year old male patient with LQT1 (A, QTc 
580 ms), in a 12-year old female patient with LQT2 (B, QTc 600 ms), and in a 12-year old male 
patient with LQT3 (C, QTc 550 ms). 
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large cohorts of LQTS patients, an abundance of information has become available 
on the location, type, and biophysical function of mutations, as independent risk 
factors influencing the clinical course of the disorder.49-51 Age, gender, QTc, nature of 
genetic mutation, and response to beta-blocker therapy, could be called the “Big Five” 
determinants of risk of SCD in an individual with LQTS.52-55 While LQT1 males are at 
increased risk for cardiac events in childhood in particular, LQT2 females, probably 
due to sensitivity to changes in sex hormones, experience events mainly after the onset 
of adolescence or menopause and in the postpartum period.56,57 Occurrence of SCA 
in the first year of life has been found to put patients at a very high risk of subsequent 
SCA/SCD during the next 10 years of life.54 QTc >500 ms is a powerful indicator of risk; 
however, a quarter of LQTS mutation carriers have a normal range QTc but still exhibit 
a greater than 10-fold increase in life-threatening events compared to unaffected family 
members.58 Combined assessment of clinical and mutation specific data, such as their 
site of occurrence in the ion-channels, has recently been identified as relevant in the 
risk stratification of LQTS. Patients, particularly women, with intracellular cytoplasmic 
loop (C-loop) missense mutations in the KCNQ1 gene exhibit a high risk for life-
threatening events,59,60 whereas among LQT2 patients, men with pore-loop KCNH2 
mutations are more prone to SCA/SCD.61 A study on LQT3 patients has shown that 
the clinical course of patients with ΔKPQ mutations is more virulent than those with 
D1790G mutations, this effect being independent of QTc duration.62 

A patient with a robust clinical diagnosis of LQTS has a 75% chance that a mutation 
will be found in one of the disease-causing genes.63 However, genetic testing is still a 
time and cost consuming tool and is not readily and uniformly available in all centres.64 
For these reasons, it is imperative that easily available tests like exercise stress test and 
Holter monitoring are effectively applied in identifying or ruling-out LQTS, particularly 
in silent mutation carriers and in asymptomatic relatives of affected probands.65 As 
with any clinical test, understanding the spectrum of background noise within a given 
genetic test is critical to interpreting the test results. Specifically, systematic evaluation 
of a genetic test’s “signal-to-noise” ratio is crucial to determine whether a previously 
unidentified variant might be the biomarker responsible for disease or whether it is a 
rare genetic variant with no relevance to the disease in question.51, 66

Treatment Modalities and the Challenges Therein
β-Blockers are the mainstay in managing LQTS due to their efficacy in reducing 
mortality among affected patients.67 They represent the first choice therapy in 
symptomatic LQTS patients, unless specific contraindications exist.68 The impairment 
in the IKs current makes LQT1 patients particularly sensitive to catecholamines 
and quite responsive to β-blockade; so they seldom need more than antiadrenergic 
therapy.68 Although β-blockers are the first-line treatment in LQT2 and LQT3 patients 
as well, their risk of cardiac events while receiving therapy (ie. breakthrough cardiac 
events, BCE), is higher than in LQT1 patients.69 The occurrence of BCE has largely 
been attributed to a high risk status prior to start of therapy, non-compliance and 
use of other QT-prolonging drugs.70-72 However, suspicion that not all β-blockers 
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offer equivalent protection in LQTS has prevailed,73 and has now been confirmed 
by our study (Chockalingam et al, provisional accept J Am Coll Cardiol). Due to an 
unexpectedly high risk of BCE with metoprolol compared to propranolol and nadolol, 
among LQT1 and LQT2 patients, we recommend that symptomatic LQT1 and LQT2 
patients should be treated with either propranolol or nadolol, and to avoid the use 
of metoprolol in these cases. Pharmacological management of LQT3 has remained a 
challenge particularly due to its high risk profile and the relative paucity of literature 
(which is closely associated with the low disease prevalence). While sodium channel 
blockers like mexiletine and flecainide have proven to be efficacious in managing 
specific SCN5A mutations,74-76 a large multicentre study on nearly 400 LQT3 patients 
(Wilde et al, submitted for publication) supports the belief that β-blockers are 
generally extremely effective in treating those LQT3 patients who do not have cardiac 
events in the first year of life.77 

The adjunctive treatment of LQTS includes left cardiac sympathetic denervation 
(LCSD) and implantable cardioverter defibrillator (ICD) therapy, both of which 
are reserved for patients with symptoms despite β-blockers, and the survivors of 
SCA. However, β-blocker therapy is continued with the adjunctive therapy, unless 
contraindicated. Whenever syncopal episodes recur despite full dose β-blockers, LCSD 
should be considered and implemented if possible.78,79 Surgical LCSD has also been 
used successfully in some LQT3 patients.68,80 ICD therapy, though life-saving in many 
instances, has the inherent drawbacks of inappropriate shocks, mechanical failures, and 
poor psychological impact, leading to major setbacks in patients of all ages, more so in 
the pediatric population.81,82 To overcome these disadvantages, newer, advanced, and 
more user-friendly devices and techniques are being successfully deployed in adults 
and children who qualify for ICD therapy.83,84 Other general measures undertaken 
to prevent arrhythmias are lifestyle modifications such as avoidance of competitive 
sports particularly in LQT1, potassium supplementation in LQT2, and avoidance of 
QT-prolonging drugs in all LQTS types (www.qtdrugs.org).

Part 2. Loss-of-Function Sodium Channelopathies 
Loss-of-function sodium (Na+) channelopathies are a group of diseases with a loss or 
reduction of Na+ channel function and are caused by mutations in the SCN5A gene 
and its associated proteins (Figure 5). The prototype of this group of diseases, Brugada 
Syndrome (BrS), was initially described as a clinical entity in 1992,85 with the earliest 
report of an underlying genetic mutation in 1998.86 There are currently more than 300 
known SCN5A BrS-related mutations, accounting for up to 21% of BrS probands.87 These 
mutations lead to a loss of Na+ channel function through several mechanisms, including 
trafficking defects, generation of truncated proteins, faster channel inactivation, shift 
of voltage dependence of steady-state activation toward more depolarized membrane 
potentials or slower recovery from inactivation. Apart from SCN5A, mutations in 
Na+ channel β-subunits (SCN1B and SCN3B), L-type calcium channels (CACNA1C, 
CACNB2b and CACNA2D1), glycerol-3-phophate dehydrogenase 1-like enzyme gene 
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(GPD1L), KCNE3, KCNJ8, KCND3, Ankyrin-G and MOG1 have also been implicated 
in BrS-related phenotypes.

The hallmark of BrS is the presence of a coved-type ST segment elevation in the 
anterior precordial leads (V1 to V3) on the ECG, termed Type 1 ECG.88 Frequently, and 
in particular so, when aberrant sodium channels are involved, conduction abnormalities 
in all cardiac departments are present as well.89 Drug challenge with sodium channel 
blockers such as flecainide or ajmaline is quite often used to unmask the Type 1 ECG 
in affected patients with a near normal resting ECG (Figure 6). While BrS typically 
manifests as ventricular fibrillation and SCD in middle aged men, individuals of all 
ages and both sexes may be affected. Infants and young children (<2 years of age) 
typically present with rapid wide complex (monomorphic) ventricular tachycardia or 
with evidence of prolonged conduction intervals.90 Fever, an established arrhythmia 
trigger in BrS patients, often plays a significant role in exposing infants and young 
children harbouring loss-of-function Na+ channelopathies.91,92

Cardiac conduction disease (CCD), originally described by Lenègre and Lev in elderly 
patients, is characterized by progressive alteration of cardiac conduction through the His-
Purkinje system, with right or left bundle branch block, and widening of QRS complexes, 

Figure 5. Schematic representation of the cardiac sodium channel. The predicted membrane 
topology of the α-subunit (Nav1.5) is illustrated in A and the interacting β-subunits are shown 
in B. Other regulatory proteins, reported to interact with Nav1.5 are represented schematically 
in A and B.
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leading to complete atrioventricular block, syncope and sudden death. An SCN5A mutation 
that segregates with CCD in an autosomal dominant manner was first reported in 1999.93 
Apart from the Na+ channel genes SCN5A and SCN1B, LMNA (lamin A/C) gene has been 
implicated in a complex phenotype of CCD associated with dilated cardiomyopathy (DCM). 
DCM in combination with atrial and ventricular arrhythmias and conduction disease was 
subsequently identified as a manifestation of SCN5A mutations.94 Sick sinus syndrome (SSS) 
refers to diseases of the sinus node (brady-tachy syndrome, sinus bradycardia, sinus arrest); 
it may be associated with loss-of-function Na+ channelopathies and is especially severe 
in patients with compound heterozygous mutations.95 SCN5A mutations and other rare 
variants have recently been implicated in familial atrial fibrillation (AF), the most common 
arrhythmia in clinical practice.96

The Na+ channel genes implicated in loss-of-function channelopathies are SCN5A, 
SCN1B, SCN2B and SCN3B.9 While each disease phenotype poses a unique clinical 
entity, there is also convincing evidence to believe that all these disorders may 
represent a spectrum or continuum of conduction abnormalities in a given patient. 

Figure 6. Standard twelve-lead ECG tracings in a 5-year old male patient with Brugada 
Syndrome. Resting ECG (A) shows saddleback-type ST segment elevation in V2 (red arrow); 
ECG after intravenous administration of flecainide (B) unmasks the diagnostic Type 1 ECG with 
coved-type ST segment elevation (red arrow).
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Moreover, genetic studies in large families have shown these mutations to have 
variable penetrance and disease expression, manifesting with varying severity and 
phenotypes across members of the same or different generations, and even in the same 
individual, referred to as “overlap syndromes”.97,98 The nature of the SCN5A mutation 
has been identified to play a role in severity of presentation: namely truncation and 
severe missense mutations with (near) total loss of function underlie a more severe 
phenotype, when compared to other missense mutations where some of the channel 
function is preserved.99

Diagnostic Work-Up
The diagnosis of loss-of-function Na+ channelopathies is established in the majority of 
cases by a high level of clinical suspicion on the part of the treating physician. While 
SCA/SCD in a previously healthy individual with a structurally normal heart is a 
definite and typical red flag sign, it has to be highlighted that more and more atypical 
presentations are being recognized. Although ventricular fibrillation and polymorphic 
ventricular tachycardia are the hallmarks of these diseases, other dysrhythmias such 
as monomorphic ventricular tachycardia, atrial fibrillation, sinus bradycardia and 
sinus arrest or a combination of these should prompt a "channelopathic approach" to 
diagnosis. As described earlier, a thorough understanding of the genotype-phenotype 
correlations is essential to be able to spot an obvious association. For instance, cardiac 
events occurring during rest/sleep are common in SCN5A-related diseases such as 
BrS (and LQT3), as opposed to exercise and emotional stress triggered arrhythmias 
in other LQTS types. Fever associated arrhythmias in otherwise healthy children are 
suggestive of loss-of-function Na+ channelopathies. The relevance of elucidating a 
complete and comprehensive family history in index cases cannot be overemphasized. 
An ECG (resting ECG, 24-hour ECG or drug challenge ECG) is quite often the most 
useful diagnostic tool in many of these patients. A systematic scrutiny of all aspects 
of the ECG should be carried out as atrial and/or ventricular depolarization and 
repolarization abnormalities may coexist. In patients with symptoms suggestive of 
channelopathies and an apparently normal resting ECG, 24-hour ECG or an implantable 
loop recorder may provide additional clues to diagnosis. Drug challenge with Na+ 
channel blockers such as flecainide and ajmaline is used in better characterization 
of the not-so-typical ECG signs of BrS in patients with a convincing clinical picture. 
The role of electrophysiological testing in the diagnosis and prognosis of BrS patients 
has been an issue of debate and warrants further scrutiny, particularly focussing on 
the various protocols used and their relationship to inducibility of arrhythmias.100 
Echocardiography and cardiac imaging are sought to either exclude or better delineate 
associated structural abnormalities of the heart, while evaluating cases. However, the 
presence of congenital cardiac defects in a patient could potentially mask or delay the 
identification of additional channelopathic disease. Genetic testing has a significant 
role in diagnosing and risk stratifying this group of disorders; it is however an 
evolving tool that only complements clinical evaluation. For instance, only around 
20% to 30% of patients with BrS have identifiable SCN5A mutations. While incomplete 
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disease penetrance and genetic heterogeneity pose challenges to efficient diagnosis 
and treatment of index patients and their family members, it is clear that knowing 
the genetic status of a family with inherited diseases is without doubt relevant in 
appropriate management of each individual.101 Active cascade-screening102 has proven 
effective in presymptomatic treatment of mutation carriers and should be an integral 
part of patient management in all the channelopathies.

Risk Stratification and Targeted Therapy
The “risk stratification triad” includes a prudent assessment of the following: severity 
of symptoms, extent of electrocardiographic abnormalities, and nature of underlying 
mutations.103 Presentation with syncope, SCA, near-SIDS, spontaneous Type 1 ECG, 
truncation mutations and compound heterozygosity have been recognized as signs of 
poor prognosis in these channelopathies (Chockalingam et al, provisional accept Heart 
Rhythm). The attempt to accurately risk stratify patients is currently being challenged 
by the high frequency of SCD among asymptomatic individuals with a dynamic ECG 
picture.104 The aim of treating high-risk patients is to provide continuous long term 
arrhythmia protection, thereby reducing the mortality and morbidity due to severe 
ventricular arrhythmias; ICD is currently the therapy of choice in this segment 
of patients. However, concerns have been raised about the overuse of ICD and the 
associated complications.82 The role of pharmacological therapy in loss-of-function 
Na+ channelopathies is under evaluation at present. In BrS-related phenotypes, 
quinidine (due to its Ito-blocking effect)105

 and β-blockers (due to their ability to 
control tachycardia-related arrhythmias such as fever-induced ventricular tachycardia 
in infants) are proven to be efficient (Chockalingam et al, provisional accept Heart 
Rhythm). Avoidance of drugs that can potentially trigger arrhythmias in patients with 
loss-of-function Na+ channelopathies is an important aspect of management and often 
involves raising patient/parent awareness and alerting other medical personnel that are 
involved in the care of patients.106

Overlap Syndromes
The past decade has witnessed the evolution of various SCN5A-related arrhythmia 
syndromes which are now known to display mixed phenotypes with both loss-
of-function and gain-of-function properties within families and even in the same 
individual under different conditions; these are known as cardiac sodium channel 
overlap syndromes.97,107,108 In The Netherlands, the founder mutation 1795insD in 
SCN5A gene has been studied extensively and is causative of a unique overlap of LQT3, 
BrS and progressive CCD.109 The biophysical factors and genetic modifiers that play a 
role in these overlap syndromes are currently being studied.

Idiopathic Ventricular Fibrillation
Idiopathic ventricular fibrillation (IVF), as the term suggests, refers to spontaneous 
ventricular fibrillation in patients with structurally normal hearts, the cause of which 
remains unknown after detailed cardiac and extracardiac evaluation.1,110 The last decade 
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has witnessed significant revelations concerning IVF and its association with early 
repolarization,111 SCN5A mutations,112 and with DPP6, a founder mutation causative 
of a highly lethal form of familial IVF in The Netherlands.113 With more and more 
information becoming available on the plausible pathogenetic mechanisms of what 
was considered "idiopathic" earlier, our understanding of the pathophysiology of SCD 
is also rapidly widening.

Sudden Death: Managing the Victim and the Family Members 
Unexpected and premature death of a person is not only a mental shock to the family 
but also a great loss to society and all efforts have to be taken to unearth the cause. 
While a complete post-mortem examination is the norm in these cases, post-mortem 
genetic analysis or “molecular autopsy” of SCD/SIDS victims is extremely imperative 
in unraveling the underlying disease-causing mutation.114,115 This knowledge not only 
allows for providing genetic counselling and expert care to the family of the deceased 
but also becomes useful in screening at-risk family members, paving the way for early 
and accurate diagnosis and targeted therapy of affected individuals.116,117 Family-
screening of surviving relatives of unexplained SCD victims has been shown to be a 
useful tool in unravelling the underlying genetic disorders, particularly leading to a 
high yield of 70% diagnosis for victims in the age-group 0-10 years.116-119

Summary
In this era of exponential advances in molecular cardiology, the conundrum of sudden 
unexplained death in the young and apparently healthy individuals is being solved at 
a rapid pace. Practitioners are required to be up to date with these scientific advances, 
not only to be able to diagnose and treat their patients appropriately, but also to be 
well equipped to cater to the demands and queries of the highly empowered and 
knowledgeable generation of the present day. Imparting evidence based information to 
patients/parents, thereby enabling them to make well informed choices and decisions, 
forms the cornerstone in managing these potentially lethal diseases.
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Outline of the Thesis
Inheritable arrhythmia syndromes constitute a new and exciting field of medicine, 
the understanding of which has called for the collaboration and combined efforts 
of cardiologists, molecular biologists, clinical geneticists, pediatricians, family 
practitioners, pathologists, psychologists and social workers. As detailed in Chapter 1, 
vast strides have been made in the last 2-3 decades in the quest for unraveling the causes 
of sudden unexplained death in children and young adults with structurally normal 
hearts; however, this being a group of phenotypically and genetically heterogeneous 
diseases, our diagnostic accuracy and therapeutic certainty are currently limited when 
confronted with patients with not-so-typical features. The purpose of this thesis is 
to address these challenges, both by analyzing the advantages and disadvantages of 
existing strategies, and by providing clinically relevant and efficient solutions for the 
management of these disorders, particularly congenital long QT syndrome (LQTS) 
and loss-of-function sodium channelopathies. 

Provocation testing, using either physical exercise or pharmacological agents, has 
been extensively used in diagnosing patients with channelopathies. In Chapter 2, 
the role of the epinephrine challenge test in the evaluation of children with clinical 
suspicion of LQTS has been investigated by performing a prospective single centre 
cohort study.

In the diagnosis of LQTS, the issue of incomplete disease penetrance is 
compounded by lack of uniform availability of genetic testing facilities, together posing 
a huge dilemma to physicians. In Chapter 3, we have derived a simple exercise-based 
algorithm for the prediction of mutation carriership of relatives of LQTS patients; and 
in Chapter  4 we have analyzed the role of Holter QTc in the diagnosis of LQTS in 
probands with normal range QTc. 

In Chapter 5, the hypothesis that not all β-blockers are equivalent in protecting 
LQTS patients against arrhythmias has been investigated. By studying the 
electrocardiographic and clinical characteristics of a large cohort of LQT1 and LQT2 
patients, we have made extremely significant findings regarding the dissimilar efficacies 
of the commonly used β-blockers.

Loss-of-function sodium channelopathies are increasingly being recognized 
as causes of (aborted) sudden cardiac death in infants and young children. As the 
spectrum of clinical manifestations in these disorders is very wide, cases are often 
being missed or misdiagnosed.

In Chapter 6, we describe the dramatic presentation and subsequent management 
strategies employed in an infant and her sibling detected with a loss-of-function sodium 
channel mutation. The unusual clinical course of the children described in chapter 6 
instigated us to delve into the characteristics of this so-called “disease of middle aged 
men” in the pediatric population. Chapter 7 reports the findings of a multicentre study 
on children with loss-of-function sodium channelopathies, throwing light on the 
varied presenting symptoms, the often-missed diagnostic clues, and the current best 
practices in the treatment of affected children. 
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Chapter 8 reports the unique diagnosis of idiopathic ventricular fibrillation in two 
infants, one of whom subsequently and unexpectedly developed evidence of underlying 
cardiac pathology.

Chapter 9 summarizes the most important findings of the thesis and ponders 
on the potential future developments that this exciting and rapidly evolving branch 
of medicine is likely to encounter. The summary in English is followed by a Dutch 
summary (Samenvatting) in Chapter 10. A brief note about the author and her word 
of thanks follow the summary.
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Abstract
The epinephrine test has been shown to be a powerful tool to predict the genotype of 
congenital long QT syndrome (LQTS). The aim of this study was to evaluate its role 
in the diagnosis and management of LQTS in children. The test (using the Shimizu 
protocol) was conducted in patients with some evidence of LQTS but in whom clinical 
and management decisions were challenging (n=41, 9.6±3.9 years, 19 female). LQT1, 
LQT2, and negative responses to epinephrine were obtained in 16, 5, and 20 subjects, 
respectively. LQTS gene positivity was obtained in two subjects. β-Blocker therapy 
was started in all subjects with a positive epinephrine response (n=21) and in some 
negative responders because of their strong LQTS phenotype (n=10). No therapy was 
given to the subset with less convincing features of LQTS who had also responded 
negatively to epinephrine (n=10). Follow-up for 3±2 years was uneventful in both 
management groups. Due to the discordance with genotyping, the epinephrine test 
cannot be used to diagnose genotype-positive LQTS in children but when used in 
combination with phenotype assessment and genetic screening, it could enable better 
management decisions. 
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Introduction
Congenital long QT syndrome (LQTS) is a primary inherited cardiac arrhythmia 
syndrome with an estimated prevalence of 1:20001 and an annual mortality of 1%.2 
Various types of LQTS are associated with mutations in genes encoding distinct cardiac 
ion channels or membrane adaptors. The most common types LQT1, LQT2 and LQT3 
account for 85% of genotyped cases.3 LQTS may be dormant lifelong or present with 
syncope, seizures, or sudden death from polymorphic ventricular tachycardia or 
torsades de pointes (TdP) and is one of the leading causes of sudden cardiac death 
(SCD) in children.4 The diagnosis of LQTS has traditionally relied on the demonstration 
of a prolonged heart rate corrected QT interval (QTc) and a clinical scoring system 
(Schwartz score, Keating criteria), incorporating surface electrocardiographic (ECG) 
findings as well as clinical and family histories.5-7 However, the sensitivity of the 
Schwartz and Keating criteria in identifying disease carriers has been shown to be low.3 
Although the typical cases present no diagnostic difficulty, it is the borderline cases 
that are more complex and require the evaluation of multiple variables besides clinical 
history and surface ECG.8 The fact that cardiac events are more often associated with 
sympathetic stimulation (physical or emotional stress) in LQT1 than in either LQT2 or 
LQT3 forms the basis of the epinephrine test. Studies by Shimizu et al9 and Vyas et al4,10 
have shown it to be a powerful tool to predict the genotype of LQT1, LQT2 and LQT3 
syndromes. The present study was aimed at evaluating the role of the epinephrine test 
in an unbiased pediatric population with clinical suspicion of LQTS. 

Methods
Study Cohort
The epinephrine test was conducted prospectively in 41 consecutive patients with clinical 
suspicion of LQTS between January 2003 and May 2008. The unifying factor in all of the 
subjects was a combination of clinical signs and symptoms that made both diagnosing as 
well as ruling out LQTS difficult. Hence, the epinephrine test was performed in addition 
to the routinely used tools to aid in the diagnostic process of LQTS. The male-to-female 
ratio was 22:19, and age ranged from 1 to 15 years at presentation. 

Study Design
The assessment of subjects for LQTS involved a historical review including family 
history, physical examination, resting ECG, 24-hour ECG, exercise test, epinephrine 
test and LQTS genetic screening.

Emphasis was placed on the association of presenting symptoms with physical 
or psychological stress, on a family history suggestive of LQTS such as syncope, 
arrhythmia and sudden unexplained death, and the association of symptoms to the 
previously mentioned triggers. 

Standard 12-lead ECG recorded with the subject at rest in the supine position was 
used to obtain the baseline heart rate (HR) and the QTc. The QT was manually measured 
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by averaging three consecutive QRS complexes in precordial lead V5 (according to 
Shimizu et al).9 The Bazett's formula (QT/√RR) was used to calculate the QTc. Resting 
QTc was considered prolonged if ≥460 ms ( ≥450 ms in males).7 

The Schwartz score, which is derived in part from the QTc, symptoms, and 
family history, was ascertained in all subjects. Definite LQTS is defined by an LQTS 
score  4  (1  point, low probability of LQTS; 2–3 points, intermediate probability of 
LQTS; 4 points, high probability of LQTS).7 

Criteria proposed by Keating were also used to assess the possibility of LQTS 
in the study cohort. According to these criteria, individuals are affected if they are 
asymptomatic with QTc >470 ms, or if they have typical symptoms with QTc >450 ms.6 

The QTc from exercise ECG and/or 24-hour ECG was used to gain additional 
diagnostic clues in some cases. Any prolongation in QTc above baseline value in 
the 24-hour ECG was noted along with any rhythm disturbances.11 Exercise test was 
performed using the Bruce protocol and a QTc >450 ms at maximal exercise or at 1 
minute into recovery was taken as positive result.12 

After the clinical assessment and the epinephrine challenge test, genetic screening 
for LQTS was performed in our laboratory as outlined previously.3

Epinephrine Test
The epinephrine test was performed using the protocol described by Shimizu et al.9 A bolus 
intravenous injection of epinephrine (0.1 ug/kg) was given under monitoring. This was 
immediately followed by a continuous infusion of epinephrine (0.1 ug/kg/min) for 5 min. 
A 12-lead ECG was recorded prior to the bolus, immediately after the bolus administration 
and at 30-second intervals during the continuous infusion. Monitor surveillance was present 
throughout the test and for at least 15 min after stopping the infusion in order not to miss 
the possible occurrence of TdP. Blood pressure was also monitored at 2-min intervals. The 
effect of epinephrine on the RR and QT intervals reaches steady-state at approximately 2-3 
minutes after the start of the epinephrine infusion. Therefore, data representative of the peak 
epinephrine effect were obtained 1-2 min after the start of the infusion at peak HR, and 
data representative of the steady-state effect were collected at 3-5 min after the start of the 
infusion. According to Shimizu et al9, a subject was considered to have LQT1 response if the 
QTc increase in the peak phase was ≥35 ms and was maintained throughout the steady-state 
phase. LQT2 response was present if the peak QTc increase ≥80 ms was not maintained in 
the steady-state phase. Both of these responses were considered positive. A lack of increase 
of QTc peak ≥35 ms was taken as a negative response. Subjects already taking β-blockers at 
the time of the epinephrine test were instructed to stop the medication for at least 5 half-lives 
before the test to avoid confounding effects of the drug. 

Statistical Analysis
Continuous variables are presented as mean ± standard deviation (SD) and categorical 
variables as number of patients (n) and percentage (%). Student’s t test was used to 
compare continuous data and the χ² test for categorical data; p ≤ 0.05 was considered 
statistically significant.

CHAPTER 232



Results
Study Population
The study group consisted of 22 male and 19 female subjects of mean age 9.6±3.9 years 
(range 1-15). The baseline HR was 80±15 bpm and the baseline QTc was 441±28 ms. 
Table 1 lists the phenotypic characteristics of the male and female subjects. None of the 
variables were statistically different between sexes.

Historical Review
The majority of subjects (n=30, 73%) were symptomatic at presentation. Syncope 
(including near-drowning) and presyncope together formed the most common group, 
with 27 subjects (66%) initially seeking medical attention for this reason. The other 
less commonly reported symptoms were palpitations (n=1, 2%), “absence” seizure-like 
episodes (n=1, 2%) and out-of-hospital cardiac arrest due to ventricular fibrillation 
(VF) (n=1, 2%). Of the 11 (27%) asymptomatic subjects, an incidental observation of 
prolonged QTc was made in 7 (17%), whereas 4 (10%) subjects were thought to have 
LQTS based on a suspicious family history. Figure 1 shows the frequency of the presenting 
symptoms in the study cohort. Family history was positive for SCD, arrhythmia (VF and/
or documented TdP), and unexplained syncope, in 2 (5%) families each.

QTc and Clinical Scoring
The baseline QTc ranged from 380 to 502 ms (441±28 ms). Thirteen (32%) subjects, 
8 (61%) of whom were symptomatic, had a significant QTc prolongation at baseline. 
Of the 26 subjects who had a 24-hour ECG recording, 23 (88%) had a documented 

Table 1. Phenotypic characteristics of the study population

Phenotypic Characteristics
Male

(n=22)
Female
(n=19)

Age at presentation, years 8.8 ± 3.9 10.5 ± 3.5
Age group in years, n (%)
5 6 (27) 1 (5)
6-10 9 (41) 8 (42)
>10 7 (32) 10 (53)
Symptomatic at presentation, n (%) 15 (68) 15 (79)
Incidental finding of prolonged QTc, n (%) 4 (18) 3 (16)
Family history leading to suspicion of LQTS, n (%) 3 (14) 1 (5)
Baseline HR, bpm 77 ± 17 84 ± 13
Baseline QTc, ms 437 ± 33 447 ± 23
Schwartz score, mean (range) 1.4 (0–3) 1.9 (0–4)
Keating criteria positivity, n (%) 6 (27) 4 (21)
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QTc prolongation, especially with higher HRs. Exercise test was positive in 23 (68%) 
of the subjects (n=34) who underwent the test. No significant arrhythmias were noted 
during the 24-hour ECG monitoring and the exercise tests. In this study cohort, 
18 (44%) subjects had a Schwartz score ≤1, 22 (54%) had a score of 2-3 and 1 (2%) had 
a score of 4. The reason for suspicion of LQTS in subjects with a Schwartz score ≤1 was 
unexplained syncope in eight cases, exercise-related complaints of presyncope or 
palpitations in a setting of borderline QTc (440-460 ms) in five subjects, observation 
of borderline QTc in two subjects during follow-up for Kawasaki disease and pectus 
excavatum, respectively, and highly suspicious family history in three subjects. Keating 
criteria positivity was obtained in 10 (24%) subjects.

Response to Epinephrine 
Based on the changes in QTc with epinephrine administration, the subjects were 
divided into 3 groups. Sixteen (39%) subjects had a QTc peak increase ≥35 ms which 
was maintained at steady-state (LQT1 response, group 1); 5 (12%) subjects had a QTc 
peak increase ≥80 ms which was not maintained at steady-state (LQT2 response, 
group 2); and 20 (49%) subjects did not show a QTc peak increase ≥35ms (negative 
response, group 3). The average increase in QTc as well as in HR from baseline values 
was higher for the LQT1 and LQT2 response groups than for the negative response 
group (Table 2). Table 2 lists the clinical parameters of the LQT1 response, LQT2 
response and negative response groups.

Figure 1. Frequency of presenting symptoms in the study population
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Complications during Epinephrine Test
Two (5%) subjects belonging to group 3 with baseline QTc of 450 ms and 479 ms, 
respectively, experienced nonsustained ventricular tachycardia (NSVT) during the test. 

Genetic Screening
Based on clinical suspicion, genetic screening for LQTS was performed in 39 of the 
41 subjects. A 14-year old female subject with history of an episode of syncope (normal 
ECG, QTc 439 ms) demonstrated classical hyperventilation during the epinephrine 
test and had a negative response to the test; she was diagnosed with hyperventilation 
syndrome. A 9-year old male subject who was screened for LQTS due to the sudden 
death of his father was not found to have any clinical indicators of LQTS (asymptomatic, 
normal ECG, QTc 428 ms and a negative epinephrine response). Hence, the previously 
mentioned two subjects did not undergo genetic analysis for LQTS.

The LQTS genes tested were KCNQ1 (LQT1, n=39), KCNH2 (LQT2, n=39), SCN5A 
(LQT3, n=25), KCNE1 (LQT5, n=20), KCNE2 (LQT6, n=19), and KCNJ2 (LQT7, n=1) 
(Figure 2). Only when appropriate (based on the clinical history), subjects underwent 
screening for RYR2 and CASQ2 (genes associated with catecholaminergic polymorphic 
ventricular tachycardia [CPVT]). Pathogenic KCNQ1 mutations were found in two 
subjects. A KCNQ1 gene mutation (p.Phe193Leu) was detected in a 15-year old 
female subject with recurrent syncope, baseline QTc 440 ms, Schwartz score 1, and 
LQT1 response to epinephrine. A 9-year old female subject with syncope, baseline 
QTc 470 ms, Schwartz score 3, a negative epinephrine response and initially negative 
genetic screening, underwent further extensive DNA analysis using multiplex 

Table 2. Comparison of clinical parameters of the three subject groups based on response to the 
epinephrine challenge test

Parameters

LQT1
response
(n=16)

LQT2
response

(n=5)

Negative 
response
(n=20)

Baseline HR, bpm 74 ± 10 78 ± 11 87 ± 18
Baseline QTc, ms 442 ± 25 435 ± 40 443 ± 30
Increase in HR with epinephrine, bpm 29 ± 9 32 ± 9 20 ± 10
Increase in QTc with epinephrine, ms 105 ± 37 100 ± 11 34 ± 19
Schwartz score >3, n (%) 0 1 (20) 0
Schwartz score 2-3, n (%) 9 (56) 2 (40) 11 (55)
Schwartz score 1, n (%) 7 (44) 2 (40) 9 (45)
Keating criteria positivity, n (%) 2 (13) 1 (20) 7 (35)
24-h ECG positivity, n (%) 9 (60) 3 (60) 11 (55)
Exercise test positivity, n (%) 13 (81) 3 (60) 7 (35)
Genetic test positivity, n (%) 1(6) 0 1 (5)
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ligation-dependent probe amplification (MLPA), which detected a large KCNQ1 
deletion mutation of exons 2-10.

Furthermore, two mutations of questionable pathogenicity were found in a 3-year 
old male subject with syncope, baseline QTc 427 ms, Schwartz score 1, and a negative 
epinephrine response. The first is a variant c.3331-9-8 delGT in intron 14 of the KCNH2 
gene, and the other is mutation c.895T>A in SCN5A gene.

A 10-year old female subject with a near-drowning episode and a previous history 
of Wilms’ tumour was noted to have a slightly abnormal methylation of the L1T1 
gene, a gene associated with Beckwith-Wiedemann Syndrome. She had LQT1-type 
epinephrine response and her LQTS screening (LQT1, 2, 3, 5 and 6) was negative.

An 8-year old female subject with Turner Syndrome, prolonged QTc on routine 
cardiac evaluation, and LQT1-type epinephrine response was also negative for LQTS 
screening (LQT1, 2, 3, 5, and 6). 

Management and Follow-Up
β-Blocker therapy was instituted in all subjects with a positive epinephrine response 
(group 1 + group 2, n=21), and in 50% of the negative responders (n=10) based on a 
persisting suspicion of LQTS (gene positivity in a symptomatic subject, two mutations 
of unknown pathogenicity in a symptomatic subject, significantly abnormal ECG with 
prolonged QTc in five subjects, and ventricular ectopic activity and/or NSVT in three 
subjects). The rationale for nontherapy in 50% of the negative responders (n=10) was 
the “virtual” ruling out of LQTS by a negative epinephrine response, particularly in 
combination with a less convincing phenotype. β-Blockers were either withdrawn after 
the epinephrine test response (four subjects), or the initial decision for no therapy was 
maintained after the test (n=6, including the subject with VF who was implanted with 

Figure 2. Number of subjects screened for the different LQTS and CPVT Genes. KCNQ1-LQT1 
gene, KCNH2-LQT2 gene, SCN5A-LQT3 gene, KCNE1-LQT5 gene, KCNE2-LQT6 gene, KCNJ2-
LQT7 gene, RYR2 and CASQ2-CPVT genes.

CHAPTER 236



an implantable cardioverter defibrillator [ICD], whose genetic screening for LQTS and 
CPVT was negative). 

Mean baseline QTc and Schwartz scores of the therapy group (446±29, 1.7±1.1, 
respectively) were higher than the nontherapy group (426±28, 1.4±1.0, respectively). 
All of the patients undergo regular pediatric cardiology clinic follow-up (maximum 
8 years; mean 3.0±2 years; age 12.8±3.7 years) with periodic 24-hour ECG monitoring 
and exercise tests. The subjects in the therapy group were compliant and responded 
well to treatment. They had no problems related to β-blocker side effects. The subjects 
in the nontherapy group were free of LQTS-related cardiac events.

Discussion
The LQTS phenotype is highly variable, ranging from asymptomatic ECG repolarization 
abnormalities to sudden death. Male gender, a history of syncope at any time during 
childhood and a QTc duration >500 ms have been shown to be the three main risk 
factors for life-threatening cardiac events in children with LQTS who are <12 years of 
age.13 Early identification of patients at risk and a reliable diagnosis of LQTS become 
extremely important for effective management of these children. While diagnostic tools 
like clinical scoring, provocation tests and molecular screening, have all contributed to 
identifying LQTS in patients, a “gold-standard” diagnostic tool is still lacking for this 
challenging group of disorders. Although molecular diagnosis of LQTS, which is not 
always similar to confirmation, has now become commercially available, only about 
70% of families with a suspected channelopathy are detected while the remaining 
families with a strong clinical probability of LQTS will have a negative genetic test 
result.14-16 Furthermore, it has been shown that a negative genetic test in a subject with 
clinical LQTS (i.e., genotype-negative/phenotype-positive LQTS) does not provide a 
basis to discard the diagnosis.17 

In asymptomatic LQTS patients with normal repolarization values (silent mutation 
carriers), the clinical scoring loses efficacy. Provocation tests such as the epinephrine 
test are proposed to have added value as an additional diagnostic and predictive tool in 
this setting. Landmark studies on the value of epinephrine testing in the diagnosis of 
LQTS have been published by Shimizu et al9 and Vyas et al.4,10 During the epinephrine 
test, QTc prolongation at the peak of epinephrine, which is maintained at steady-state 
conditions of epinephrine, has been described in patients with LQT1. Epinephrine 
prolongs the QTc more dramatically at the peak of epinephrine infusion in LQT2 
patients, but the QTc returns to baseline levels at steady-state conditions. A much milder 
prolongation of QTc at peak of epinephrine has been described in LQT3 patients and 
controls, and it returns to the baseline levels at steady-state conditions. Based on the 
pathophysiology of these genotypes, this response is reasonably well understood.9 Thus 
the epinephrine test in patients suspected with LQTS was proposed to assist in the 
identification of affected patients, to allow for the prediction of the genetic type, and to 
guide the order of molecular DNA analysis. Hence, we used the test as a tool to guide 
clinical decision making in a pediatric cohort with a suspicious LQTS phenotype.
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Recently, Magnano et al have shown that catecholamines, such as epinephrine 
and isoproterenol, are associated with significant QTc prolongation also in healthy 
subjects,18 which in turn questions the diagnostic efficacy of the epinephrine test. The 
results of the present study show epinephrine test sensitivity and specificity of 50% 
and 61%, respectively, for the LQT1 response subset. The positive predictive value for 
subsequent identification of a positive genotype in the major potassium channel genes 
(in particular LQT1) is 6% and the negative predictive value for (virtually) ruling it out 
is 96%. The lower test values, compared with the study by Vyas et al,10 may be explained 
by the difference in the referral pattern between the two institutions as well as in the 
age group of the subjects. 

Based on recent advances in LQTS genotyping, it was hypothesized that approximately 
70% of subjects with a positive epinephrine response would show LQTS gene positivity. 
Contrary to expectations, only 5% (1 of 21) of positive responders did have an underlying 
LQTS mutation. The paradox between the epinephrine test and the genotyping could 
possibly be attributed to the following factors: The present study included all children 
with a suspicious LQTS phenotype and did not have specific inclusion criteria based on 
QTc and clinical scoring compared with the more rigid inclusion criteria adopted by 
Shimizu et al9 (LQTS-affected individuals were noted on the basis of electrocardiographic 
diagnostic criteria by Keating et al including a QTc ≥470 ms in asymptomatic individuals 
and a QTc >440 ms for men and >460 ms for women associated with one or more of 
the following: stress-related syncope, documented TdP, or family history of early SCD). 
This paradox may also reflect differences in our population or minor differences in the 
infusion protocols. Moreover, on pursuing genetic testing with MLPA technique, we 
identified a deletion mutation in an LQT1 patient with an impressive LQTS phenotype. 
There could be other such cases eluding genotyping at the present time, thus accounting 
for the lower-than-expected positive yield.

However, the response to epinephrine has enabled the management of this 
challenging group of patients. It should once again be highlighted here that the 
study cohort consisting of young patients with a constellation of signs and symptoms 
suggestive but not conclusive of LQTS, made diagnostic and management decisions 
difficult. The subjects who responded positively to epinephrine were considered likely 
to benefit from β-blockers and hence were started on therapy. A diagnosis of LQTS 
was “virtually” ruled-out in 50% of negative responders based on their response to 
epinephrine combined with their less convincing clinical phenotype; hence, they were 
not commenced on β-blockers.

The therapy and nontherapy groups were both followed-up at regular intervals. 
Although the subjects using β-blockers responded well to treatment, the subjects in the 
nontherapy group did not show any LQTS-related cardiac events warranting inclusion 
of therapy. Being able to rule out LQTS with confidence is very important as a positive 
diagnosis brings with it enormous emotional, social and economic consequences. 
Uncertainty of the diagnosis leads to anxiety for both families and caregivers.19 This 
study shows that the epinephrine test together with clinical scoring and genetic 
screening helps in making a more confident management decision.
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An abnormal exercise test has been shown to have a high correlation with LQT1 
subtype.12 In the current study, LQT1 responders had a high concordance of 81% with 
exercise test positivity, LQT2 responders had a 60% concordance, and the negative 
responders had a low concordance of 35% (Table 2). Although it could be argued that 
both the exercise and epinephrine tests appear to produce similar results and could 
be performed mutually exclusively, it is also evident that both tests have some value 
in this difficult situation of positively diagnosing suspicious LQTS. The exercise test is 
noninvasive, relatively easier to perform, and may be useful to expose a prolonged QTc 
in borderline cases, whereas the epinephrine test might prove a better tool to rule out 
LQTS in suspicious cases.

The numerous mutations in the LQTS-associated genes reported to date are point 
mutations or small insertions and deletions in coding regions or at splice junctions. 
It has recently been shown that large, multiple exon deletions and duplications in 
cardiac ion channel genes account for a noteworthy proportion of LQTS cases.20,21 In 
the present study, MLPA DNA analysis eventually identified a large pathogenic KCNQ1 
gene deletion in an 8-year old female patient.

The therapeutic options of this genetically and phenotypically heterogeneous 
disease include β-blockade, mexiletine, pacemakers, ablation of the left stellate ganglion 
and ICD implantation, in addition to sports restrictions and avoidance of medications 
that lengthen repolarization.22 ICD therapy is reserved for high-risk patients who 
are unlikely to respond to or have failed β-blocker therapy. All of the subjects in this 
study who were in the therapy group responded adequately to β-blockers. Device 
implantation was not warranted in any of the subjects except in the infant diagnosed 
with idiopathic ventricular fibrillation. 

The epinephrine test is generally a safe test with a low rate of complications. 
Ventricular extrasystoles, ventricular bigeminy, NSVT, and spontaneously terminating 
TdP have been reported. The present study shows the test to be safe in children with 
NSVT noted in only 2 (5%) of the subjects.

Study Limitations
The study is limited by the lack of a control group. It would be ideal to compare the 
responses to epinephrine in (more definite) pediatric LQTS patients with those in 
healthy children, but the ethical issues involved in such a study are paramount.

Conclusions
LQTS in children is a potentially life-threatening disease. Although effective 
therapeutic strategies for LQTS have evolved, it is still challenging at times to make the 
appropriate diagnostic and management decisions in suspected cases. It is clear that 
the epinephrine test cannot be used to diagnose genotype-positive LQTS but when 
used in combination with phenotype assessment and genetic screening, it could enable 
better management decisions. 

2
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Abstract
Introduction: Genetic testing can diagnose Long QT Syndrome (LQTS) in 
asymptomatic relatives of patients with an identified mutation. However, it is costly and 
subject to availability. The accuracy of a simple algorithm that incorporates resting and 
exercise ECG parameters for screening LQTS in asymptomatic relatives was evaluated, 
with genetic testing as the gold standard.

Methods: Asymptomatic first-degree relatives of genetically characterized probands 
were recruited from 5 centers. QT intervals were measured at rest, during exercise 
and recovery. Receiver operating characteristics were used to establish optimal cutoffs. 
An algorithm for identifying LQTS carriers was developed in a derivation cohort and 
validated in an independent cohort. 

Results: The derivation cohort consisted of 69 relatives (28 LQT1, 20 LQT2, 21 genotype-
negative patients). Mean age was 35±18 years and resting QTc was 466±39 ms. Abnormal 
resting QTc (females ≥480 ms; males ≥470 ms) was 100% specific for gene carrier 
status, but was observed in only 48% of patients. However, mutations were observed in 
68% and 42% of patients with a borderline or normal resting QTc, respectively. Among 
these patients, 4-minute recovery QTc ≥445 ms correctly re-stratified 22 of 25 patients 
as having LQTS and 19 of 21 patients as being genotype-negative. Combining resting 
and 4-minute recovery QTc in a screening algorithm yielded a sensitivity of 0.94 and 
specificity of 0.90 for detecting LQTS carriers. When applied to the validation cohort 
(n=152, 58 LQT1, 61 LQT2, 33 genotype-negative patients, QTc 443±47ms), sensitivity 
was 0.92 and specificity was 0.82.

Conclusions: A simple algorithm that incorporates resting and exercise-recovery QTc 
is useful in identifying LQTS in asymptomatic relatives.
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Introduction
Congenital Long QT Syndrome (LQTS) is an inherited cardiac channelopathy 
characterized by abnormal ventricular repolarization manifested as QT prolongation 
on the surface electrocardiogram (ECG) and a predisposition to ventricular 
arrhythmia and sudden death.1-3 Subtypes are classified according to the gene affected, 
with LQTS type 1 (LQT1; KCNQ1 mutation), LQTS type 2 (LQT2; KCNH2 mutation) 
and LQTS type 3 (LQT3; SCN5A mutation) accounting for ~90% of patients with 
identified mutations.4 Diagnosis is relatively straightforward in patients with overt 
QT prolongation or symptoms based on the Schwartz criteria;5,6 however, there is 
significant overlap in the QT range between LQTS carriers and genotype-negative 
patients, and 25% to 50% of LQTS carriers have a corrected QT interval (QTc) in the 
normal or borderline range due to a combination of variable penetrance, the effect 
of modifying genes, and individual variability in QT duration.7-13 The diagnosis is 
particularly challenging in asymptomatic relatives of patients with established LQTS, 
because the Schwartz criteria rely on the presence of symptoms and QT prolongation.5 
Accurate identification of LQTS carriers in this subgroup is important because 
they remain at significant risk of life-threatening cardiac events, and β-blockade is 
effective for prevention.14

Genetic testing of relatives is advocated in some centers as the gold standard 
for diagnosis, but it is restricted by cost and availability.6,15,16 Postural and exercise 
provocation have been explored as a means of amplifying phenotypic characteristics, 
especially in so-called silent mutation carriers with a normal or borderline resting QT 
interval.12,17-26 Numerous exercise parameters have been proposed, but these are limited 
by the lack of external validation.

The aims of the present multicenter study were to systematically explore the 
predictive utility of postural and exercise ECG parameters, and to derive and validate 
a simple exercise-based algorithm for identifying LQTS and predicting genotype in 
first-degree relatives of probands with established disease. 

Methods
Study Population
Study participants were asymptomatic first-degree relatives of consecutive LQTS 
probands referred to five university teaching hospitals in Canada, The Netherlands and 
Israel. All probands fulfilled the clinical criteria for LQTS (diagnostic score ≥4)5 and 
were confirmed to have disease-causing mutations in the coding exons of either KCNQ1 
(LQT1) or KCNH2 (LQT2) genes according to conventional methods. We were unable 
to identify a sufficient number of families with LQT3 or other genotypes for meaningful 
inclusion in the present study. First-degree relatives underwent comprehensive clinical 
screening as well as family-specific genetic screening, and were assigned an LQTS 
diagnostic score on the basis of previously published criteria.5 Patients from a single 
center (London, ON, Canada) formed the derivation cohort and patients from the 
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other four centers formed the validation cohort. The study was approved by the ethics 
review committee of the University of Western Ontario.

ECG Analysis
Twelve-lead ECGs were digitally acquired during exercise testing, using the modified 
or standard Bruce protocol treadmill test or bicycle ergometry. To ensure uniformity 
across centers, QT measurements were determined at specific time points of interest 
selected on the basis of the previous exercise literature: (1) supine resting; (2) 
immediately on standing; (3) at peak exercise; (4) at 1-minute recovery; and (5) at 
4-minute recovery.17,19,23,24,27 QT hysteresis was also calculated as the difference in 
QT interval between exercise and recovery at a heart rate of 100 bpm, as previously 
described (QTexercise – QTrecovery).27,28 ECG analysis was performed by experienced 
physicians blinded to the results of genetic screening. The QT interval was measured 
manually from the beginning of the QRS complex to the end of the T wave. The end of 
the T wave was determined as the intersection point between the isoelectric baseline 
and the tangent line representing the maximal downward slope of the positive T wave 
or maximal upward slope of the negative T wave.28,29 The QT interval was considered 
the longest interval of all 12 leads, generally occurring in lead II and V5. The mean 
of three consecutive QT intervals was used. Blinded assessment of interobserver 
variability revealed no significant differences (r2=0.98, p<0.001).

QTc was calculated with the Bazett’s formula.30 The resting QTc was considered 
normal if it was <450 ms in males, <460 ms in females, abnormal if ≥470 ms in males, 
≥480 ms in females and borderline if 450 to 469 ms in males and 460 to 479 ms in 
females.6,11 ECG readers also evaluated resting T wave morphology and determined 
the presence of abnormalities based on specific patterns as previously described.31,32 
Quantification of T waves in terms of duration and amplitude was not performed in 
the current analyses.

Statistical Analysis
Comparisons between groups were performed using individual-samples t-test, χ² test, 
and mixed-model analysis, as appropriate. Data from the derivation cohort were used 
to assess the utility of various ECG parameters for predicting LQTS carrier status and 
LQTS subtype (LQT1 versus LQT2), with genetic testing results serving as the “gold 
standard”. Optimal cutoffs for continuous variables were selected to achieve a sensitivity 
of 90% for LQTS carrier status and >80% for LQTS subtype based on receiver operating 
characteristics (ROC). Generalized estimating equations were used to adjust for 
potential correlation between relatives within a family. A multistep screening algorithm 
was derived, with baseline QTc as an initial criterion because it has been previously 
reported to be highly specific for LQTS.11 Selection of parameters for subsequent steps 
of the algorithm was based on those parameters with maximal area under the ROC 
curve (confidence intervals derived by the nonparametric distribution-free method). 
The performance of the overall algorithm was evaluated using contingency tables and 
then tested externally in an independent validation cohort. An a priori decision was 
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made to evaluate performance of the algorithm in the following subgroups: β-blocker 
naïve, male and female patients. The algorithm was also tested in a third independent 
cohort of probands confirmed to have disease-causing mutations in the KCNQ1 or 
KCNH2 genes. All analyses were performed using SPSS 16.0 for Mac (SPSS Inc., 
Chicago, IL) and SAS 9.2 (SAS Institute Inc., Cary, NC).

Results
Baseline Characteristics and ECG Parameters
Sixty-nine first-degree relatives were recruited from 26 families. The mean age of the 
derivation cohort was 35±18 years, 62% of patients were female, and the mean QTc was 
466±39 ms (Table 1). On the basis of the Schwartz criteria,5 46% of patients had a low 
probability (LQTS score ≤1), 22% had an intermediate probability (LQTS score 2-3) 

Table 1. Patient characteristics

Characteristic
Derivation cohort

(n=69)
Validation cohort

(n=152)

Age, y, mean ± SD 35 ± 18 28 ± 17
Female sex, n (%) 43 (62) 77 (51)
Resting QTc, ms, mean ± SD 466 ± 39 443 ± 47
LQTS score, n (%)*
   ≤1 32 (46) 98 (65)
   2-3 15 (22) 23 (15)
   ≥4 22 (32) 31 (20)
Genotype, n (%)
   LQT1 28 (41) 58 (38)
      N-terminus 3 1
      Transmembrane 20 38
      Pore 2 9
      C-terminus 3 10
   LQT2 20 (29) 61 (40)
      N-terminus 13 23
      Transmembrane 1 11
      Pore 4 6
      C-terminus 2 21
   Genotype-negative patients 21 (30) 33 (22)
β-blocker use, n (%) 23 (33) 45 (30)

QTc indicates corrected QT interval; LQTS, long QT syndrome; LQT1, LQTS type 1; and LQT2, LQTS type 2
*Based on Schwartz criteria5
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and 32% had a high probability of LQTS (LQTS score ≥4).5 Based on genetic testing, 
41% were LQT1, 29% were LQT2 and 30% were genotype-negative patients. 

Heart rates were significantly lower in LQTS carriers than genotype-negative patients 
when resting supine, standing, and 1- and 4-minute recovery heart rates were compared 
(Figure 1A; p<0.05; independent of β-blocker status). QTc was consistently higher in LQTS 
carriers than genotype-negative patients at rest and during various phases of treadmill 
exercise testing (Figure 1B; p<0.01 at all time-points; independent of β-blocker status). 

Development of the Algorithm
Patients were initially stratified as having an abnormal, borderline or normal resting 
supine QTc using previously published cutoffs (Figure 2A).11,13 LQTS carriers accounted 
for 100% of patients with an overtly abnormal resting QTc, 68% of patients with borderline 
QTc prolongation and 42% of those with QTc in the normal range, respectively. Notably, 
52% of LQTS carriers had a resting QTc in the normal or borderline range. Qualitative T 
wave abnormalities were present in 36% of patients (Figure 2B). The presence of T wave 
abnormalities was highly suggestive of LQTS (positive predictive value=0.92) but only 
48% of LQTS carriers had T wave abnormalities detected on their baseline ECG. The 
utility of baseline ECG parameters in predicting LQTS is summarized in Table 2. An 
abnormal supine QTc was selected as the initial criterion in the screening algorithm for 
LQTS because of its excellent specificity.

Among patients in the derivation cohort with borderline or normal resting 
supine QTc (n=46), the predictive value of various exercise ECG parameters was then 
analyzed using ROC analysis (Figure 3). Of these parameters, the 4-minute recovery 
QTc had the highest area under the curve (AUC), and on the basis of the ROC, a cutoff 
of 445 ms was selected, with a sensitivity of 0.90 and a specificity of 0.90 (Table 3). A 
cutoff of 445 ms appeared to be optimal for detecting LQTS carriers in both male and 

Figure 1. Comparison of heart rates (mean ± SD; A) and QTc (mean ± SD; B) in LQTS carriers 
and genotype-negative patients at various stages of treadmill exercise testing. Probability values 
for comparisons by mixed-model analysis.
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Figure 2. Frequency of baseline 
ECG abnormalities among 
LQTS carriers and genotype-
negative patients (supine 
corrected QT, A; T wave 
abnormalities, B). * Cutoffs 
for supine QTc; Normal, 
<440 ms in males, <450 ms in 
females. Borderline, 440-470 
ms in males; 450-480 ms in 
females. Abnormal, ≥470 ms 
in males; ≥480 ms in females 
† T wave abnormality defined 
as broad-based T waves or 
low-amplitude T waves with 
notching in ≥3 leads32

Table 2. Predictive utility of baseline ECG parameters

AUC Cutoff, ms* Sensitivity Specificity

Supine QTc 0.79† Males ≥470
Females ≥480 0.48 1.00

T wave abnormality ‡ - - 0.48 0.90

AUC indicates area under the curve; QTc, corrected QT interval
*Cutoffs for supine QTc were based on previous literature11

†p<0.01; generalized estimating equations were used to adjust for potential familial correlation
‡Broad-based T waves or low-amplitude T waves with notching in ≥3 leads32

Table 3. Predictive utility of exercise ECG parameters 

AUC p*

90% Sensitivity

Cutoff, ms Specificity

Standing QTc 0.77 0.02 445 ms 0.43
Peak exercise QTc 0.85 0.01 441 ms 0.45
1-min recovery QTc 0.90 0.02 426 ms 0.76
4-min recovery QTc 0.93 0.01 445 ms 0.90

AUC indicates area under the curve; QTc, corrected QT interval
*Generalized estimating equations were used to adjust for potential familial correlation
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female patients, with a sensitivity of 0.86 and specificity of 0.93 in female patients, and 
a sensitivity of 0.91 and specificity of 0.86 in male patients. When we combined the 
resting supine QTc as the first step and the 4-minute recovery QTc as the second step 
of a screening algorithm (Figure 4), the overall accuracy for predicting LQTS in the 
derivation cohort was 0.93, with a sensitivity of 0.94 and specificity of 0.90. 

Prediction of Subtype (LQT1 versus LQT2)
The ability of ECG parameters to predict LQTS genetic subtype was then evaluated 
among patients that were assigned a probable diagnosis of LQTS on the basis of 
the screening algorithm (n=47). Differential QT adaptation during exercise was 
observed between LQT1 and LQT2 patients, being most pronounced at peak exercise 
and 1-minute recovery (Figure 5). The performance characteristics of various ECG 
parameters for differentiating LQTS genotype are summarized in Table 4. Peak exercise 
QTc and 1-minute recovery QTc had similar AUC values for prediction of LQT1. Peak 
exercise QTc ≥486 ms had a sensitivity of 0.81 and specificity of 0.90, whereas 1-minute 
recovery QTc ≥460 ms had a sensitivity of 0.81 and specificity of 0.76. QT hysteresis ≥10 
ms had a sensitivity of 0.82 and specificity of 0.55 for prediction of LQT2. Qualitative T 

Figure 3. Receiver operating characteristics curves for detecting LQTS with standing QTc (A), 
peak exercise QTc (B), 1-minute recovery QTc (C), and 4-minute recovery QTc (D). Area under 
the curve (AUC) is presented for each parameter. 95% CI indicates 95% confidence interval.
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Figure 4. Screening algorithm for detecting LQTS and predicting genotype. LQTS indicates long 
QT syndrome; QTc, corrected QT interval; LQT1, LQTS type 1; LQT2, LQTS type 2; and n, 
number of patients with algorithm applied to derivation cohort.

Table 4. Prediction of LQTS subtype

AUC p* Cutoff, ms† Sensitivity Specificity

Predictive of LQT1
   Broad-based T waves - - - 0.27 0.71
   Peak exercise QTc 0.88 <0.01 486 0.81 0.90
   1-minute recovery QTc 0.89 <0.01 460 0.81 0.76
   4-minute recovery QTc 0.72 0.02 458 0.81 0.38
Predictive of LQT2
   Low-amplitude notched T waves - - - 0.37 0.93
   Standing QTc 0.58 0.54 474 0.83 0.39
   QT Hysteresis‡ 0.82 <0.01 10 0.82 0.55

LQTS indicates long QT syndrome; AUC, are under the curve; LQT1, LQTS type 1; QTc, corrected QT 
interval; and LQT2, LQTS type 2
*Generalized estimating equations were used to adjust for potential familial correlation
†Selected to achieve sensitivity >80% based on receiver operating characteristics curves
‡QT Hysteresis=QT HR 100 bpm during exercise – QT HR 100 bpm during recovery 

27, 28
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wave abnormalities were present in 22 (47%) of 47 LQTS patients (47%). Specifically, 
only 27% of LQT1 carriers had broad T waves, and 37% of LQT2 carriers had low-
amplitude notched T waves. Nevertheless, low-amplitude notched T waves were a 
relatively specific marker of LQT2 (specificity=0.93). 

External Validation of Algorithm
The mean age of the independent validation cohort was 28±17 years and 51% of patients 
were female (Table 1). On the basis of genetic testing, 38% had LQT1, 40% had LQT2 
and 22% were genotype-negative patients. The screening algorithm was applied to the 
validation cohort (Figure 6; Table 5). The algorithm correctly predicted LQTS carrier 
status in 136 of 152 patients (overall accuracy=0.89). The sensitivity was 0.92, specificity 
was 0.82, positive predictive value was 0.95, and negative predictive value was 0.73. 
The performance of the screening algorithm was similar when applied to a subset of 
the validation cohort that was β-blocker naïve. Test performance was slightly inferior 
in male patients compared to female patients. In terms of predicting genetic subtype, 
abnormal prolongation of 1-minute recovery QTc ≥460 ms correctly differentiated 
LQT1 subtype in 86 of 115 patients (overall accuracy=0.75), with sensitivity of 0.73 
and specificity of 0.76. Peak-exercise QTc ≥486 ms had an inferior performance in the 
validation cohort with an accuracy of 0.63, sensitivity of 0.48, and specificity of 0.76.

Application of Algorithm in Probands
The algorithm was also evaluated in an independent cohort of probands assessed for 
possible LQTS that were subsequently confirmed to have disease-causing mutations in 
the KCNQ1 or KCNH2 genes (n=45). The mean age was 34±15 years; 64% were female; 
and 23 had LQT1, whereas 22 had LQT2. The mean resting supine QTc was 470±37 ms 
and mean 4-minute recovery QTc was 509±52 ms. An abnormally prolonged resting 
QTc (females ≥480 ms; males ≥ 470 ms) was observed in only 38% of patients. Among 
patients with normal or borderline resting QTc, 4-minute recovery QTc ≥445  ms 

Figure 5. Comparison of corrected QT 
interval (QTc; mean±SD) in patients with 
LQTS type 1 (LQT1) and type 2 (LQT2) 
at various stages of treadmill exercise 
testing. Probability values for paired 
comparisons by mixed-model analysis.
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Figure 6. Application of screening algorithm to validation cohort. LQTS indicates long QT 
syndrome; QTc, corrected QT interval; LQT1, LQTS type 1; and LQT2, LQTS type 2. 

correctly identified 25 of 28 patients as having LQTS. The combined diagnostic 
algorithm had an overall sensitivity of 0.93 for identifying mutation-positive probands.

Discussion
In the present study, differential QT response during exercise was exploited to predict 
LQTS carriers among first-degree relatives of probands with an established diagnosis 
of LQTS. A simple 3-step screening algorithm was derived based on resting QTc, 

Table 5. Validation of algorithm 

Accuracy Sensitivity Specificity PPV NPV

All patients (n=152) 0.89 0.92 0.82 0.95 0.73
β-blocker naïve (n=107) 0.87 0.89 0.82 0.92 0.77
Female patients (n=77) 0.92 0.94 0.87 0.97 0.76
Male patients (n=75) 0.87 0.89 0.78 0.94 0.70

PPV indicates positive predictive value; NPV, negative predictive value
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4-minute recovery QTc and 1-minute recovery QTc. Subsequent external validation in 
an independent cohort demonstrated a high degree of accuracy for predicting LQTS 
carriers, and a moderate degree of accuracy for predicting LQTS subtype.

The diagnosis of LQTS is straightforward in patients with overt QT prolongation. 
Vincent et al found that a QTc of ≥480 ms in women and ≥470 ms in men was 100% 
specific for the diagnosis of LQTS.11 In our study, using the same criteria, abnormal 
resting QTc prolongation was 100% specific for LQTS carriers in both cohorts, 
justifying its selection as the initial step in identifying LQTS carriers in our algorithm. 
Similar to Vincent et al, we also found that its sensitivity was approximately 50%. 
Other studies have also shown that up to 25% of patients with genetically-proven 
LQTS have a normal resting QTc because of low penetrance and the dynamic nature 
of QT prolongation.2,8,9,11,14 Clearly, there is a need for additional criteria in patients 
with normal or borderline QTc prolongation. The Schwartz criteria combines ECG 
and clinical parameters and remains a useful tool for diagnosing LQTS;5 however, the 
score relies heavily on resting QTc prolongation and the presence of symptoms which 
may limit its application in asymptomatic carriers. It has been demonstrated that up to 
40% of relatives with LQTS may be missed by clinical assessment.15 Indeed, based on 
the existing guidelines, 73% of patients in our cohort with an intermediate probability 
of LQTS, and 50% of those with a low probability of LQTS were in fact LQTS carriers. 
Moreover, such “silent mutation carriers” may not have a benign prognosis as previously 
thought. A recent study has shown that they are exposed to a 4% risk of aborted cardiac 
arrest or sudden cardiac death by 40 years of age, which represents a 10-fold increase in 
risk compared to unaffected family members.14

Although genetic testing for first-degree relatives of patients with LQTS is the gold 
standard for diagnosis and as such has been advocated in some centers,6,15 it remains 
unavailable to many. Even when available, there is often a significant time delay before 
results are available. Alternative and more readily available clinical parameters have 
been explored for detecting LQTS in patients with a nondiagnostic resting QTc. T wave 
abnormalities are frequently observed in patients with LQTS and specific patterns may 
be predictive of genotype;31,32 however, these remain observer dependent and significant 
overlap exists between LQTS subtypes and between LQTS carriers and genotype-
negative patients. For example, Zhang et al31 reported that 67% of LQT1 patients had 
normal-appearing T waves and Takenaka et al18 reported the same in 23% of LQT1 
patients. The present data support the relatively modest sensitivity but high specificity 
of T wave abnormalities in detecting LQTS carriers, particularly LQT2. Improvements 
in sensitivity may be achieved by the use of quantitative T wave parameters, epinephrine 
infusion, Holter monitoring and more complex mathematical computations.33-37 

The differential QT response of LQTS carriers and genotype-negative patients to 
adrenergic stimulation has also been extensively explored. Genotype prediction may 
be possible based on differential effects of adrenergic stimulation in LQT1, LQT2 
and LQT3 models of congenital LQTS.38,39 Prolongation of the QT interval during 
epinephrine infusion has been shown to be suggestive of LQTS, especially LQT1.40-43 
QTc prolongation during brief sinus tachycardia induced by standing has also been 
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proposed as a useful test for identifying LQTS.17,26,27 Exaggerated QTc prolongation 
during exercise and recovery is characteristic of LQTS and may also be useful for 
differentiating genotype.18-23,25,27,44 In summary, QTc prolongation is seen in both LQT1 
and LQT2 in early exercise but at peak exercise, QTc prolongation is persistent in LQT1 
whereas it normalizes in LQT2.22 In addition, T wave abnormalities may be induced at 
peak exercise.18 QTc prolongation during recovery has also been reported as a sensitive 
and specific marker of LQTS and may be superior to resting and stress QTc.12,19,24 In 
particular, QTc prolongation during late recovery may be a specific marker for LQT1 
and LQT2 whereas QTc prolongation during early recovery is specific to LQT1.23 In 
LQT2 patients, QT adaptation is disparate during exercise and recovery with QTc 
prolongation being greater during early exercise compared to early recovery.19 Hence, 
QT hysteresis is abnormally prolonged in LQT2 patients.27 However, a major challenge 
in the application of exercise parameters in diagnosing LQTS has been the fact that 
most were derived in single-centre studies and have not been subjected to the rigors of 
external validation in an independent cohort. 

The main emphasis of the present study was to systematically explore the utility 
of previously reported exercise parameters in detecting LQTS among relatives with 
a normal or borderline resting QTc interval. In these patients, we found that QTc 
prolongation during late recovery (4 minutes after exercise) was the best predictor of 
LQTS. It also has the advantage of being a relatively easy parameter to record and 
measure since patient movement is minimized and heart rate is usually stable. That 
late-recovery QTc prolongation is a more sensitive marker of LQTS than resting QTc 
prolongation has also been observed by other investigators.12,19 This may reflect the 
persisting effect of adrenergic hormones released during exercise in exaggerating 
the underlying repolarization abnormality in LQTS carriers compared to genotype-
negative patients, given that the half-life of the hormones is approximately 3 to 
4  minutes, in addition to rate of normal reuptake. The combination of resting and 
late-recovery QTc had a sensitivity of 0.92 and specificity of 0.82 for detecting LQTS 
when applied to an independent validation cohort. As a single parameter for predicting 
genotype, QTc prolongation during early recovery (1 minute after exercise) was the best 
predictor of LQT1 with a sensitivity of 0.73 and specificity of 0.76. While augmentation 
of parasympathetic effects occurs rapidly, sympathetic withdrawal is not significant 
within the first minute of recovery.45 Hence, it is not surprising that the differential 
QTc response typically observed at peak exercise between LQT1 and LQT2 patients 
is maintained at 1-minute recovery. Interestingly, although QTc prolongation at peak 
exercise was a robust predictor of LQT1 in the derivation cohort, its utility was only 
modest in the validation cohort, perhaps reflecting the difficulty of measuring QT 
accurately at peak exercise. 

The generalizability of the screening algorithm in other LQTS populations warrants 
further exploration. Although we have demonstrated that the algorithm was also 
sensitive in KCNQ1 and KCNH2 mutation-positive probands, further characterization 
of the repolarization response to exercise in LQT3 and genotype-negative patients 
is required. For example, LQT3 patients are understood to have supranormal QT 
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adaptation to exercise.44 Mutation-specific responses were also not considered. In 
addition, it would be interesting to evaluate whether the repolarization response to 
exercise is a useful metric when interpreting genetic testing involving variants of 
unknown significance. It must also be stressed that the performance of the algorithm 
may to some degree reflect the enriched sample of the present study. 

The study had several limitations, including the use of the Bazett’s formula that 
overcorrects the QT interval at heart rates >100 bpm, although this should be less of a 
concern at the time points that were selected in the final algorithm. Treadmill testing 
was used predominantly for validation. However, data from the single derivation centre 
suggests that the same cutoffs can be used with upright burst and gradual bicycle exercise 
protocols.23 Patients taking β-blockers at the time of exercise testing were not excluded 
from the study, but a subgroup analysis demonstrated that the algorithm performed 
satisfactorily in patients who were β-blocker naïve. The proportion of genotype-
negative patients in both cohorts was surprisingly low, suggesting a degree of referral 
bias in exercise testing. The judgment of a normal versus abnormal result on the basis 
of a dichotomous measure may produce difficulties when the measurement is within a 
few milliseconds of the proposed cutoff. Quantification of T wave abnormalities32,34,36,37 
or alternate methods for measuring parameters such as the standing QT17 may have 
improved the performance of individual parameters. Finally, serial exercise testing was 
not performed to assess the reproducibility of results within individual patients. 

The proposed algorithm is readily applied to clinical practice. In principle, the 
cutoffs may be adjusted to achieve higher specificity (eg, 4-minute recovery ≥480 ms 
had a 100% specificity) to identify those patients who almost certainly have LQTS 
and reserve genetic testing for those patients with a residual normal or borderline 
result. Finally, we would caution against the use of the algorithm in isolation since 
other clinical findings should always be taken into account including the presence of 
specific T wave abnormalities or symptoms such as syncope. 

Conclusions
In LQTS, asymptomatic mutation carriers often lack the characteristic resting QTc 
prolongation, which leads to a diagnostic dilemma. The screening algorithm to identify 
and predict genotype in relatives of LQTS probands presented in the present study is 
a simple, readily accessible and accurate tool. It may be useful as an interim test while 
one awaits formal genetic results or as a diagnostic test in centers where genetic testing 
is unavailable. 
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Abstract
Introduction: Diagnosis of congenital long QT syndrome (LQTS) involves clinical, 
electrocardiographic (ECG) and genetic evaluation. Genetic testing however has the 
disadvantages of not being uniformly available and being costly and time-consuming. We 
aimed to investigate if all patients clinically suspected with LQTS warrant genetic testing.

Methods: Unrelated probands referred for genetic counselling and predictive testing 
for LQTS (KCNQ1/KCNH2/SCN5A/KCNE1/KCNE2/KCNJ2) were included. Schwartz 
score (SS) was derived for all patients. Maximum QTc on the earliest available Holter 
recording (QTcH) was obtained for patients with SS ≤3. QTc/QTcH >450 ms was 
considered prolonged.

Results: Study cohort (n=214, 68% females, 78% symptomatic, age 31±21 years, heart 
rate 73±19 bpm, QTc 478±64 ms) consisted of 93 mutation carriers (35% LQT1, 47% 
LQT2, 16% LQT3 and 2% LQT7). Of patients with SS >3 (n=103), 77 (75%) were 
mutation carriers. Among patients with SS ≤3 and prolonged QTc (n=32), 9 (28%) 
were mutation carriers. Among patients with SS ≤3 and normal QTc (n=79), QTcH 
was normal in 16, all of whom did not carry a putative pathogenic mutation; QTcH was 
prolonged in 63 patients, 7 (11%) of whom were mutation carriers. Among patients 
with SS ≤3 and resting QTc ≤450 ms, QTcH cut-off of 450 ms was 100% sensitive in 
predicting genotype-positivity, although the specificity was low.

Conclusions: In patients presenting with a questionable LQTS phenotype and a 
nondiagnostic resting QTc, normal Holter QTc is highly effective in ruling-out LQTS, 
especially when genetic testing is not readily available or feasible.
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Introduction
Congenital long QT syndrome (LQTS) encompasses a group of hereditary cardiac 
channelopathies associated with syncope, sudden cardiac death (SCD) and abnormal 
cardiac repolarization manifesting as prolonged QT interval on the electrocardiogram 
(ECG).1 Clinical diagnostic criteria are often used to assess the likelihood of LQTS in 
a patient.2 While the typical LQTS patients provide no diagnostic difficulty, it is the 
borderline cases that are more complex and require the evaluation of multiple variables 
besides clinical presentation and ECG.3 Although genetic testing has become available 
as a diagnostic tool in the last decade, the costs involved and the lack of uniform 
availability continue to be the drawbacks of the test.4 The purpose of this study was to 
investigate if all clinically suspected LQTS patients warrant genetic testing.

Methods
Study population
The study population included 214 unrelated probands referred for genetic counselling 
and predictive testing for LQTS genes (KCNQ1/KCNH2/SCN5A/KCNE1/KCNE2/
KCNJ2). Family members of probands were not included in the study.

Data collection
Demographic and clinical characteristics including age, gender, pertinent cardiac 
symptoms and relevant family history were recorded. From the earliest available 
standard 12-lead ECG prior to initiation of therapy, the heart rate (HR) was recorded. 
The QT interval was measured manually from the beginning of the QRS complex to 
the end of the T wave in lead II or V5. The end of the T wave was determined as the 
intersection point between the isoelectric baseline and the tangent representing the 
maximal downward slope of the positive T wave or maximal upward slope of the 
negative T wave. The mean of three consecutive QT intervals was used. Corrected QT 
interval (QTc) was obtained using the Bazett’s formula. Subjects were grouped based 
on the revised Schwartz score5 (SS) as high SS (3.5 points, high probability of LQTS), 
intermediate SS (1.5–3 points, intermediate probability of LQTS) and low SS (1 point, 
low probability of LQTS). Since patients with High SS had a robust phenotype and a 
high probability of LQTS, their Holter analysis was not expected to add significant 
information; we proceeded with Holter analysis of the remaining patients. From the 
earliest available Holter recording, the longest QTc in the 24-hour period (QTcH) 
was recorded. QTc and QTcH >450 ms were considered prolonged. As this study was 
intended to focus only on the QTc in the ECG and the QTcH in the Holter recording, 
analyses of other variables such as T wave morphology and subclinical rhythm 
abnormalities were beyond the scope of the study and were not performed. Genetic 
screening had been performed in our laboratory as outlined previously.6 The results 
of genetic testing were documented, considering only those patients with known 
pathogenic mutations as mutation carriers; patients with mutations of unknown 
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pathogenicity and those with negative genotyping results were grouped as genotype-
negative patients. 

Statistical Analysis
Continuous variables are presented as mean ± standard deviation (SD) and categorical 
variables as number of patients (n) and percentage (%). Student’s t test was used to 
compare continuous data and the χ² test for categorical data. Comparison of more than 2 
groups of subjects was performed using ANOVA. All statistical analyses were performed 
using SPSS 18.0 (SPSS Inc., Chicago, IL); p ≤0.05 was considered statistically significant.

Results
The age of the study cohort (n=214) at the time of genetic testing was 31±21 years 
(range 0-85 years) and 146 (68%) were female. The reasons for referral were LQTS-
related symptoms in 167 (78%) patients, family history of SCD in 35 (16%) patients 
and incidental observation of prolonged QTc in 12 (6%) patients (Figure 1). The HR 
of the cohort was 73±19 bpm and the QTc 478±64 ms. Table 1 gives a comparison of 
the 3 groups of subjects based on SS. Genetic testing revealed 93 (43%) patients to be 
mutation carriers of whom 35% had LQT1, 47% had LQT2, 16% had LQT3 and 2% had 
LQT7. The sensitivity and specificity of High SS in identifying mutation carriers in the 
total cohort was 83% and 79% respectively. 

Patients with SS ≤3 (n=111) were grouped based on their QTc as prolonged 
QTc (n=32, 29%) and normal QTc (n=79, 71%). SS, HR, QTc and QTcH differed 
significantly between the two groups (Table 2). Genetic testing revealed 9 (28%) 
patients with a prolonged QTc and 7 (9%) patients with a normal QTc to be mutation 
carriers (p=0.009). SS (2.2±0.99 vs. 1.4±0.97, p=0.005), QTc (455±29 vs. 431±33, 
p=0.006) and QTcH (533±57 vs. 490±49, p=0.002) differed significantly between the 
mutation carriers (n=16) and the genotype-negative patients (n=95). The sensitivity 
and specificity of prolonged QTc in identifying mutation carriers was 56% and 76% 
respectively in this group of patients with SS ≤3. 

Figure 1. Reasons for referral for genetic testing
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Among patients with SS ≤3 and normal QTc (n=79), there was a trend for lower 
heart rate (59±11 vs. 71±16), longer QTc (428±17 vs. 416±19) and longer QTcH 
(518±48 vs. 482±45) among the mutation carriers (n=7) compared to the genotype-
negative patients (n=72). Of the patients in this group with a normal QTcH (n=17, 
QTcH 424±14 ms), none carried a putative pathogenic mutation; of those with a 
prolonged QTcH (n=62, QTcH 502±37 ms), 7 (11%) were mutation carriers (presented 
with: VF in 1, TdP in 1, palpitations in 1, syncope in 2, and family history of SCD in 2). 
QTcH cut-off 450 ms had a sensitivity of 100% and a specificity of 22% in identifying 
mutation carriers in this group of patients with normal QTc (Table 3). 

Table 1. Clinical characteristics of the study cohort 

 
High SS
n=103

Intermediate SS
n=57

Low SS
n=54 p

Females, n (%) 72 (70) 43 (75) 31 (57) ns
Age at genetic testing, years 36 ± 22 27 ± 21 27 ± 17 0.008
Syncope, n (%) 36 (35) 23 (40) 18 (33) ns
VT/VF/ACA, n (%) 33 (32) 10 (18) 1 (2) <0.001
Family history SCD, n (%) 20 (19) 14 (25) 16 (30) ns
Heart rate, bpm 70 ± 20 78 ± 20 71 ± 17 ns
QTc, ms 525 ± 55 448 ± 36 420 ± 22 <0.001
Mutation carriers, n (%) 77 (75) 12 (21) 4 (7) <0.001

ACA, aborted cardiac arrest; ns, not significant; SCD, sudden cardiac death; SS, Schwartz score; VF, 
ventricular fibrillation; VT, ventricular tachycardia

Table 2. Clinical characteristics of patients with Schwartz score ≤3 

SS ≤3

 
QTc>450 ms

n=32
QTc≤450 ms

n=79 p

Females, % 23 (72) 51 (65) ns
Syncope, n (%) 9 (28) 33 (42) ns
VT/VF/ACA, n (%) 2 (6) 8 (10) ns
Schwartz score 2.55 ± 0.74 1.09 ± 0.77 < 0.001
Heart rate, bpm 85 ± 21 70 ± 16 < 0.001
QTc, ms 477 ± 20 417 ± 19 < 0.001
QTcH, ms 523 ± 57 485 ± 47 < 0.001
Mutation carriers, n (%) 9 (28) 7 (9) 0.009

ACA, aborted cardiac arrest; ns, not significant; QTcH, maximum QTc on Holter;
SS, Schwartz score; VF, ventricular fibrillation; VT, ventricular tachycardia
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The distribution of QTcH based on mutation carriership in patients with QTc ≤450 
ms is shown in Figure 2. Of note, all patients incidentally detected with prolonged resting 
QTc (n=12, SS 1.4±1.1, HR 85±26 bpm, QTc 453±29 ms) had Holter examinations 
(QTcH 488±44 ms), and only one (8%) of the patients was genotype-positive. 

Discussion
Due to its profound phenotypic heterogeneity, the precise diagnosis of LQTS has remained 
a challenge, particularly in patients who do not exhibit the characteristic clinical and 
electrocardiographic features.3 Understandably, the diagnostic dilemma is many fold 
in probands than in family members of genotyped patients. Even with the usefulness 
and clinical applicability of genetic testing rapidly increasing, it is still restricted by its 
cost, availability and complexity involved in the interpretation of the results.7,8 Our study 
specifically addresses the issue of whether all suspected LQTS probands, especially the 
cases with incomplete QTc penetrance, should be subjected to genetic testing. 

Given the poor sensitivity of the clinical scoring system in patients with normal 
QTc,6 we went about analyzing if the maximum QTc on Holter added diagnostic value 
in this target population of probands with suspected LQTS. In the entire cohort of 214 
patients in this study, high SS had a sensitivity of 83% and specificity of 79% in identifying 
mutation carriers; in the group of patients with low/intermediate SS, prolonged resting 
QTc had a sensitivity of 56% and specificity of 76% in detecting mutation carriers; 
and in the most challenging group of patients with low/intermediate SS and normal 
resting QTc, prolonged QTc on Holter was 100% sensitive and 22% specific in detecting 
genotype-positivity. The value of the Holter QTc therefore potentially lies in ruling-out 
LQTS in probands with low to intermediate SS and normal range resting QTc; however, 
due to a high number of false positives, prolonged QTc on Holter by itself does not 
seem to be effective in predicting genotype-positivity. Not unexpectedly, incidental 
observation of prolonged resting QTc in asymptomatic individuals yielded only 8% 
positivity on genetic testing, in this cohort.

This study is limited by its retrospective nature and also by the relatively small 
number of subjects in the low/intermediate SS group. However, the study findings are 
clinically relevant and have practical implications in situations where genetic testing 

Table 3. Diagnostic efficacies of Schwartz score, resting QTc and maximum Holter QTc (QTcH)

  Sensitivity (95% CI) Specificity (95% CI)

Schwartz score 3.5 (n=214) 83 (74-90) 79 (70-85)
QTc >450 ms when 
SS ≤3 (n=111) 56 (31-79) 76 (66-84)

QTcH >450 ms when SS ≤3  
and QTc ≤450 ms (n=79) 100 (56-100) 22 (14-34)
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is not readily available. Though analysis of exercise tests was not part of this study, it 
is tempting to believe that a combination of the previously proposed exercise-based 
algorithm9 and maximum QTc on Holter would help demarcate accurately the mutation 
carriers from the genotype-negative patients. In very young children who are typically 
not suitable for exercise testing, the chance of genotype-positivity may be assessed 
using resting QTc and Holter QTc. As our study focussed only on the maximum Holter 
QTc, we are unable to comment on the diagnostic utility of abnormal rhythm detected 
in the Holter test.10 

Conclusions
Genetic testing is clearly the cornerstone in diagnosing LQTS but it is still not 
uniformly available to all patients and also calls for prudent usage due to the associated 
high costs and often inconclusive results. In patients with a questionable phenotype 
and a nondiagnostic resting QTc, Holter QTc cut-off of 450 ms is highly effective in 
ruling-out LQTS. 

Figure 2. Correlation of maximum Holter QTc (QTcH, mean ± SD) with mutation carriership in 
patients with Schwartz score ≤3 and normal resting QTc.
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Abstract
Objectives: To compare the efficacy of β-blockers (BB) in congenital long QT syndrome 
(LQTS).

Background: BB are the mainstay in managing LQTS. Studies comparing the efficacy 
of commonly-used BB are lacking and clinicians generally assume they are equally 
effective. 

Methods: ECG and clinical parameters of 382 LQT1/LQT2 patients initiated on therapy 
with propranolol (n=134), metoprolol (n=147), and nadolol (n=101) were analyzed, 
excluding patients <1 year of age at BB initiation. Symptoms prior to therapy and the 
first breakthrough cardiac events (BCEs) were documented.

Results: BB-initiation age was 20±15 years, 56% females, 27% symptomatic prior to 
treatment, HR 76±16 bpm, QTc 472±46 ms. QTc-shortening with propranolol was 
significantly greater than with other BB in the total cohort and in the subset with 
QTc  >480 ms. None of the asymptomatic patients had BCEs. Among symptomatic 
patients (n=101), 15 had BCEs (all syncopes). QTc-shortening was significantly less 
among patients with BCEs. There was a greater risk of BCEs for symptomatic patients 
initiated on metoprolol compared to users of the other two BB combined, after 
adjustment for genotype (OR 3.95, 95% CI 1.2-13.1, p=0.025). Kaplan-Meier analysis 
showed significantly less event-free survival for symptomatic patients on metoprolol 
compared to propranolol/nadolol. 

Conclusions: Propranolol has a significantly better QTc-shortening effect compared 
to metoprolol and nadolol, especially in patients with prolonged QTc. Propranolol and 
nadolol are equally effective whereas symptomatic patients started on metoprolol are 
at a significantly higher risk for BCEs. Metoprolol should not be used in symptomatic 
LQT1 and LQT2 patients.
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Introduction
Congenital long QT syndrome (LQTS) is a primary inherited arrhythmia syndrome 
associated with an increased propensity to arrhythmogenic syncope and sudden 
death. Abnormal cardiac repolarization evident as prolonged QT interval on the 
electrocardiogram (ECG) is the signature feature of LQTS. Since the 70’s β-blockers 
have been the mainstay in managing this disorder primarily because the trigger for most 
life-threatening arrhythmias is a sudden increase in sympathetic activity, especially in 
LQT1 and LQT2 patients.1,2

The efficacy of β-blockers in reducing LQTS-associated cardiac events is 
established.3,4 Propranolol, the prototypic β-blocking agent, has been studied most 
extensively and was shown to either decrease or prevent an increase in transmural 
dispersion of repolarization in response to strong sympathetic stimulation, a 
mechanism contributing to its antiarrhythmic effect.5 While several studies have 
clearly demonstrated a very favorable response to β-blockers in symptomatic LQTS 
patients, it is also evident that 20%-30% of previously symptomatic patients experience 
a breakthrough cardiac event (BCE) while receiving β-blocker therapy.6-8 Concern 
that not all β-blockers provide equivalent protection in LQTS and that this could 
contribute to treatment failure has been expressed in the past.9,10 However, actual 
comparisons between different β-blockers are lacking. Recent findings concerning 
the differential mechanism of action of propranolol and metoprolol on the cardiac 
sodium (Na+) channel have thrown light on the probable physiology underlying this 
significant therapeutic aspect.11 The purpose of this study was to compare the efficacy of 
commonly used β-blockers in LQTS by comparing the baseline and on-therapy clinical 
and electrocardiographic characteristics of patients treated with different β-blockers 
and by correlating this with the occurrence of BCEs on follow-up.

Methods
Study Population
LQTS patients, index patients and family members, managed at the participating 
university hospitals were included if they had a genetically confirmed LQT1 or LQT2 
mutation, were initiated on therapy with β-blockers and had at least one pre-therapy 
(baseline) and one on-therapy ECG for review. Patients diagnosed with LQTS and 
initiated on β-blocker therapy in their first year of life were not included in the study. 
Patients with LQT3-13 or multiple mutations were not included. Patients lost to follow-
up after initial evaluation (n=9) and those with history of QTc-prolonging drug intake 
at the time of baseline evaluation (n=3) were excluded from the study. A total of 382 
patients started on therapy with propranolol (n=134), metoprolol (n=147), and nadolol 
(n=101) were included. We did not include patients treated with other β-blockers 
because of small patient numbers which might have led to incorrect inferences.
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Data Collection and Management
Demographic data and details of personal and family history were obtained for all 
patients. Syncope (defined as transient loss of consciousness that was abrupt in onset 
and offset), near drowning, seizure episodes with associated loss of consciousness and 
aborted cardiac arrest (ACA, requiring external defibrillation as part of resuscitation) 
were considered pertinent LQTS-related symptoms. The last ECG prior to initiation of 
β-blockers (baseline) and the first available ECG after initiation of therapy (on-therapy) 
were retrieved for analysis and the time interval between the two was documented. 

ECG analyses were performed by experienced physicians blinded to therapy details. The 
QT interval was measured manually from the beginning of the QRS complex to the end of 
the T wave in lead II or V5. The end of the T wave was determined as the intersection point 
between the isoelectric baseline and the tangent representing the maximal downward slope 
of the positive T wave or maximal upward slope of the negative T wave. The mean of three 
consecutive QT intervals was used. Corrected QT interval (QTc) was obtained using Bazett’s 
formula. For purposes of this study, QTc was considered normal if ≤450 milliseconds (ms), 
borderline if 451-480 ms and prolonged if >480 ms.

Follow-up data on β-blockers included the initiation date, date of switch to another 
β-blocker (considering first switch if switched more than once), date of β-blocker 
discontinuation (if applicable) and details of BCEs if any. BCE was defined as syncope, 
ACA, appropriate implantable cardioverter defibrillator (ICD) shock or sudden 
death occurring while receiving β-blockers, taking into account the first BCE for 
subjects with multiple BCEs. β-Blocker compliance and the non-usage of other QT-
prolonging drugs at the time of the BCEs had been verified by the caring physicians. 
BCEs occurring at a time of admitted non-compliance were not included. Details of 
ancillary LQTS therapy with ICD, pacemaker and/or surgical left cardiac sympathetic 
denervation (LCSD) were documented.

Statistical Analysis
Continuous variables are presented as mean ± standard deviation (SD) and analysed 
by t-test for independent or paired samples, as appropriate, and by 1-way analysis of 
variance (ANOVA), according to the number of groups compared, with Bonferroni 
correction for multiple comparison. Whenever the distribution was skewed, continuous 
variables, presented as median and interquartile range (IQR), were compared by Mann-
Whitney and Kruskal-Wallis tests. Categorical variables are presented as number 
of patients (n) and/or percentage (%) and analysed by chi-squared test. Adjusted 
odds-ratio (OR) with 95% CI was estimated from a multivariate logistic regression 
model used to determine the association between β-blockers and occurrence of BCEs 
in previously symptomatic patients, while controlling for genotype. Kaplan-Meier 
analysis, with log-rank test for comparisons, was used to estimate the cumulative event-
free survival of symptomatic patients, taking the first BCE as the endpoint. However, 
if β-blocker switch occurred prior to BCE, censoring was done at the time of switch. 
In patients without a BCE, censoring was done at the time of β-blocker switch or at 
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the time of β-blocker discontinuation or at the time of the study, whichever came first. 
All analyses were performed using SPSS 18.0 (SPSS Inc., Chicago, IL) and a 
p<0.05 was considered statistically significant.

Results
Clinical characteristics of the study subjects (n=382) started on the different β-blockers 
are provided in Table 1. Females constituted 56% of the study population. Symptoms 
prior to treatment were present in 27% of the subjects with syncope being the most 
common symptom. There were more LQT1 (54%) than LQT2 patients (46%) in the total 
cohort. The distribution of gender, genotype and symptomatic patients was different 
among the β-blocker groups. The baseline heart-rate of the study population was 76±16 
bpm and was comparable among the β-blocker groups; the baseline QTc was 472±46 
ms and was different among the β-blocker groups. Median age at beta-blocker initiation 
was 14 years (IQR 8-32 years) in the total cohort, and differed among the 3 groups. 
The on-therapy heart-rate and QTc were different compared to the baseline heart-rate 

Table 1. Clinical characteristics of patients based on initial beta-blocker

Total
n = 382

Propranolol
n = 134

Metoprolol
n = 147

Nadolol
n = 101 p 

Females, n (%) 215 (56) 65 (49) 94 (64) 56 (55) 0.03
Symptoms prior to therapy

Syncope, n (%) 90 (24) 46 (34) 30 (20) 14 (14) 0.001
ACA, n (%) 11 (3) 5 (4) 5 (3) 1 (1) 0.4
Genotype <0.001
LQT1, n (%) 207 (54) 79 (59) 59 (40) 69 (68)
LQT2, n (%) 175 (46) 55 (41) 88 (60) 32 (32)
Baseline HR, bpm 76 ± 16 78 ± 18 75 ± 15 74 ± 13 0.06

Baseline QTc, ms 472 ± 46 480 ± 47* 469 ± 49 465 ± 40 0.03

Age at start of BB, 
median (IQR), years

14
 (8-32)

10
(6-22)

21
(11-38)

14
(9-30)

<0.001

On-therapy HR, bpm 64 ± 14 67 ± 16 64 ± 12 62 ± 13 0.05
On-therapy QTc, ms 454 ± 39 453 ± 37 456 ± 44 452 ± 34 0.8

TI, median (IQR), months 8
(4-13)

8
(3-13)

6
(3-13)

12
(8-14)

<0.001

ΔHR, bpm 11 ± 12 12 ± 12 11 ± 12 11 ± 12 0.9
ΔQTc, ms 18 ± 34 27 ± 38† 14 ± 34 12 ± 28 0.001

* p<0.05 vs. nadolol; † p<0.01 vs. metoprolol and vs. nadolol; ACA, aborted cardiac arrest; BB, beta-blocker; 
HR, heart rate; IQR, interquartile range; TI, time interval between baseline and on-therapy ECG; Δ, change 
in ECG parameter with BB initiation
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and QTc within each β-blocker group respectively (p<0.001 for all paired comparisons). 
However, while the change in heart-rate with β-blocker initiation was comparable 
among the groups (p=0.9), the change in QTc with propranolol was greater than that 
with metoprolol (p=0.003) and nadolol (p=0.004). Median initial beta-blocker dosages 
documented at the time of on-therapy ECG were 1.8 mg/kg/day (IQR 1.2-2 mg/kg/
day) of propranolol, 0.9 mg/kg/day (IQR 0.7-1.6 mg/kg/day) of metoprolol and 0.9 mg/
kg/day (IQR 0.7-1.2 mg/kg/day) of nadolol. Regular propranolol was used in 99% of 
propranolol users and sustained-release metoprolol in 90% of metoprolol users.

QTc-Shortening Based on Baseline QTc
Given the longer baseline QTc in the propranolol group compared to the other groups, and 
the appearance of dependence of QTc-shortening on the baseline QTc, all subjects were 
further subdivided based on whether the baseline QTc was normal (≤450 ms), borderline 
(451-480 ms) or prolonged (>480 ms) (Figure 1). The baseline heart-rate differed among 
β-blocker groups within the normal QTc subset and the age at therapy initiation differed 
within the normal and prolonged QTc subsets. Now, the baseline QTc was expectedly 
comparable within all 3 QTc subsets. QTc-shortening with propranolol, metoprolol 
and nadolol in the normal QTc subset (0±27 ms, 1±23 ms, -2±20 ms, p=0.8) and in the 
borderline QTc subset (22±23 ms, 11±29 ms, 18±26 ms, p=0.2) were comparable but 
was significantly different in the prolonged QTc subset (49±42 ms, 30±40 ms, 27±29 ms, 
p=0.01). Bonferroni test showed the QTc-shortening with propranolol to be different 
from that with metoprolol (p=0.04) and nadolol (p=0.04) in the prolonged QTc subset.

Figure 1. Effect of baseline QTc on QTc-shortening. 
Baseline QTc was taken as normal if ≤450 ms, borderline if 451-480 ms and prolonged if >480 ms. 
Δ indicates change in ECG parameter with beta-blocker initiation.
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Progression of QTc in Subjects Switched from Propranolol to Metoprolol
A subset of patients (n=14, from two participating centres) initiated on propranolol and 
switched to metoprolol during follow-up were retrospectively analyzed to study QTc 
progression (Figure 2). In this subset, there were 11 LQT1 and 3 LQT2 patients. Median 
age at start of propranolol was 6 years (IQR 6-7 years) and age at switch to metoprolol 
was 11 years (IQR 9-13 years). On-therapy QTc (447±20 ms) with propranolol 
measured 7  months (IQR 5-10 months) after initiation differed significantly from 
the baseline QTc (465±29 ms, p=0.005). QTc (464±39 ms) on metoprolol 12 months 
(IQR 6-18 months) after the switch was significantly longer than the QTc (445±28 ms) 
on propranolol 18 months (IQR 12-18 months) prior to the switch (p=0.004). 

Comparison of LQT1 and LQT2 Subjects
A similar proportion of LQT1 and LQT2 subjects were symptomatic prior to therapy 
(Table 2). While baseline heart-rate was comparable between the genotypes, LQT2 
subjects had a longer baseline QTc (p=0.01) than LQT1 subjects. Age at β-blocker 
initiation was greater (p=0.04) in LQT2 subjects. Overall QTc-shortening and that 
due to initiation of propranolol, metoprolol and nadolol were comparable between 
the genotypes.

Figure 2. Progression of QTc (mean ± SD) with initiation of propranolol and subsequent switch 
to metoprolol in a subset of 14 patients. 
‘Baseline’ indicates QTc immediately prior to initiation of propranolol therapy; ‘Propranolol’ 
indicates first QTc measurement on propranolol; ‘Prior to switch’, QTc on propranolol (prior to 
switch; ‘At switch’, QTc on propranolol at the time the decision to switch was made; ‘Metoprolol’, 
QTc on metoprolol after switch; TI, time interval in months. 
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Analysis of Occurrence of BCEs Based on Symptoms Prior to Treatment 
Among asymptomatic subjects (n=281), 30% were initiated on propranolol, 40% on 
metoprolol and 30% on nadolol. There were no BCEs documented during the follow-
up period of 6 years (IQR 2-10 years) on propranolol, 6 years (IQR 3-9 years) on 
metoprolol and 4 years (IQR 3-6 years) on nadolol.

The clinical characteristics of previously symptomatic (n=101) subjects initiated on 
the 3 β-blockers are shown in Table 3. Gender, genotype and age at β-blocker initiation 
were comparable among the subjects in the 3 β-blocker groups in this cohort of patients 
with symptoms prior to treatment. With baseline and on-therapy ECG parameters 
being comparable, there was an overall significant difference in the occurrence of 
BCEs among the 3 Median beta-blocker dosages documented at the time of BCEs were 
2.5 mg/kg/day (IQR 1.3-3 mg/kg/day) of propranolol and 1.4 mg/kg/day (IQR 0.9-2.5 
mg/kg/day) of metoprolol. The only one patient who suffered a BCE while on nadolol 
therapy was receiving a dose of 0.8 mg/kg/day. BCEs were more frequent among 
patients using regular metoprolol at a twice-daily dosing than among patients using 
sustained-release metoprolol at once-a-day dosing (18% vs. 5%, p=0.04). There was 
only one SCD which, however, did not occur as a first BCE: a previously symptomatic 
LQT1 male patient initiated on propranolol at age 5 years was switched to metoprolol 
at the age of 8 years. He experienced a syncope (first BCE) at the age of 11 years while 
playing football and died a few months later due to an out-of-hospital cardiac arrest 
(second BCE) while swimming, still under therapy with metoprolol. 

As expected, the use of ICD (18% vs. 0.4%, p<0.001), pacemakers (3% vs. 0.7%, 
p=0.09) and LCSD (7% vs. 0, p<0.001) differed between symptomatic and asymptomatic 
individuals. 

Table 2. Clinical characteristics of patients based on genotype

LQT1
n = 207

LQT2
n = 175 p

Symptoms prior to therapy, n (%) 56 (27) 45 (26) 0.8
Baseline HR, bpm 77 ± 15 74 ± 16 0.08
Baseline QTc, ms 467 ± 42 478 ± 50 0.01

Age at start of BB, median (IQR), years 12
(7-30)

18
(10-34) 0.04

ΔHR, bpm 11 ± 12 11 ± 12 0.9
ΔQTc, ms 18 ± 32 18 ± 37 0.9
ΔQTc with propranolol, ms 25 ± 35 29 ± 43 0.6
ΔQTc with metoprolol, ms 16 ± 29 12 ± 37 0.5
ΔQTc with nadolol, ms 11 ± 30 14 ± 22 0.6

BB, beta-blocker; HR, heart rate; IQR, interquartile range; Δ, change in ECG parameter with BB initiation
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Comparison of Symptomatic Subjects with and without BCEs
Gender, baseline heart-rate, baseline QTc and age at therapy initiation were comparable 
between symptomatic patients with and without BCEs (Table 4). However, symptomatic 
LQT2 patients had more BCEs compared to symptomatic LQT1 patients (p=0.02). 
Also, patients with BCEs had lesser QTc-shortening (p=0.02) than those without BCEs. 
Median follow-up time on the initial β-blocker among symptomatic subjects was 2 
years (IQR 1-6 years) for propranolol, 4 years (IQR 2-8 years) for metoprolol and 3 
years (IQR 2-5 years) for nadolol (p=0.4). 

Figure 3 shows that the occurrence of BCEs was significantly different according to 
the initial β-blocker used. Indeed, while the proportion of BCEs was almost identical 
(p=0.9) for symptomatic patients initiated on propranolol (8%) and nadolol (7%), 
it strikingly increased to 29% for those initiated on metoprolol. This corresponded 
to a substantially greater risk of suffering a BCE for symptomatic patients initiated 
on metoprolol compared to those started on either of the other two β-blockers 
combined together (OR 3.95, 95% CI 1.2-13.1, p=0.025), after adjusting for genotype. 
Consequently, the Kaplan-Meier analysis plotting symptomatic patients initiated 
on metoprolol (n=35) against those initiated on propranolol and nadolol combined 
(n=66) showed a significant difference (p=0.02) in the cumulative event-free survival 
of the patients (Figure 4). Indeed, by 10 years on β-blocker therapy, the cumulative 
event-free survival for propranolol / nadolol users was 91% compared to 60% for 
metoprolol users. 

Table 3. Clinical characteristics of symptomatic subjects based on initial beta-blocker

Total
n = 101

Propranolol
n = 51

Metoprolol
n = 35

Nadolol
n = 15 p

Females, n (%) 73 (72) 36 (71) 26 (74) 11 (73) 0.9
LQT1, n (%) 56 (55) 32 (62) 14 (41) 10 (67) 0.07
Baseline HR, bpm 74 ± 14 74 ± 14 75 ± 14 69 ± 11 0.3
Baseline QTc, ms 499 ± 51 502 ± 52 497 ± 48 493 ± 54 0.8
Age at start of BB, 
median (IQR), years

22
(10-34)

18
(8-34)

25
(17-38)

22
(9-32) 0.2

On-therapy HR, bpm 62 ± 12 63 ± 14 61 ± 9 60 ± 13 0.7
On-therapy QTc, ms 474 ± 41 469 ± 40 478 ± 44 478 ± 35 0.5

TI, median (IQR), months 6 
(3-17)

8
(3-16)

5
(2-17)

8
(3-20) 0.7

ΔHR, bpm 12 ± 12 11 ± 12 14 ± 12 9 ± 9 0.3
ΔQTc, ms 26 ± 37 33 ± 39 19 ± 37 15 ± 28 0.1
BCEs, n (%) 15 (15) 4 (8) 10 (29) 1 (7) 0.02

TI, time interval between baseline and on-therapy ECG; BB, beta-blocker; BCEs, breakthrough cardiac 
events; HR, heart rate; IQR, interquartile range; Δ, change in ECG parameter with BB initiation
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Discussion
Contrary to the currently prevailing views, in the management of LQTS, not all 
β-blockers are equal. The main finding of the present study is that symptomatic patients 
treated with metoprolol are 4 times more likely to suffer BCEs than those treated with 
propranolol and nadolol. This finding will unavoidably impact the clinical management 
of LQTS. The other major finding of this study is the evidence for a correlation between 
the antiarrhythmic efficacy of β-blockers and their ability to shorten the QT interval.

LQTS, β-blockers, Na+ Channel Block and QTc-Shortening
LQTS is a genotypically and phenotypically heterogeneous disease. The mortality rate 
among untreated symptomatic LQTS patients was as high as 60%-65% when the first 
assessment of the beneficial effect of β-blockers in a large group of patients was made 
in 1975.1 Since then, β-blockers, the mainstay of therapy in LQTS, have been highly 
effective in reducing mortality.4,10 While propranolol and nadolol are non-selective 
β-blockers, metoprolol is relatively β-1 cardio-selective. The largest experience with 
β-blockers in LQTS has been that with propranolol. Its main advantages are the good 
tolerability and the lipophilia that allows it to cross the blood brain barrier while the 
need for multiple daily dosing due to its rapid metabolization is the prime disadvantage. 
Although long-acting, sustained-release preparations of propranolol exist, they are not 
available in a form suitable for use in children. To overcome the inconvenient dosing 
schedule with propranolol, an increasing number of patients have been treated with 
longer-acting β-blockers like nadolol and sustained-release metoprolol. Ancillary 

Table 4. Comparison of symptomatic patients based on occurrence of BCEs on initial beta-
blocker

  BCEs on initial BB  

 
Yes

n = 15
No

n = 86 p

Females, n (%) 11 (73) 62 (72) 0.9
Genotype 0.02
      LQT1, n (%)
      LQT2, n (%)

4 (27)
11 (73)

52 (60)
34 (40)

Baseline HR, bpm 72 ± 11 74 ± 14 0.6
Baseline QTc, ms 488 ± 42 501 ± 52 0.3
Age at start of BB, 
median (IQR), years

17 
(14-26)

22 
(10-34) 0.8

ΔHR, bpm 12 ± 12 12 ± 11 0.9
ΔQTc, ms 4 ± 24 30 ± 38 0.02

BB, beta-blocker; BCEs, breakthrough cardiac events; HR, heart rate; IQR, interquartile range; Δ, change in 
ECG parameter with BB initiation
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Figure 4. Kaplan-Meier estimates of event-free survival of symptomatic patients initiated on 
different beta-blockers. 

Figure 3. Occurrence of BCEs in patients with symptoms prior to therapy.
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LQTS therapy in the form of ICD, pacemaker and/or LCSD is reserved for patients 
with symptoms despite β-blockers and for high-risk patients.12 Additionally, when 
non-selective β-blockers are contraindicated such as in asthma patients, LCSD has 
been performed with excellent results (unpublished data). 

In some of the participating centres it is common practice to initiate treatment with 
propranolol or nadolol (based on availability) in young children mainly due to their 
proven safety in this age group of patients. Propranolol-users are quite often switched 
to another β-blocker during adolescence to optimize compliance. Similarly, sustained-
release metoprolol is used as the initial β-blocker in adults mainly due to its dosing 
convenience. These policies explain to some extent the lesser age at therapy-initiation 
for propranolol and nadolol compared to metoprolol. We consider the difference in 
baseline QTc to have been an effect of these age-based choices rather than being an 
underlying reason for therapeutic decision-making.

Initial concern that all β-blockers are not equally protective in LQTS and therefore 
should not be viewed as equivalent choices was raised by Chatrath et al9 but the small 
size of that study has limited its impact. The current practice is that physicians typically 
choose a β-blocker based on personal experience and then make appropriate changes 
based on side-effects and dosing preferences. 

While the Na+ channel-blocking efficacy of propranolol has been known for long, 
a recent study has demonstrated that its blocking effect is particularly more on the late 
non-inactivating Na+ current than on the peak Na+ current, an effect not seen with 
metoprolol.11,13 There were no data available on nadolol earlier but, quite recently, it has 
been found that nadolol has a ~20% non use-dependent blocking effect on peak Na+ 
current and no effect on the late current whereas metoprolol has no effect on either the 
peak or late current.14 Analysis of the biophysical properties of the channel revealed 
that both nadolol and propranolol cause hyperpolarizing shifts on voltage-dependence 
of activation and steady-state inactivation whereas metoprolol shifts only the activation 
curve. These biophysical data clearly explain the differences between propranolol 
and metoprolol, and provide a partial explanation for the difference between nadolol 
and metoprolol. Also, the mechanism of the similar clinical efficacy of nadolol and 
propranolol is not fully understood. 

It is clear that in addition to the membrane-stabilizing effect of propranolol and 
nadolol brought about by peak Na+ current blockade, propranolol has a pronounced late 
non-inactivating Na+ current blocking ability which contributes directly to shortening 
of the action potential duration and thereby the QTc. The association between QTc-
shortening and reduction in cardiac events has been shown in earlier studies4 and is 
confirmed by the present study. Though β-blockers do not seem to act on the cardiac 
potassium channels which are dysfunctional in LQT1 and LQT2, their aforementioned 
properties are likely to contribute to a major extent to the drastic reduction in cardiac 
events in LQT1 and LQT2 patients. The clinical implication of these findings is that 
prolonged cardiac repolarization in LQTS is shortened more effectively by propranolol 
than by metoprolol, as the present study confirms. Indeed, by comparing all patients 
based on their initial β-blocker, we observed that propranolol had a significantly better 
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QTc-shortening effect compared to metoprolol and nadolol. Furthermore, by grouping 
subjects based on baseline QTc, the differences in baseline parameters were reduced 
and we were able to make comparisons in more homogenous patient subgroups. The 
pronounced QTc-shortening effect of propranolol in comparison to that of metoprolol 
and nadolol in subjects with QTc >480 ms can be explained by the fact that the net late 
Na+ inward current is largest when the action potential duration is longer. 

LQTS and Efficacy of β-Blockers
Gender, QTc and the locus of causative mutation have all been identified as factors 
influencing the clinical course of LQTS patients.2, 15 In the present study, the type of 
LQTS (LQT1 or LQT2) did not influence the occurrence of symptoms prior to treatment 
nor did it affect the QTc-shortening with β-blocker initiation. The occurrence of BCEs 
was significantly influenced by the occurrence of cardiac symptoms prior to therapy, 
confirming previous observations.16 While there were no BCEs among asymptomatic 
patients, 15% of symptomatic patients had BCEs while still on the initial β-blocker. LQT2 
genotype and modest QTc-shortening with β-blockers were risk factors for BCEs in this 
group of patients. Goldenberg et al17 have shown that male patients with LQT1 in the <14 
years age-group and female patients with LQT2 in the 15-40 years age-group are at a high 
risk for cardiac events and that the risk-reduction with β-blockers is significantly high in 
both groups of patients. The present study, performed with this cross-over phenomenon 
in mind, has analyzed the occurrence of BCEs only in the previously symptomatic 
patients with comparable baseline characteristics. The clinically important finding of our 
study is that the incidence of first BCEs was rather low, did not include lethal events, 
and was almost identical among patients receiving propranolol (8%) and nadolol (7%) 
whereas it was unacceptably high (29%) among those treated with metoprolol. Given the 
evidence that patients with syncope during β-blocker therapy are those at a truly high 
risk of life-threatening events,18 this finding carries significant clinical implications in the 
management of young symptomatic LQTS patients. 

Study Limitations
Although this is to the best of our knowledge the largest multicentre study to date 
comparing the efficacy of commonly used β-blockers in LQTS, it has the inherent 
limitation of a retrospective study namely lack of homogeneity among patients 
treated with different β-blockers. However, grouping patients based on their baseline 
QTc enabled comparison of the QTc-shortening produced by β-blockers in more 
homogeneous subgroups of patients. Further, among previously symptomatic patients, 
where baseline parameters such as gender, genotype, heart-rate, QTc and age at therapy 
initiation were all comparable, we were able to compare the incidence of BCEs which 
was found to be significantly more in patients initiated on one of the β-blockers. The 
multivariate logistic regression analysis allowed confirmation of the higher risk of BCEs 
among metoprolol-users even after adjusting for genotype. However, the relatively 
small number of patients with BCEs and the possibility of residual confounding are 
recognized as limitations of this study.

5

DISSIMILAR EFFICACY OF BETA-BLOCKERS IN LQTS 83



Conclusions
This multicenter study on LQTS patients receiving β-blocker therapy has shown for the 
first time that propranolol and nadolol are significantly more effective than metoprolol 
in preventing BCEs in symptomatic patients. Also, propranolol was superior to 
both nadolol and metoprolol in terms of shortening the cardiac repolarization time, 
particularly in high-risk patients with markedly prolonged QTc. Symptomatic patients 
with BCEs had significantly less QTc-shortening than the event-free patients. As we 
have documented an increased risk for symptomatic patients to suffer BCEs with 
metoprolol, we recommend treatment of symptomatic LQT1 and LQT2 patients 
with either propranolol or nadolol, as clearly not all β-blockers are equal in their 
antiarrhythmic efficacy in LQTS.
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Abstract
Cardiac channelopathies due to SCN5A mutations are well tolerated by most patients. 
However, the dramatic presentation of a previously healthy 4-month old female with 
life-threatening arrhythmias and the subsequent findings in the child and her family 
provide evidence that loss-of-function sodium channel mutations can present very 
early in life. An SCN5A mutation was detected in the infant, her brother and their 
father. Both the siblings manifested with recurrent serious arrhythmias during febrile 
episodes that followed vaccinations as well as with fever of nonspecific origin. The 
management consisted of prompt antipyretic measures, hospitalization and vigorous 
monitoring during vaccination and febrile episodes, and prevention of tachycardia-
induced conduction disturbance with β-blockers. 
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Introduction
The cardiac sodium channel encoded by the SCN5A gene is responsible for action 
potential initiation and propagation in excitable cells. Mutations of this gene can 
lead to either a loss-of-function or a gain-of-function of the sodium channel.1,2 The 
spectrum of phenotypes produced by loss-of-function sodium channelopathies ranges 
from lethal ventricular arrhythmias to asymptomatic carriers and includes Brugada 
Syndrome (BrS) and cardiac conduction defects. BrS, the most reported in this group of 
disorders, has been described typically in the adult population and occasionally also in 
children, fever being a well-appreciated arrhythmogenic trigger in affected patients.3,4 

Recent evidence suggests that identifiable and potentially treatable cardiac 
channelopathies underlie approximately one third of autopsy-negative sudden 
unexplained deaths (SUD) in the young.5 Moreover, 70%-80% of SUD in infancy has 
no identifiable cause and is labelled as sudden infant death syndrome (SIDS). Fever, 
following vaccination or as a response to infection, is extremely common in infants and 
children and can lead to life-threatening arrhythmias in the setting of a cardiac sodium 
channel disorder, as reported here.

Patient Presentation
A previously healthy four-month old female suddenly became limp and cyanotic 
while being held by her grandmother at home. She was noted to have a wide-complex 
tachycardia with hemodynamic instability (Figure 1A) requiring defibrillation by the 
ambulance team. In the emergency room, she had a gasping respiration, bradycardia 
of 80 bpm and low blood pressure. She was intubated and given cardiopulmonary 
resuscitation. An electrocardiogram (ECG) showed a heart rate of 130 bpm, PR 
interval 112 ms, QRS duration 144 ms and QTc 400 ms. She was observed to be febrile 
(39.4°C). She apparently had flu-like symptoms since the day prior to the event. She 
had unremarkable prenatal and neonatal histories and had received her second dose 
of standard childhood immunization two weeks earlier. The two weeks following the 
vaccination had been uneventful.

In the following hours in intensive care, her course was complicated by frequent episodes 
of wide-complex tachycardia (Figure 1B), some necessitating external defibrillation. She was 
initiated on amiodarone in view of the recurrent arrhythmias. Subsequently, even during 
periods of sinus rhythm, short runs of polymorphic ventricular tachycardia (VT) persisted. 
Echocardiogram showed a structurally normal heart and coronary artery anatomy. Her 
oxygenation status failed to improve despite maximum ventilatory support combined 
with nitric oxide and her chest radiograph showed evidence of acute respiratory distress 
syndrome. She received extracorporeal membrane oxygenation (ECMO) for a period of 4 
days. The metabolic acidosis noted on admission had normalised in a few hours and the 
serum electrolytes remained within normal limits. With viral blood cultures revealing 
Influenza A, the working diagnosis was viral myocarditis with the differential diagnoses 
being primary arrhythmia syndromes and metabolic disorders. 
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The child showed clinical improvement following ECMO. There were no further 
ventricular arrhythmias but frequent monomorphic ventricular extrasystoles (VES) 
persisted. Based on the suspicion of a primary arrhythmia syndrome and since there were 
no further signs to suggest viral myocarditis or metabolic disorders at this stage, β-blocker 
therapy (metoprolol 4 mg/kg/day) was initiated following which the VES subsided 
(Figure 1C). During the fourth week of hospitalisation the child was given her third dose of 
standard childhood immunization. The temperature on the day of vaccination was normal 
and her ECG parameters were within normal limits (Figure 2 left panel). 

Figure 1. A Ambulance rhythm strip and B ECG on admission, both showing wide-complex 
tachycardia which could be supraventricular tachycardia with aberrant conduction or ventricular 
tachycardia (not very likely). C Arrhythmia subsided on β-blocker initiation, revealing significant 
conduction delay (PR 160ms, QRS 120ms) without ST elevation. D VT on re-admission with 
fever at 1.5 years. ECG calibration 25 mm/sec, 10 mm/mV.
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However, she became febrile (38.6°C) a day later and her ECG showed tachycardia 
(170 bpm) with significant QRS widening with right bundle branch block (RBBB) 
morphology and left axis deviation (Figure 2 middle panel). With aggressive antipyretics 
and surface cooling, the body temperature reverted to normal in the next few hours and 
the arrhythmia characteristically returned to sinus rhythm with pre-existent conduction 
abnormalities (Figure 2 right panel). Incremental atrial pacing during electrophysiology 
study a few weeks later resulted in progressive widening of QRS complex with development 
of RBBB at a pacing rate of 150 bpm. Molecular analysis revealed a mutation in the 3p21 
chromosome of the SCN5A gene (c.934+1G>A), a novel splice site mutation presumably 
causing protein splicing abnormalities of the cardiac sodium channel protein. 

At discharge from hospital 2 months after the initial episode, the child was clinically 
stable. She received 6 mg/kg/d of metoprolol. After careful weighing of the advantages 
and disadvantages of placing an implantable cardioverter defibrillator (ICD), a 
decision to withhold ICD was made. However, a strict protocol of hospitalisation and 
monitoring during immunization and febrile episodes was instituted and the family 
was counselled on medications to avoid. She developed fever following two subsequent 
immunizations at ages 11 and 14 months but was free of arrhythmias. At the age of 
1.5 years, when the child was admitted to intensive care with high fever (39.5°C), she 
again developed sustained VT (Figure 1D). The arrhythmia remitted with intravenous 
esmolol and aggressive antipyretic measures. She is currently 2.5 years old, has normal 
ventricular function on echocardiography and shows age-appropriate development. 

Family Screening 
The 3-year old male sibling had no complaints but the resting ECG showed evidence of 
conduction disturbance with broad QRS complex and coved-type ST segment elevation in 
leads V1 and V2 with a heart rate of 115 bpm and QRS duration of 120 ms (Figure 3). As he 
was also a carrier of the SCN5A mutation found in his sister, he was issued the same protocol 
of hospitalisation and monitoring during episodes of fever and immunization. During 
one such admission with fever and tonsillitis at the age of 4 years, he developed a non-
sustained VT (visualised on the monitor, not documented) remaining hemodynamically 
stable. He was also treated with metoprolol and is well at 2 years of follow-up.

The children’s father, a 36-year old fitness instructor had remained asymptomatic 
but had ECG abnormalities suggestive of a conduction disorder (Figure 3) and was also 
found to harbor the same SCN5A mutation as his children. Based on the combination 
of findings in different family members the diagnosis BrS could be made, in this case 
associated with significant conduction defects. The mother was a healthy 33-year old 
woman with a normal ECG (Figure 3) and negative genotyping.

Discussion
The critical role played by fever, following vaccination or otherwise, in the causation of 
life-threatening arrhythmias in children with a sodium channelopathy, is clearly evident 
from this report. Cardiac channelopathies such as congenital long QT syndrome and 
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Figure 2. On the day of vaccination, ECG showed prolonged conduction parameters without 
right precordial ST elevation (left panel). A day later (38.6°C), ECG showed QRS widening, 
right bundle branch block, left axis deviation (middle panel). With temperature normalisation, 
ECG returned to sinus rhythm with pre-existent conduction abnormalities (right panel). ECG 
calibration 25 mm/sec, 10 mm/mV.
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BrS have been implicated as potential causes of sudden death in children.3,4,6-9 The 
underlying mechanism causing rhythm disturbance is reduced sodium current which 
closely associates with BrS and (progressive) cardiac conduction disease.10 Children 
harbouring this genetic defect may present with SCD, syncope or supraventricular 
tachycardia (SVT) with fever being the most important trigger.10 There is also anecdotal 
evidence that these children may present with febrile seizures.11 The family reported 
here shows signs of BrS combined with pronounced conduction defects evident from 
the typical type 1 BrS ECG of the sibling while more of a conduction disturbance is 
present in the index patient. However, the tachycardia-induced delay in conduction is 
the most striking phenotype in both the children.

Figure 3. Pedigree shows members possessing loss-of-function SCN5A mutation (circle=woman, 
square=man, solid symbol=genetically affected family member, open symbol=unaffected 
member). Index patient and her father show ECG features suggestive of significant conduction 
disorder while sibling shows a characteristic type 1 Brugada Syndrome ECG (with significant 
conduction disease). ECG of mother is normal.
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The role of fever as a precipitating factor for ventricular arrhythmias in subjects with 
sodium channel disorders is well recognized.3,12-14 While the exact mechanism remains 
unclear, one explanation is that mutations responsible for BrS alter the temperature 
sensitivity of fast inactivation of the sodium channel,15 while other studies show that 
the temperature-dependent properties of wild-type sodium channel itself might lead 
to the typical BrS ECG during fever.16 Recently, fever has also been implicated in 
prolonging the QT interval in LQT2 patients thereby leading to torsades de pointes 
and ventricular fibrillation.17

Fever is one of the most common adverse effects of infant immunization.18,19 Fever 
as an adverse event following immunization (AEFI) is reported in 1%-10% of vaccinees 
but it can be as frequent as 30%-70% among vaccinees receiving multiple vaccines.20 
Of the eight vaccinations received by the index patient and her sibling (including the 
novel H1N1 influenza vaccine and the vaccines in the Dutch childhood immunization 
schedule), four (50%) vaccines were followed by fever. Four episodes of fever-related 
ventricular arrhythmias were documented in both siblings of which one was immediate 
post-vaccination and one two weeks after vaccination. Hence we would like to 
highlight that children harboring inherited cardiac channelopathies could present with 
potentially lethal arrhythmias triggered by fever of any origin including vaccination-
related fever. This clinical picture should lead to a suspicion of an underlying cardiac 
ion-channel disorder which could be unraveled by a subsequent genetic analysis.

Careful surveillance during and after vaccination and prompt measures to abate 
fever are extremely important to prevent sudden death in these young patients. In 
addition to administration of adequate antipyretic therapy and ample surface cooling, 
hospitalization and monitoring of cardiac rhythm could save lives by aborting potentially 
fatal arrhythmias. Parents should also receive detailed instructions and advice about 
medications that could adversely affect these children (www.brugadadrugs.org).21 ICD 
is associated with the inherent risk of inappropriate shocks in very young patients with 
tachycardia-related ventricular arrhythmias. These shocks might be followed by sinus 
tachycardia which in the setting of ‘use-dependent’ characteristics of a loss-of-function 
sodium channel disorder could easily deteriorate into a lethal arrhythmia. Indeed, 
β-blockers may prevent (sinus) tachycardia thereby preventing the worsening of the 
conduction disorder (and associated arrhythmias) with increased heart rate. Young 
patients could benefit from β-blocker therapy as evidenced in the siblings reported 
here. The role of quinidine (noted to be effective in some BrS patients) in this unique 
clinical setting of rate-dependent conduction delay needs to be studied.

Conclusions
Fever, either following immunization or of nonspecific origin, can lead to sudden death 
in infants and young children harbouring a loss-of-function sodium channel mutation. 
Abating fever with prompt antipyretic measures, hospitalization and vigorous 
monitoring during vaccinations and febrile episodes, and preventing tachycardia 
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using β-blockers could all play a major role in the prevention and management of life-
threatening arrhythmias in affected patients.
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Abstract
Background and Objective: Loss-of-function sodium channelopathies manifest as a 
spectrum of diseases including Brugada Syndrome (BrS) and cardiac conduction disease. 
This study analyzes the diagnostic and therapeutic aspects of these disorders in children.

Methods: Patients aged ≤16 years with genetically confirmed loss-of-function sodium 
channelopathies (SCN5A mutation), presenting with cardiac symptoms, positive 
family-history and/or abnormal ECG, were included in the study. Abnormal ECG 
consisted of Type 1 BrS ECG and/or prolonged conduction intervals (PR interval/QRS 
duration >2 standard deviations for age). 

Results: Among the study cohort (n=33, age 6±5 years, 58% males, 30% probands), 
14 (42%) patients were symptomatic, presenting with syncope (n=5), palpitations (n=1), 
supraventricular arrhythmias (n=3), aborted cardiac arrest (n=3), and sudden cardiac 
death (n=2). Heart-rate was 91±26 bpm, PR interval 168±35 ms, QRS duration 112±20 
ms and QTc 409±26 ms. Conduction intervals were prolonged in 28 (85%) patients; six 
of these patients also had spontaneous Type 1 BrS ECG. Eight fever-associated events 
occurred in six patients, and two of these were vaccination-related fever episodes. 
Treatment included aggressive antipyretics during fever episodes in all patients; 
antiarrhythmic treatment included ICD (n=4), pacemaker (n=2), and beta-blockers, 
either alone (n=3) or in combination with device (n=2). During follow-up (4±4 years), 
two previously symptomatic patients had monomorphic VT; there were no deaths. 

Conclusions: Loss-of-function sodium channelopathies manifest at an early age with 
fever and vaccination as arrhythmia-triggers. Conduction delay is the commonest 
finding in affected patients. Beta-blockers have a role in preventing tachycardia-
induced arrhythmias; ICD should probably be reserved for severe cases. 
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Introduction
Loss-of-function cardiac sodium channelopathies are caused by mutations in the gene 
encoding the α-subunit of the sodium channel (SCN5A). They manifest as a spectrum of 
diseases including Brugada Syndrome (BrS), cardiac conduction disease, familial atrial 
fibrillation and sick sinus syndrome.1 The clinical scenario in affected individuals ranges 
from absence of symptoms to sudden cardiac death (SCD), with syncope and arrhythmias 
being the commonest presentations. Initially thought to be diseases of young adult men, BrS 
and related phenotypes are now being diagnosed in infants and very young children as well.2,3 
In fact, 10%-15% of unexplained deaths in infants (sudden infant death syndrome, SIDS) is 
attributed to sodium channelopathies.4 Due to the relative rarity of these disorders in the 
pediatric cardiology practice, literature on the clinical characteristics and the diagnostic and 
therapeutic aspects in this patient population is sparse.

The characteristic electrocardiogram (ECG) of BrS (Type 1 ECG), a coved-type ST 
segment elevation in the anterior precordial leads (V1 to V3), may be seen either 
spontaneously or after sodium channel blockade, in patients with structurally normal 
hearts.5 SCN5A mutations are detected in about a quarter of BrS patients, with a higher 
incidence of mutations among familial than sporadic cases. However, as loss-of-function 
cardiac sodium channelopathies are a spectrum of diseases, very young children may 
present with rapid ventricular tachycardia (VT) and have prolonged conduction 
intervals.2,3,6 Fever, an established arrhythmia-trigger in BrS,5 often plays a role in 
unmasking the underlying genetic disorder in young patients.2 With family-screening 
becoming an integral component of managing patients with cardiac channelopathies, 
more and more young asymptomatic mutation-carriers are being identified. The purpose 
of this study was to study the clinical presentation and the diagnostic and therapeutic 
aspects of loss-of-function cardiac sodium channelopathies in children.

Methods
Study Subjects
Patients from 5 tertiary referral hospitals in The Netherlands and Germany, managed 
between January 1995 and January 2012, were included. Study subjects (n=33) were 
patients aged ≤16 years at presentation who were subsequently diagnosed with 
loss-of-function sodium channelopathy defined as genetically confirmed loss-of-
function SCN5A mutation(s). The subjects had presented with either (a) pertinent 
cardiac symptoms and/or an abnormal ECG, or (b) for family-screening of this 
spectrum of diseases. Pertinent cardiac symptoms included syncope, palpitations, 
arrhythmias, aborted cardiac arrest (ACA) and SCD. Abnormal ECG consisted of 
Type 1 BrS ECG7 and/or prolonged conduction intervals (PR interval/QRS duration >2 
standard deviations for age). The absence of underlying structural heart disease and 
metabolic and electrolyte disturbances at presentation was confirmed in all patients 
by echocardiography and laboratory investigations, respectively. Four patients were 
known with congenital heart disease at the time of evaluation for channelopathies. 

7

LOSS-OF-FUNCTION SODIUM CHANNELOPATHIES IN CHILDREN 99



Data Collection
Demographic and clinical parameters including gender, age at presentation, nature 
of presenting symptoms, temporal association of symptoms to any unusual events or 
illnesses, past medical history and relevant family history were retrieved. Systematic 
examination of the earliest available resting ECG was performed and the following 
parameters were documented: heart rate (HR), PR interval, QRS duration, heart-rate 
corrected QT interval (QTc, Bazett’s formula), presence of Type 1 BrS ECG pattern, and 
arrhythmias if any. Results of genetic testing were recorded, noting in particular the nature 
and the number of SCN5A mutations in each patient. Mutations were grouped as those 
causing premature truncation of proteins (T mutation), missense mutations with >90% 
loss of channel function (M-inactive mutation) and missense mutations with ≤90% loss 
of channel function (M-active mutation), according to criteria defined before.8

Follow-up duration, details of antiarrhythmic treatment including pharmacological 
therapy and device therapy such as implantable cardioverter defibrillator (ICD) and 
pacemaker, and of other treatment provided (such as radiofrequency ablation), and 
occurrence of pertinent cardiac symptoms during follow-up, were documented.

The study protocol was approved by the scientific committees of each of the 
participating centres.

Statistical Analysis
Continuous variables are presented as mean ± SD and analysed by t-test. Categorical 
variables are presented as number of patients (n) and percentage (%) and analysed by χ² test.

Results
Clinical Characteristics
Patients included in the study (n=33) came from 24 families. Age at presentation was 
6±5 years (range 0-16.7 years, median age 4.8 years) and a slight male predominance 
(n=19, 58%) was present. The study cohort consisted of 10 (30%) probands, and 23 (70%) 
patients had presented for family-screening (Figure 1A). The distribution of symptoms 
among symptomatic (n=14, 42%) cases is shown in Figure 1B. The cardiac symptoms/
arrhythmias in the study subjects at presentation were as follows. Atrial flutter, sinus 
bradycardia and sinus pauses were observed in a 5-month old female index patient and in 
3-year old male during family-screening. A 5-year old male presented with symptomatic 
supraventricular tachycardia (SVT) that responded to intravenous adenosine treatment. 
Broad-complex tachycardia requiring defibrillation and resuscitation occurred in a 
male neonate at birth and in a 4-month old female during a fever episode respectively; 
ventricular fibrillation (VF) was successfully aborted in a 10-year old female with history 
of recurrent syncope since infancy. SCD occurred in two patients: in a 3-month old male 
presenting with refractory broad-complex tachycardia on the day following vaccination; 
and in a female patient born with a conduction disorder which worsened during infancy 
culminating in intractable ventricular arrhythmias and death at the age of 1 year.
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ECG Features 
Heart rate of the subjects was 91±26 bpm, PR interval 168±35 ms, QRS duration 
112±20 ms and QTc 409±26 ms. Conduction intervals were prolonged in 28 (85%) 
patients; in six of these patients, spontaneous Type 1 BrS ECG was present (Figure 2). 
All but one patient with Type 1 ECG were males. Sodium channel blockade (with 
flecainide) was performed in two asymptomatic patients with family history of BrS, 
and was negative. Electrophysiological study was performed in two infants presenting 
with ACA; progressive widening of the QRS complex accompanied by hemodynamic 
instability was observed in both patients during atrial pacing with increasing cycle 
length. The clinical and ECG characteristics of symptomatic and asymptomatic 
patients were comparable, except for QRS duration which was significantly longer 
among symptomatic patients (121 ± 22 ms vs. 106 ± 16 ms, p=0.03).

Nature of SCN5A Mutation
Single SCN5A mutations were present in 26 (79%) patients and double SCN5A 
mutations in seven (21%) patients. Of the 22 SCN5A mutations in the study patients, 
eleven were T mutations, four were M-inactive mutations, three were M-active 
mutations, three were missense mutations of unknown functional significance, and 
one was a polymorphism (Table 1). The nature of SCN5A mutations in relation to 
occurrence of cardiac events is shown in Figure 3. Cardiac events were seen to occur 
more often in patients with double mutations and T /M-inactive mutations than in 
patients with M-active mutations. Compound heterozygosity was diagnosed in two 
families: post-mortem genetic testing in a male infant revealed two SCN5A mutations 

Figure 1. Mode of presentation (A) and nature of symptoms (B) in patients with loss-of-function 
SCN5A mutations. 
ACA-aborted cardiac arrest, Asym-asymptomatic, FS-family-screening, SCD-sudden cardiac 
death, SVA-supraventricular arrhythmia, Sym-symptomatic
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which were subsequently identified in his sibling during the neonatal period; a male 
neonate presenting with ACA was found to be a compound heterozygote and his older 
sister who had died at the age of one year was subsequently identified to have the same 
mutations by post-mortem genetic testing.9 

Follow-Up and Treatment
The follow-up duration was 4±4 years (range 0.1-16.3 years, median 2.7 years). Families 
of all patients were counselled on the importance of aggressive antipyretic measures 
and on the need to report to the hospital for ECG monitoring during fever episodes, 
and were given information on the drugs to be avoided. Eight patients had at least 
one ECG recorded in hospital during fever. In three previously asymptomatic patients, 
worsening cardiac conduction delay and/or increase in ST-segment elevation were 
observed during admission with fever (Figure 4). In two of these patients, apart from 
antipyretics, beta-blockers were administered orally until fever subsided. 

One or more treatment modalities were employed in 11 (33%) of the patients. ICD 
(n=4), pacemaker (n=2), beta-blockers, either alone (n=3) or in combination with 
device therapy (n=2), and radiofrequency ablation (n=2) were used. Beta-blocker 
therapy was initiated in three patients presenting with severe arrhythmias in infancy, 
and in two of their asymptomatic siblings. Among the patients diagnosed in infancy 
(n=7), patients receiving beta-blockers (n=4) had a modestly longer PR interval 
(144±42 vs 135±24) and a significantly longer QRS duration (124±18 vs 81±18, p=0.03) 

Figure 2. Electrocardiographic features 
in patients with loss-of-function SCN5A 
mutations. CI-conduction interval.

Figure 3. Nature of SCN5A mutations in 
relation to cardiac events. 
Double-two SCN5A mutations, M-active-
missense active mutation, M-inactive-
missense inactive mutation, T-truncation 
mutation.
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than those not receiving beta-blockers (n=3). A patient, event-free on beta-blockers 
for 12 years after severe arrhythmia in infancy, developed recurrent exercise-related 
arrhythmias (monomorphic VT, Figure 5) at the age of 13 years, requiring external 
cardioversion. He was receiving low dose (0.4 mg/kg/day) of propranolol at the time 
of the arrhythmia. The dosage of propranolol was gradually stepped up to 2.5 mg/kg/
day and he also received an ICD. He had another episode of monomorphic VT at the 
age of 15 years in the early hours of the day and was externally cardioverted in the 
hospital. The sibling of this patient had presented with worsening conduction intervals 

Table 1. SCN5A mutations in the study patients

SCN5A Mutation Number of Cases

Truncation mutations

p.Trp156x 2
p.Thr630Thr 1
c.704-1G>C 1
c.934+1G>A 2
1570InsG 1
p.Arg1623x 1
c.2184-2186delACT 1
c.2582-2583delTT 3
3840+1G>A 2
4118delT 1
5280delG 2
M-inactive mutations

p.Asp356Asn 2
p.Arg367Cys 1
p.Gly752Arg 2
p.Gly1743Glu 6
M-active mutations
p.Arg225Trp 2
p.Gly514Cys 2
p.Gly1319Val 2
Missense mutations (unknown functional effect)

p.Asp1243Asn 2†

p.Met1335Arg 2†

p.Asp1741Tyr 1

p.Phe1293Ser* 1

† These patients had an M-inactive mutation as well; * Polymorphism 
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Figure 4. Twelve-lead ECG at baseline (A) and during fever (B) in an asymptomatic 7-year old 
girl with loss-of-function SCN5A mutation. Note the fever-induced prolongation of conduction 
intervals and increase in ST-segment elevation in V2 and V3 (arrows). ECG calibration: 25 mm/
second, 10 mm/mV.

Figure 5. Twelve-lead ECG in a 13-year old boy with compound heterozygosity. Baseline ECG 
(A) shows severely prolonged conduction intervals (PR interval 238 ms, QRS duration 184 ms). 
He had recurrent sports-related monomorphic VT (B) requiring external cardioversion. ECG 
calibration: 25 mm/second, 10 mm/mV. 
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in infancy and had hemodynamically unstable 2:1 atrioventricular block at the age of 
one year in 1994, for which she received isoproterenol. She however succumbed to 
intractable ventricular arrhythmias which ensued.9 Another patient, presenting with 
fever-related ACA at age 4 months and subsequently treated with beta-blockers had 
episodes of monomorphic VT during fever at ages 5 months and 1.5 years, respectively. 
Both episodes occurred while being monitored for fever in hospital and were managed 
with aggressive antipyretics; intravenous esmolol was successfully given during the 
latter episode. Beta-blocker treatment at a high dosage (6 mg/kg/day metoprolol) 
was continued in this patient and ICD treatment was consciously withheld due to 
tachycardia-related ventricular arrhythmias. 

Figure 6 depicts the occurrence of cardiac events in relation to age of patients 
(n=16). While cardiac events are observed to occur at all ages in affected children, it is 
interesting that most (80%) of the life-threatening events occurred in infancy. 

Event Triggers
Eight fever-associated events occurred in six study patients, and two of these were 
vaccination-related fever episodes. Fever-triggered events were ACA, monomorphic 

Figure 6. Cardiac events in relation to patients’ age. Only patients with events are shown; patients 
1-14 (represented on the Y-axis) presented at first event, patients 15-16 presented for family-
screening. Diamond indicates aborted cardiac arrest/sudden cardiac death; octagon indicates 
any other cardiac event. 

7

LOSS-OF-FUNCTION SODIUM CHANNELOPATHIES IN CHILDREN 105



VT, atrial flutter, syncope and worsening of ECG abnormalities. SCD had occurred 
in a male infant in temporal relationship to vaccination. Physical activity-related 
arrhythmias were documented in one patient during adolescence.

Discussion
This study describes the clinical spectrum of loss-of-function cardiac sodium 
channelopathies in the pediatric population. As reported earlier in infants and very 
young children,3,6 prolonged cardiac conduction intervals have emerged as the most 
common manifestation of disease in this age-group and accompany both atrial and 
ventricular arrhythmias. In contrast, Type 1 BrS ECG was present in a much smaller 
proportion of patients in this study. This could be explained by the fact that right 
precordial ST elevation comprises just one aspect of this disease spectrum and also 
by the recognition that the pathophysiology of BrS includes various elements beyond 

mutant sodium channels.10 The gender propensity of BrS evidenced in our cohort has 
been described earlier and has been reported to be linked to a severe disease in men.11 

Fever has been identified as a trigger for arrhythmic events in children and 
adults with BrS.2,5,12 In the present study, fever-related symptoms occurred not only 
in patients with BrS phenotype but also in patients with cardiac conduction disease 
and atrial arrhythmias. Moreover, worsening of ECG abnormalities was evidenced 
during fever episodes in previously asymptomatic patients harboring a channelopathy. 
Vaccination-related fever was associated with cardiac events in three patients in this 
study; interestingly, an infant had succumbed to refractory ventricular arrhythmias 
on the day following vaccination. The management implications of these associations 
are twofold: firstly, parents have to be counselled on the importance of antipyretic 
measures during fever and on the need for prophylactic antipyretic medication during 
and immediately after vaccination; and secondly, ECG monitoring is essential during 
fever episodes and, probably, at the time of vaccinations to enable timely detection 
and treatment of arrhythmias. It is also imperative that the family and primary care 
physicians are provided with a list of drugs to be avoided.13

Long-term management of symptomatic patients comprises of pharmacological 
treatment, device therapy, or a combination of both. The role of beta-blockers in 
treating patients with loss-of-function sodium channelopathies warrants discussion. 
Conventionally speaking, BrS is recognized as a bradycardia-related arrhythmic 
disorder in which the role of beta-blockers seems counter-intuitive indeed. However, 
it is imperative to note that in the pediatric population, particularly in infants and 
young children, the clinical picture is dominated by tachycardia-induced conduction 
disturbances, exemplified by the fever-related arrhythmias in this cohort. It is in 
these patients that beta-blockers, with their inherent ability to control heart rate have 
proven useful,6,14 as evident from the dramatic acute response of life-threatening 
arrhythmias to beta-blockers in two of the infants in this study and the long term 
effect in these two and three other patients. Both the infants with the acute favourable 
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response had manifested with progressive widening of QRS complex accompanied by 
hemodynamic instability during atrial pacing with increasing cycle length, provoking 
the decision to treat with beta-blockers. Moreover, history of isoproterenol-related 
worsening of arrhythmias and SCD in the sibling of one of the infants leads us to 
believe the potentially impressive role of beta-blockers in such situations. It is clear 
from the present study that infants treated with beta-blockers had a severe phenotype 
with more conduction delay at baseline than the infants who did not receive beta-
blockers, proving the beneficial effect of beta-blockers in the severely affected infants 
with tachycardia-related events.

ICD, which undoubtedly has a role in the management of high-risk cases, should be 
used with caution in young patients for the following reasons: due to the inherent risk of 
inappropriate shocks in young children, and more importantly, due to the potential risk 
of a vicious cycle of sinus tachycardia leading to inappropriate shocks which in turn could 
worsen the tachycardia finally culminating in fatal ventricular arrhythmias. The threshold 
for ICD therapy differed among the participating centres; however, as only one patient 
had an event after ICD implantation, it would be prudent to resort to device therapy only 
in the high-risk patients in whom medical management is unlikely to provide adequate 
arrhythmia-protection. As none of the patients in this study were treated with quinidine 
(due to unavailability), we are unable to comment on the usefulness of this drug which 
has been reported to be effective in managing BrS patients.2,15

While family-history, symptomatology and ECG are known to play a significant role 
in identifying at-risk individuals, genetic testing seems to have not only a diagnostic but 
also a prognostic role in these young patients. Clinical data on eight patients (belonging 
to four families) has been reported earlier;2,9,14,16 however, the present study comprises 
a unique cohort of pediatric cases with genetically confirmed loss-of-function sodium 
channelopathies presenting with a wide phenotypic spectrum. We have previously 
reported on the correlation between type of SCN5A mutation and clinical severity and 
conduction-slowing in patients with loss-of-function sodium channelopathies,8 and on 
the severe symptoms associated with compound heterozygosity in one family.9 Data 
from the present study is in concurrence with these findings. The small size of the 
study group is a limiting factor but it has to be highlighted that these are undoubtedly 
rare conditions in children and that diagnosing them is a challenge due to the highly 
heterogeneous nature of the disease.

Conclusions
Loss-of-function cardiac sodium channelopathies are a potentially lethal group 
of disorders in children, with fever and vaccination acting as arrhythmia-triggers. 
Prolonged cardiac conduction intervals on the electrocardiogram may be clues to 
diagnosis in this patient population. Treatment strategies include aggressive antipyretic 
measures, hospitalisation and monitoring during fever, beta-blocker therapy in young 
patients with tachycardia-related arrhythmias, and ICD for the high-risk cases. 
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Introduction
Idiopathic ventricular fibrillation (IVF) is defined as spontaneous ventricular fibrillation 
(VF) in the absence of identifiable cardiac and extracardiac abnormalities responsible 
for the arrhythmic event.1 IVF accounts for 5%-10% of out-of-hospital survivors of 
cardiac arrest.2,3 The mean age of IVF patients is 35-40 years and 70%-75% are male.4 
Implantable cardioverter defibrillator (ICD) forms the mainstay of treatment1 and the 
youngest reported case of IVF is a 7-year old male treated with ICD.5 

The recent progress in the understanding of genetic disorders has disclosed 
evidence that genetically transmitted abnormalities underlie a larger proportion of 
cardiac arrests than previously appreciated.6 It should also be realized that, although 
mechanical cardiac function may be (grossly) normal, patients with VF might have 
discrete genetic or structural abnormalities which are currently unidentifiable.7 We 
report about two infants who recently presented to our hospital with aborted out-of-
hospital cardiac arrest. Initial diagnostic evaluation failed to identify an underlying 
cause for VF in both cases. However, on follow-up, one of the cases developed evidence 
of structural heart disease.

Case Reports
Case 1
A 12-month old previously healthy Black male presented with sudden cardiac arrest at 
home. On the day of the incident, he had been awoken from his mid-day nap when 
his father started using a noisy food mixer. He had apparently run towards his father 
but became limp on the way. His father had started cardiopulmonary resuscitation with 
telephonic advice from the emergency services. The child was noted to be in VF by the 
ambulance team. After successful resuscitation and defibrillation, he was admitted to our 
intensive care unit. His prenatal, neonatal and early infantile histories were unremarkable. 
There was no family history of cardiac disorders or sudden unexplained death. 

Chest radiography on admission was within normal limits. Electrocardiography 
(ECG) was normal for age with a heart rate of 105 bpm, PR interval of 130 ms, QRS 
duration 74 ms, QT duration 312 ms and QTc 412ms (Figure 1: Case 1). A 24-hour ECG 
was normal and did not reveal any arrhythmias. Biochemical profile revealed normal 
electrolytes, normal blood sugar and a mild metabolic acidosis. The blood culture, 
metabolic screen and urine toxicology screen were negative. An electroencephalogram 
ruled out epileptic foci. An echocardiogram demonstrated normal cardiac structure 
and function. Electrophysiological study and coronary angiography were both normal. 
In view of the possibility of congenital arrhythmia syndromes, he was subjected to 
an epinephrine challenge test and flecainide test which were both negative. Genetic 
screening for congenital long QT syndrome (LQTS) and catecholaminergic polymorphic 
ventricular tachycardia (CPVT) was negative. Cardiac screening of both parents with 
echocardiogram, exercise test and 24-hour ECG was normal. Having ruled-out the 
known cardiac and non-cardiac causes of VF, a diagnosis of IVF was made. 
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During the following weeks in hospital, the child was stable and had no further 
arrhythmias. He was implanted with an ICD 4 weeks after the VF episode, at the age of 
13 months. The ICD patch electrode was positioned subcutaneously in the left lateral 
thorax, the ventricular bipolar lead epicardially on the right ventricular apex, and the 
ICD generator submuscularly in the right upper abdomen. Follow-up for 3.5 years with 
ECG and echocardiogram was normal with no further ventricular arrhythmias and 
no evidence of congenital arrhythmia syndromes or structural heart disease. He also 
demonstrated age-appropriate neurocognitive and psychomotor development. 

Case 2
A 9-month old female was being put to bed by her mother when she had a cardiac arrest. 
VF was detected by the ambulance team and the child was successfully resuscitated and 
defibrillated. The child had had history of vomiting and diarrhoea for two days prior to the 
incident but was apparently afebrile and active. She was given oral rehydration solution 
under the physician’s advice. Her past medical history was uneventful. She was the 
second-born child of healthy non-consanguineous Caucasian parents. On interrogation, 
there was a history of sudden death in the family. The older male sibling of the patient 
had died suddenly at the age of 3 years, in 2005. Post-mortem metabolic investigations 
had not revealed a cause for his death. The cardiac examination of both parents including 
an echocardiogram, exercise and 24-hour ECG at that time had been normal.

On admission to the intensive care unit, the child underwent a complete 
diagnostic work-up. The basic biochemical profile, acute inflammatory markers and 
cerebrospinal fluid analysis were within normal limits. Blood bacterial culture and 
viral serology were negative. The ECG on admission (Figure 1: Case 2) showed a heart 

Figure 1. Twelve-lead ECG of case 1 (male, 12 months) and case 2 (female, 9 months) on admission. 
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rate of 150 bpm, PR 107 ms, QRS 65 ms, QT duration 238 ms and QTc 376 ms, and 
a later 24-hour ECG was also normal for age. Echocardiography revealed normal 
heart structures with slightly decreased function of the ventricles which normalised 
within 48 hours of the cardiac arrest. CT scan of the brain was normal. Angiography 
ruled out any coronary artery abnormalities and the myocardial biopsy was normal. 
Electrophysiological study of the heart was normal. Epinephrine challenge test and 
flecainide test were negative. Genetic screening for LQTS revealed a variant in the 
KCNQ1 gene. This variant had not been described earlier and its clinical relevance 
was unknown. Considering the normality of the ECG and a negative epinephrine 
challenge test, the genetic variant was deemed unlikely to be pathogenic in the child. 
An ICD was implanted a month after the initial event. The patient was discharged 
home a few days after the procedure, at the age of 10 months. 

Follow-up at 3-monthly intervals with ECG and echocardiogram was normal and 
there were no further ventricular arrhythmias. However, at the age of 19 months, the 
child was readmitted with signs of cardiac failure following an episode of gastroenteritis. 
Echocardiography at this time revealed a dilated cardiomyopathy (DCM). In view of 
this development, further investigations were carried out to elucidate an underlying 
cause for the DCM such as neuromuscular disorders and inborn errors of metabolism. 
Muscle biopsy and metabolic screen were normal. The presence of genetic factors that 
may underlie the DCM are currently being investigated in this patient. 

Discussion
The first consensus statement on IVF published in 19971 states that IVF is a diagnosis 
of exclusion and several noninvasive and invasive tests have to be performed to 
rule out structural heart disease before the diagnosis is made. Today, an accurate 
definition and diagnosis of IVF is still elusive, especially with a myriad of genomic and 
proteomic information becoming available on the etiology of sudden cardiac death. 
The recent progress in the understanding of genetic disorders has disclosed evidence 
that genetically transmitted abnormalities such as Brugada Syndrome (BS), LQTS and 
CPVT underlie a larger proportion of cardiac arrests than previously appreciated.6 A 
considerable number of patients initially classified as IVF are now believed to have an 
identifiable cause for the electrical instability and it is speculated that further scientific 
advances will pave the way for better understanding of the etiopathophysiology of IVF. 

Late manifestations of structural heart disease in IVF patients have been reported 
in the past.8 However, VF as the initial presentation of DCM in infancy is extremely 
rare and even unheard of. The second case reported here with presumed IVF developed 
evidence of DCM 10 months after the initial VF episode; the underlying etiology 
of the DCM is currently being investigated. A multicenter study on DCM in 1426 
children has reported that 34% of all cases had an identifiable cause for the DCM 
while the remaining were idiopathic.9 The most common causes were myocarditis and 
neuromuscular diseases followed by familial DCM, inborn errors of metabolism and 
malformation disorders. Our case report highlights the relevance of careful follow-up 
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and monitoring of all patients with an unidentifiable cause for VF, knowing the fact 
that IVF is a rapidly evolving amalgam of diseases. 

An acoustic trigger for VF in case 1 suggests a non-idiopathic origin of the VF, 
especially LQTS.10 However, a normal ECG, a negative epinephrine challenge test and 
the absence of known LQTS mutations are pointers against a diagnosis of LQTS. It is 
known that approximately 25% of families with a strong clinical probability of LQTS 
will have a negative genetic test result because not all mutations responsible for LQTS 
have been identified,11 once again stressing the importance of close follow-up in these 
patients. Equally important would be extensive parent evaluation in the wake of a 
possible genetic cause for the IVF.

Sudden infant death syndrome (SIDS) is a common diagnosis in children who 
have died in the first year of life.12 Despite several hypotheses focussing on cardiac and 
respiratory mechanisms underlying the sudden death, the view remains that SIDS is 
multifactorial and that many different mechanisms including metabolic and genetic 
factors can lead to SIDS. Congenital arrhythmia syndromes, especially LQTS have been 
cited to be responsible for a considerable number of SIDS cases.13,14 

IVF patients have a high recurrence rate of arrhythmias and ICD remains the corner-
stone in the prevention of sudden cardiac death in both adult and pediatric patients.15,16 
Novel ICD implantation techniques have been developed for the pediatric population 
with resultant reduction in complications during implantation and follow-up.17 A 
recent multicenter study on pediatric ICD implantations has shown that congenital 
heart diseases, cardiomyopathies and structurally normal hearts with primary electrical 
diseases are the major indications for ICD in this population.18 In both cases reported 
here, there was no recurrence of ventricular arrhythmias on follow-up. 

Conclusions
Idiopathic ventricular fibrillation can be seen even in very young children. Irrespective 
of the age group, a strict protocol for the exclusion of the known cardiac and non-
cardiac causes of ventricular fibrillation should be adhered to. Careful follow-up is 
necessary in order not to miss any evidence of structural heart disease or congenital 
arrhythmia syndromes that might develop at a later time. ICD provides effective 
secondary prevention of sudden death in these young survivors of cardiac arrest. 
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Inheritable arrhythmia syndromes are a highly heterogeneous group of diseases, 
contributing significantly to sudden cardiac death in young individuals with 
structurally normal hearts. The accurate diagnosis of these conditions is challenged 
not only by the disease characteristics such as variable penetrance and expressivity, but 
also by the relative paucity of literature on some of the rarer disease groups.1 Advances 
in molecular cardiology in the past 2-3 decades have undoubtedly revolutionized 
the process of confirming a clinical diagnosis; however, it has to be recognized that 
genetic testing is a “rapidly evolving tool”, requiring prudent application and cautious 
interpretation.2 Moreover, the utilisation of the test is restricted by time and cost 
considerations, as well as limited availability; hence, the clinical assessment of patients 
has to be precise with an aim to optimize the use of available resources and to ensure 
a high diagnostic yield.3 

Once diagnosed, the intensity of treatment in affected individuals is almost always 
directly related to the severity of manifestations. Therapeutic dilemmas particularly 
arise when confronted with the extreme forms of the disease, namely, the severe forms 
which tend to be therapy-resistant, and the asymptomatic seemingly-healthy cases. 
Polytherapy, combining pharmacological and device therapies, is usually required in 
the former, while regular evaluations and/or a single drug would suffice for the latter 
group. Other criteria in determining the therapeutic strategies are the aim of treatment 
(primary prophylaxis versus secondary prevention of arrhythmias), age of the patient 
at diagnosis (infancy and early childhood versus adults), and family history (positive 
for sudden cardiac death in the young versus negative history). Having said this, it 
also has to be highlighted that the concept of personalized management is currently 
in vogue,4 whereby treatment is being tailored to suit individual patients rather than 
groups of diseases. The studies in this thesis were performed with an aim to address 
these critical hurdles in the effective management of patients with congenital long QT 
syndrome (LQTS) and loss-of-function sodium channelopathies. 

Chapter 1 gives a general introduction to inheritable arrhythmia syndromes 
with a special focus on the current state-of-affairs in the management of LQTS and 
loss-of-function sodium channelopathies. The genotype-phenotype correlations, 
the diagnostic modalities, the risk stratification strategies and the treatment options 
currently available, are discussed in this chapter. Following the general introduction 
and outline of the thesis, chapters 2-5 address the diagnostic and therapeutic aspects of 
LQTS, and chapters 6-8 deal with current management issues in children with loss-of-
function sodium channelopathies. 

Part 1: Congenital Long QT Syndrome
Chapters 2-4 are a series of studies addressing the issue of how best to predict the 
presence of LQTS in a patient, with the current clinical diagnostic tools. At the basis 
of these studies is the need to cleverly and clearly identify those patients that are most 
likely to benefit from genetic testing, particularly, probands presenting with atypical 
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features, and asymptomatic relatives of mutation carriers. In the future, we hope to 
apply the findings of these studies not only in diagnosis but also in risk stratification 
of affected patients.

In Chapter 2, we performed a prospective study on 41 children with clinical 
suspicion of LQTS to evaluate the role of the epinephrine challenge test in predicting 
mutation carriership. Although the test was safely performed in children, epinephrine 
test positivity had a poor correlation with genotyping in this cohort, despite its proven 
ability to predict LQTS and to discriminate LQTS types 1, 2 and 3 in adults. The 
response to epinephrine however enabled better therapeutic decisions in many of the 
cases in this study, especially in those with a negative test result. 

Chapter 3 describes the derivation and validation of a simple exercise-based 
algorithm for identifying LQTS. In this study, differential QT response during exercise 
was exploited to predict LQTS carriers among 69 first-degree relatives of probands with 
an established diagnosis of LQTS. A simple 3-step screening algorithm was derived 
based on resting corrected QT interval, 4-minute recovery corrected QT interval, 
and 1-minute recovery corrected QT interval. Among patients with a nondiagnostic 
resting QTc, 4-minute recovery QTc ≥445 ms was a good predictor of disease, while 
a prolonged 1-minute recovery QTc was common in the LQT1 subtype. Subsequent 
external validation in an independent cohort of 152 patients demonstrated a high 
degree of accuracy for predicting LQTS carriers, and a moderate degree of accuracy 
for predicting LQTS subtype compared with genetic testing as a gold standard. This 
screening algorithm has potential application as an interim test while formal genetic 
results are awaited or as a diagnostic test in centers where genetic testing is unavailable. 
Together with the established diagnostic criteria for LQTS, exercise test definitely has 
a role in increasing the yield of genetic testing.5

In clinical practice, physicians often see patients referred for suspected LQTS but 
with borderline or near-normal QTc. Whether or not to subject such cases to genetic 
testing is a difficult call, particularly in centers with no/limited access to a laboratory 
capable of performing the test. While Holter monitoring is frequently employed in the 
clinical evaluation of LQTS patients, the role of maximum Holter QTc in predicting 
mutation carriership has not been evaluated before. As described in Chapter 4, we 
analyzed the maximum Holter QTc of 111 unrelated probands referred for LQTS 
genetic testing, and found that among patients with low to intermediate Schwartz score 
and normal range resting QTc, all those with Holter QTc ≤450 ms were genotype-
negative; i.e. normal Holter QTc is 100% effective in ruling-out mutation carriership in 
patients with nondiagnostic resting QTc. Though the study was limited by a relatively 
small patient cohort, the findings are significant and appear to have a role in situations 
where genetic testing is restricted in availability and/or feasibility. 

Although β-blockers clearly dominate the scenario of treatment in LQTS, it 
became obvious that a significant proportion of cases had breakthrough cardiac events 
under therapy. In an attempt to strike at the root of the myth that all β-blockers are 
equally efficacious in arrhythmia-protection in LQTS, we designed the multicenter 
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study described in Chapter 5. On comparing 382 LQT1/LQT2 patients treated with 
propranolol, metoprolol and nadolol, we discovered that due to a combination of 
QTc-reducing and late-sodium channel blocking properties, propranolol and nadolol 
were much more effective in preventing breakthrough cardiac events in previously 
symptomatic patients. As the risk of suffering symptom recurrence was four times 
higher with metoprolol than with propranolol and nadolol, we propose that metoprolol 
is best avoided in symptomatic LQT1 and LQT2 patients.
In summary, the key messages in the management of LQTS are:
•	  In the diagnosis of LQTS, the yield of genetic testing can be substantially increased 

by corroborating the findings of family history, symptom history and resting ECG 
with QTc derived from exercise test and Holter recording. The role of the epinephrine 
test in diagnosing LQTS in the pediatric population is limited; however, a negative 
test enables the confident decision to withhold therapy in the atypical cases.

•	  In the treatment of symptomatic LQTS patients, propranolol and nadolol are 
preferred over metoprolol due to their efficacy in preventing breakthrough cardiac 
events and thereby sudden cardiac death. 

Part 2: Loss-of-Function Sodium Channelopathies
A decade ago, loss-of-function sodium channelopathies, failed to even feature in the 
differential diagnoses of sudden cardiac arrest in previously healthy children. It was 
the study by Probst et al6 that attracted widespread interest in the occurrence of these 
diseases in young children. In Chapter 6, we report a unique case of a 4-month old girl 
with aborted cardiac arrest and recurrent ventricular arrhythmias, in relation to fever 
and vaccination. The diagnosis of an SCN5A mutation, in the patient, her sibling, and 
their father, and the subsequent treatment strategies employed, are described in detail 
in this chapter. The tachycardia-related ventricular arrhythmias in the infant precluded 
the use of implantable cardioverter defibrillator; however, β-blocker therapy in high 
dosage, together with fever-controlling measures, has provided adequate protection 
from severe ventricular arrhythmias in the siblings. 

Consecutively, we embarked on a multicenter study to look into the diagnostic and 
therapeutic aspects of the entire spectrum of loss-of-function sodium channelopathies 
in children. In the study described in Chapter 7, there were 33 pediatric cases of loss-
of-function sodium channelopathies. Interestingly, life-threatening arrhythmias and 
sudden cardiac death occurred predominantly during infancy in this cohort; and 
prolonged conduction intervals were seen frequently on the ECG of these children, in 
comparison to the much rarer Brugada ECG pattern. Upon diagnosis, general and/or 
specific treatment measures were being effectively used in arrhythmia-prevention in 
these patients. Aggressive antipyretics and ECG monitoring during fever episodes and 
during and after vaccinations, avoidance of potentially harmful drugs, antiarrhythmic 
medication such as β-blockers, and implantable cardioverter defibrillators, were the 
common therapeutic strategies employed. 
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Studying this unique patient series has provided the following significant insights:
•	  The spectrum of loss-of-function sodium channelopathies may manifest even in 

infants and very young children, and severe symptoms are not uncommon in this 
age group. 

•	  Genotyping has a role in risk stratification, with truncation mutations, severe 
missense mutations, and compound mutations implying a higher risk.

•	  Fever management plays a significant role in managing affected patients; apart from 
aggressive antipyretic use, infants and children have to be monitored for rhythm 
disturbances during fever episodes and during and after vaccinations.

•	  Pharmacological therapy, either alone or in combination with device therapy, is 
effective in prevention of sudden cardiac death in the majority of cases.
Idiopathic ventricular fibrillation is a diagnosis of exclusion, and is rarely reported in 

infants. Recently, idiopathic ventricular fibrillation has been identified to be associated 
with previously undetected channelopathies and with early repolarization syndrome. 
In Chapter 8, we report the occurrence of sudden cardiac arrest in two infants, both 
of whom did not show any evidence of an underlying cause for the arrest, during a 
thorough cardiac and extracardiac evaluation. Both patients went on to receive an 
implantable cardioverter defibrillator for secondary prevention and were clinically 
stable. In fact, one of the children developed dilated cardiomyopathy at the age of 
19 months, 10 months after the initial event. Thus, careful and frequent monitoring 
proved very useful in these unique cases.

Future Directions
The adage “bench to bedside” seems to be perfectly exemplified by the inheritable 
arrhythmia syndromes, with research into basic sciences such as molecular biology 
and cellular functional studies, feeding and guiding day-to-day patient management. 
This trend has to be protected and preserved, and this delicate balance maintained, 
while encouraging and expanding the scope of scientific collaboration. Although 
genetic testing has become the cornerstone in diagnosing affected patients, continuous 
attempts are being made to refine the existing clinical diagnostic tools and to design 
newer techniques, in order to be able to strengthen and support the process of diagnosis. 
Understanding the diversity in these diseases and identifying the disease modifiers 
are the prime targets of research groups; the variability in patient/disease response to 
treatment forms another major area of future research. Studies are especially warranted 
on the aspect of loss-of-function sodium channelopathies as potential causes of fever 
(and vaccination) related arrhythmias and sudden deaths in previously undiagnosed 
infants and young children.
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Conclusions
This thesis has addressed some of the most pressing issues and challenges in 
the management of congenital long QT syndrome and loss-of-function sodium 
channelopathies, with a special focus on the pediatric population. With inheritable 
arrhythmia syndromes emerging as an important piece in the puzzle of sudden 
unexplained death, the findings of the studies described here have relevant implications 
in different spheres of clinical practice, namely improved awareness, accurate diagnosis 
and effective treatment.
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Erfelijke aritmiesyndromen zijn een heterogene groep van ziektes, die niet zelden leiden 
tot plotselinge hartdood bij jonge mensen zonder hartafwijking. De juiste diagnose 
van deze ziekte is een uitdaging onder andere door karakteristieke eigenschappen van 
de ziektes als variabele penetrantie en expressie. Tevens is er een relatieve schaarste 
aan literatuur over deze zeldzame ziektebeelden.1 De identificatie van het moleculaire 
substraat in de afgelopen 20-30 jaren heeft een revolutie veroorzaakt in het proces 
van de bevestiging van een klinische diagnose. Het is belangrijk dat men voor ogen 
houdt dat de genetisch testen een snel ontwikkelend instrument zijn en dat het een 
voorzichtige toepassing en een zorgvuldige interpretatie behoeft.2 Het gebruik van 
testen is beperkt door tijd en kosten, en beperkte beschikbaarheid. Dat betekent 
dat de klinische beoordeling van de patiënten adequaat moet zijn met als doel het 
optimaliseren van het gebruik van beschikbaar bronnen en het bereiken van een hoge 
diagnostische opbrengst.3

Als de ziekte eenmaal gediagnosticeerd is, is de intensiteit van de behandeling 
in aangedane individuen bijna altijd direct gerelateerd aan de ernst van de ziekte. 
Therapeutische dilemma’s zijn met name belangrijk wanneer men geconfronteerd wordt 
met extreme vormen van de ziekte. Dit betreft dan de extreme vormen die neigen tot 
therapie resistentie en de asymptomatische patiënt die lijkt op gezonde individuen. 
Meervoudige therapieën, het combineren van medicamenten en device therapieën zijn 
meestal nodig in de eerste groep, regelmatige evaluaties en/of een medicament voldoen 
bij de laatste groep. Andere criteria in het bepalen van de therapeutische strategieën 
zijn het doel van de behandeling (primair profylaxe versus voorkomen van herhaalde 
aritmieen), de leeftijd van de patiënt ten tijde van diagnose (zuigelingen en jonge kinderen 
versus volwassenen), en de familie anamnese (positief voor acute hartdood versus een 
blanco familie anamnese). Het concept van een op de persoon toegesneden persoonlijke 
behandeling is dan ook belangrijk.4 De studies in dit proefschrift zijn uitgevoerd om de 
vraagstelling welke behandeling effectief is voor patiënten met een lange QT-syndroom 
(LQTS) en verlies van functie van de Natrium kanalen te beantwoorden.

Hoofdstuk 1 geeft een introductie van de erfelijke aritmiesyndromen met een focus 
op de huidige behandeling van LQTS en ziektes met een verlies van Natrium kanaal 
functie. De genotype-fenotype correlatie, de diagnostische mogelijkheden, de risico 
stratificatie en de huidige behandel mogelijkheden worden besproken in het hoofdstuk. 
Na deze introductie en het overzicht van het proefschrift bespreken we in hoofdstuk 
2-5, de diagnostische en therapeutische mogelijkheden van LQTS. In de hoofdstukken 
6-8 behandelen we de huidige behandelingsmogelijkheden in kinderen met afwijkende 
Natriumkanalen. 

Deel 1: het lange QT-syndroom
Hoofdstukken 2-4 zijn een serie van studies waarin beschreven wordt hoe de 
aanwezigheid van LQTS het best te voorspellen is met de huidige diagnostische testen. 
De basis van deze studie is de noodzakelijkheid om helder en duidelijk te identificeren 
welke patiënten waarschijnlijk het meest voordeel hebben van genetisch testen. 
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Dit betreft in het bijzonder, de index personen die zich presenteren met atypische 
klachten of symptomen en asymptomatische familieleden van mutatie dragers. In de 
toekomst hopen we de bevindingen van deze studies toe te passen, niet alleen om te 
diagnosticeren, maar ook om het risico van de aangedane patiënten te stratificeren. 

Hoofdstuk 2; een prospectieve studie om de rol van een epinefrine provocatie test 
te evalueren in het voorspellen van het dragerschap in 41 kinderen met een klinische 
verdenking van LQTS. Hoewel de test veilig is uit te voeren in kinderen heeft de positieve 
epinefrine provocatie test een slechte correlatie met de genotypering in het cohort. Dit is 
in tegenstelling tot studies in volwassenen waarbij het voorspellen van LQTS dragerschap 
goed mogelijk bleek en ook nog te onderscheiden is in LQTS type 1, 2 en 3. Niettemin 
maakte de epinefrine response het mogelijk om therapeutische beslissingen te nemen in 
vele patiënten, met name in de patiënten met een negatieve epinefrine test. 

Hoofdstuk 3; In dit hoofdstuk wordt een eenvoudige inspannings gerelateerd 
algoritme om LQTS te identificeren beschreven en gevalideerd. In deze studie worden 
de verschillende QT responses tijdens inspanning benut om te voorspellen wie van 
de 69 eerste graads familieleden van een LQTS index drager van de familiare mutatie 
zijn. Een simpel 3 stappen screening algoritme was afgeleid en gebaseerd op baseline 
gecorrigeerd QT interval, 4–minuten herstel gecorrigeerd QT interval en een 1 
minuut herstel gecorrigeerd QT interval. Onder de patiënten met een normaal rust 
QTc blijkt de 4 minuten herstel QTc ≥445 ms een goede voorspeller van de ziekte, 
terwijl een verlengd 1-minuut herstel QTc gebruikelijk is in het LQT1 sub-type. In een 
onafhankelijk cohort van 152 patiënten demonstreert latere externe validatie een hoge 
graad van accuratie om LQTS dragers te voorspellen en een gemiddelde graad van 
accuratie om LQTS subtypes te voorspellen (vergeleken met genetische testen als een 
gouden standaard). Het screening algoritme heeft potentiele toepassingen als interim 
test terwijl de uitslagen van officiele genetisch testen nog in bewerking zijn of als een 
diagnostisch test in centra waar genetisch onderzoek niet mogelijk is. Samen met de 
algemeen geaccepteerde diagnostische criteria voor LQTS, hebben inspanningstesten 
een rol in het verhogen van het rendement van de genetische testen.5 

In de klinische praktijk zien artsen vaak patiënten die verwezen zijn in verband met 
een verdenking LQTS met een borderline of bijna normale QTc. Of dan bij de patiënt 
genetisch getest moet worden is dan niet altijd een makkelijk vraagstuk, en dat zeker 
in centra waar geen of gelimiteerde mogelijkheden zijn om een genetische test uit te 
voeren. Holter registraties worden vaak uitgevoerd in de klinische evaluatie van LQTS 
patiënten, maar de rol van de maximale Holter QTc in het voorspellen van dragerschap 
is nog nooit geëvalueerd. In hoofdstuk 4, hebben we de maximale Holter QTc van 214 
niet gerelateerde probands verwezen voor LQTS genetische testen geanalyseerd. In 
111 patiënten met een laag tot intermediate Schwartz score vonden we dat de patiënten 
met normale rust QTc tijden en met een Holter QTc ≤450 ms allen genotype negatief 
waren. In deze groep is dus een normale Holter QTc 100% effectief in het uitsluiten 
van een mutatie dragerschap. Ondanks dat de studie beperkt is door een relatief klein 
patiënten cohort zijn de bevindingen significant en lijken een rol te kunnen spelen in 
situaties waar genetische testen beperkt beschikbaar zijn.
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Hoewel bèta blokkers domineren in de behandeling van LQTS, is het in de loop van 
de tijd duidelijk geworden dat een significant deel van de patiënten een cardiaal event 
hadden onder therapie. In een poging de mythe te doorbreken dat alle bèta blokkers 
even efficiënt zijn in de aritmie bescherming in LQTS, hebben we een multicenter 
studie uitgevoerd en beschreven in hoofdstuk 5. 382 LQT1/LQT2 patiënten werden 
behandeld met propranolol, metoprolol of nadolol. We ontdekten dat door de 
combinatie van QTc vermindering en late Natrium kanaalblokkade, propranolol en 
nadolol meer effectief zijn in het voorkomen van (recidief) cardiale events in voorheen 
symptomatische patiënten. Het risico van recidief symptomen was 4 keer hoger met 
metoprolol dan met propranolol en nadolol. We vinden dus dat de behandeling met 
metoprolol geen goede keuze is in al symptomatische LQT1 en LQT2 patiënten. 
Samenvattend zijn de belangrijkste bevindingen in de behandeling van LQTS:
•	  Met betrekking tot de diagnose van LQTS kan de opbrengst van genetische testen 

substantieel verhoogd worden door het implementeren van de bevindingen van 
de familie anamnese, de voorgeschiedenis, het rust ECG en de QTc tijden tijdens 
inspanningstest (en de herstelfase) en de Holter. De rol van de epinefrine provocatie 
test in het diagnosticeren van LQTS in de pediatrische patiënten populatie is 
beperkt: hoewel een negatieve epinefrine test gebruikt kan worden in het besluit 
om therapie te onthouden in patiënten met een atypisch verhaal. 

•	   Tijdens de behandeling van symptomatische LQTS patiënten moeten propranolol 
en nadolol de voorkeur hebben boven metoprolol, omdat ze effectiever zijn in het 
voorkomen van events (en plotselinge hartdood).

Deel 2: Natrium kanaal ziekten met verlies van functie
Tien jaar geleden ontbraken Natrium kanaal afwijkingen nog helemaal in de differentiale 
diagnose van acute hartdood in van te voren gezonde kinderen. De studie van Prost 
et al6 met aaandacht voor deze entiteit in jonge kinderen trok brede belangstelling. In 
hoofdstuk 6 beschrijven we een unieke casus van een 4 maanden oud meisje met een 
status na reanimatie en terugkerende ventriculaire aritmieen, in relatie tot koorts en 
vaccinaties. De diagnose van een SCN5A mutatie, in de patiënt, haar broertje en hun 
vader, en de behandelingsstrategieën zijn in dit hoofdstuk beschreven. De tachycardie 
gerelateerde ventriculaire aritmieen in het kind maakte het implanteren van een 
inwendige defibrillator eigenlijk noodzakelijk, maar bètablokker therapie in een 
hoge dosering samen met maatregelen tijdens de koorts episodes gaven een adequate 
bescherming tegen ernstige ventriculaire ritmestoornissen zodat implantatie van een 
ICD vooralsnog voorkomen kon worden. 

Vervolgens is er een multicenter studie verricht om de diagnostische en 
therapeutische aspecten van het gehele spectrum van de Natrium kanaal afwijkingen 
in kinderen te bestuderen. In onze studie beschreven in hoofdstuk 7, er waren 
33 patiënten met bewezen Natrium kanaal afwijkingen. In deze cohort traden 
levensbedreigende aritmieen en acute hartdood vooral op in het eerste levensjaar; 
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verlengde geleidingstijden zijn frequent aanwezig op het ECG van deze kinderen 
terwijl een Brugada ECG patroon veel zeldzamer is. Na het stellen van de diagnose, 
bleken algemeen en/of specifieke behandelingen, zoals agressieve antipyretica en 
ECG monitoring tijdens de perioden met koorts en voor en na vaccinaties, effectief 
in de preventie van ritmestoornissen. Verder is het belangrijk potentieel schadelijke 
medicatie te vermijden. Als therapeutische strategieën gelden als anti-aritmicum 
bètablokkers en implantatie van een inwendige defibrillator. 
Het bestuderen van deze unieke patiënten serie heeft de volgende belangrijke inzichten 
gegeven:
•	  Het spectrum van de Natrium kanaal afwijkingen komen ook voor bij zuigelingen 

en zeer jonge kinderen; ernstige symptomen zijn niet ongebruikelijk bij deze 
leeftijdsgroep. 

•	  Genotypering heeft een rol in de risico stratificatie. Truncerende mutaties, 
functioneel ernstige missense mutaties en multipele mutaties impliceren een hoger 
risico. 

•	  Behandeling van koorts speelt een belangrijke rol in het behandelen van aangedane 
kinderen. Naast het gebruik van agressieve antipyretica, is het belangrijk dat de 
zuigelingen en jonge kinderen gemonitord worden voor ritme verstoring tijdens 
perioden met koorts, zoals tijdens en kort na vaccinaties.

•	  Farmacologische therapieën of alleen of in combinatie met implantatie van een 
inwendige defibrillator is effectief in preventie van acute hartdood. 
Idiopatische ventrikel fibrilleren is een diagnose van uitsluiting en is zelden 

gerapporteerd in zuigelingen. Recent werd gerapporteerd dat idiopatisch ventrikel 
fibrilleren geassocieerd is met voorheen niet gedetecteerde ionkanaalafwijkingen en 
vroege repolarisatiesyndromen. In hoofdstuk 8 rapporteren wij het voorkomen van 
een acute hartstilstand in 2 kinderen, van beide kon de oorzaak van de hartstilstand, 
ondanks uitgebreide cardiale en extracardiale evaluatie, niet gevonden worden. Beide 
patiënten kregen een implantatie van een inwendige defibrillator voor secundaire 
preventie en waren klinisch stabiel nadien. Een van de kinderen ontwikkelde een 
gedilateerde cardiomyopathie op de leeftijd van 19 maanden, 10 maanden na het initiële 
event. Frequente monitoring is dus bewezen zinvol in deze unieke groep van patiënten. 

De Toekomst
Het gezegde “bench to bedside “ lijkt perfect te worden geïllustreerd bij de erfelijke aritmie 
syndromen. Inderdaad blijkt onderzoek in de basale wetenschappen zoals moleculaire 
biologie en cellulaire fysiologie, belangrijk te zijn in het patiënten management. Deze trend 
en deze delicate balans moeten zorgvuldig worden gekoesterd, en de wetenschappelijke 
samenwerking moet worden gecontinueerd en uitgebreid. Hoewel het genetisch onderzoek 
de hoeksteen is in het diagnosticeren van de patiënten, blijft het belangrijk om continue 
het klinisch onderzoek te verfijnen en nieuwe testen te ontwikkelen ter ondersteuning 
van het proces van de diagnose. Het begrijpen van de diversiteit van deze ziektebeelden 

SAMENVATTING 131



en het identificeren van de modifiers zijn de primaire doelen van de onderzoeksgroep. De 
variabiliteit van de patiëntengroep en de response op therapie vormt een ander belangrijk 
onderzoeksgebied van toekomstig onderzoek. Met name zijn studies gerechtvaardigd naar 
de oorzaak van Natrium kanaal ziekten met verlies van functie als een potentiële oorzaak 
van koorts en vaccinatie gerelateerde artimieen en plotse hartdood in voorheen niet 
gediagnosticeerde zuigelingen en jonge kinderen. 

Conclusies
Het proefschrift beschrijft de meest belangrijke problemen en uitdagingen in de 
behandeling van congenitaal lang QT syndroom en Natrium kanaal ziekten met 
verlies van functie, met een special focus op de pediatrische patiënt. Erfelijke 
aritmiesyndromen ontpoppen zich als een belangrijk stuk van de puzzel van acute 
hartdood. De bevindingen van de studies beschrijven relevante implicaties voor de 
klinische praktijk, namelijk het herkennen van het ziektebeeld, een accurate diagnose 
en een effectieve behandeling 
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