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polymorphic ventricular tachycardia (PVT)-like arrhythmia (Figure 4D
and Supplementary material online, Figure S4A).* E4031-induced
PVT-like arrhythmias were never observed in control-iPSC-derived
beating EBs. We then found that another major repolarization potas-
sium current relating to LQTS, IKs, was blocked by chromanol 293B,
which significantly prolonged ¢FPD in control-iPSC-derived beating
EBs, but not in LQTS-iPSC-derived beating EBs (Figure 4E and F).
These data indicated that LQTS-iPSC-derived cardiomyocytes have
IKs channel dysfunction and/or chromanol 293B insensitivity. We
also examined the inwardly rectifying potassium current IK1 by the
IK1-blocking barium administration. The application of barium pro-
longed FPD in both control- and LQTS-iPSC-derived cardiomyocytes
(see Supplementary material online, Figure $4B). However, barium ad-
ministration did not induce arrhythmogenic events in control- and
LQTS-iPSC-derived beating EBs. These findings suggested that repo-
larization of LQTS-iPSC-derived cardiomyocytes would be mainly
controlled by IKr. Taken together with IKr and IKs blocker administra-
tion, we proposed that IKs channels were not only genetically but

functionally impaired and that IKr channels compensated for this
effect in the patient-derived iPSCs, which is also known as the repo-
larization reserve in cardiomyocytes.”®** IKs channel impairment is
diagnosed as type 1 LQTS. And it is well known that B-stimulant
increases the risk of fatal arrhythmia and that B-blockers would effect-
ively prevent long-QT-related arrhythmia in typel LQTS.® The
B-stimulant isoproterenol increased the beating rate in a dose-
dependent manner in control and LQTS cells, and induced EAD
and ventricular tachycardia (VT)-like arrhythmogenic events in
LQTS-iPSC-derived beating EBs (see Supplementary material online,
Figure S5A and B and Figure 4G). Interestingly, the non-selective
B-blocker propranolol obviously decreased the incidence of arrhyth-
mogenic events (Figure 4H). These data strongly suggested that our
patient has a functional impairment in the IKs channel system. We
confirmed a heterozygous deletion mutant in KCNQ1, 1893delC
(P631fs/33), was identified in the LQTS-IPSCs (see Supplementary
material online, Figure S5C).

To confirm a possible dominant-negative role of the KCNQ1?
1893delC mutation in IKs channel function, we conducted precise
electrophysiological characterizations in iPSC-derived cardiomyo-
cytes. IKs currents can be recorded by subtraction of baseline and
the IKs blocker (chromanol 293B) addition. In control, chromanol
293B (30 wM) addition apparently decreased the recorded current,
and IKs current was recorded by subtraction (Figure 5A). In
LQTS-derived cardiomyocytes, chromanol 293B addition did not
show apparent differences and IKs current was subtly recorded by
subtraction (Figure 5A). The IKs peak and tail current densities of
the LQTS-derived cardiomyocytes were evidently smaller than
those of control (Figure 5B). To clarify the mechanisms underlying
such effects, we examined KCNQ1 protein expression in
LQTS-iPSC-derived cardiomyocytes. We conducted immunofluores-
cent staining using an antibody that recognizes a C-terminal epitope
on KCNQ! downstream of P631fs/33. immunostaining in control
showed cell peripheral expression of KCNQ1, which suggested
normal shuttling of the KCNQ1 protein into the cell membrane
(Figure 5C). In LQTS-iPSC-derived cardiomyocytes, the KCNQ1
protein was accumulated at the perinuclear cytoplasm and nucleus,
instead of at the cell periphery (Figure 5C). These data indicated
that KCNQ1 expression is downregulated at the membrane periph-
eral site (Figure 5D), which suggests that KCNQ1 1893delC has a
dominant-negative effect via a trafficking deficiency.

We showed this patient has a mutation in KCNQ? and that
LQTS-iPSC-derived cardiomyocytes have a functional disturbance in
KCNQ1 channels. However, it remains unclear whether this mutation
directly contributed and whether other mutations could be involved
in the IKs current disturbance. To test for a pure dominant-negative
role of the KCNQ! 1893delC mutation in IKs channel function, we
also conducted electrophysiological and histochemical characteriza-
tions in HEK cells expressing exogenous wild-type and/or mutated
KCNQ?1. Cells with 100% incorporation of the wild-type KCNQ1
(WT) gene recorded typical IKs currents and 50% WT KCNQT
gene introduction slightly reduced the IKs currents (Figure 6A). Intro-
duction of 100% mutant KNCQ1 genes (P631fs/33) (MT) significantly
reduced IKs currents (Figure 6A). Moreover, 50% WT and 50% MT
gene introductions had dominant-negative effects on IKs current
(Figure 6A). The IKs peak and tail current densities of the 100% MT
and 50/50% WT and MT were evidently smaller than those of
100% WT and 50% WT (Figure 6B and C). Then we also examined
KCNQ1 protein expression in KCNQ1-transfected HEK cells. Cells
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carrying 100% WT and 50% WT gene introduction showed cell per-
ipheral expression of KCNQ1, which suggested normal shuttling of
the KCNQ1 protein into the cell membrane (Figure 6D and E and Sup-
plementary material online, Figure $6). In contrast, 100% MT and 50/
50% WT and MT gene introduction induced KCNQ1 protein accu-
mulation around the perinuclear cytoplasm, instead of at the cell

periphery (Figure 6D and E and Supplementary material online,
Figure S6). These data indicated that MT-KCNQ?1 expression is down-
regulated at the membrane peripheral site, which suggests that
KCNQ1 1893delC has a dominant-negative effect via a trafficking
deficiency.

4. Discussion

Human iPSCs have become a promising tool to analyse genetic dis-
eases. Some previous reports indicated that disease-specific iPSCs
recapitulated the disease phenotypes.w"u However, most patients
for generating iPSCs in previous reports were already diagnosed
with responsible genes and/or had familial his’cory.m'”'n32 We
showed here that iPSCs can recapitulate the phenotype of a sporadic
patient with LQTS typel. We also performed functional analysis of
the novel mutation by using patient-specific iPSCs, which may
support the diagnosis of LQTS type 1 with novel mutation. Moreover,
using this system allowed us to perform several drug administration
tests on the iPSC-derived cardiomyocytes, which would be a realistic
risk to such a patient in real medical practice. Patients with LQTS type
1 have to take B-blockers throughout their lives, and thus to confirm
that B-blockers truly prevent arrhythmic events in the patients with
novel mutations, patient-specific iPSC-derived cardiomyocytes could
also be used for drug evaluation and monitoring.

We generated iPSCs from a sporadic LQTS patient with a novel
heterozygous mutation located in the KCNQT gene, 1893delC, and
differentiated into cardiomyocytes. The electrophysiological function
was measured by the MEA system, and we confirmed that ¢FPD
was markedly prolonged in LQTS, as compared with control. Next,
we tried to confirm the responsible channel for disease phenotype
by precise examination of several drug responses. IKr is responsible
for the main potassium current in cardiomyocytes and the IKr
blocker significantly prolonged ¢FPD in LQTS- and control-iPSC-
derived beating EBs. But interestingly, we observed more frequently
the arrhythmogenic events like EAD in LQTS-derived beating EBs,
and PVT-like arrhythmia findings recorded only in LQTS. In addition,
IKs is another important potassium current in cardiomyocytes but the
IKs blocker did not affect cFPD in LQTS, though it significantly pro-
longed control’s cFPD in a dose-dependent manner. In general, IKr
and IKs channels work in a complementary fashion in cardiomyocytes,
which is known as repolarization reserve.”***** Taken together with
IKr and IKs administration, we could propose that IKs channels were
functionally impaired and that IKr channels would compensate for this
effect in the patient-derived iPSCs. It was also supported that the diag-
nosis of our patient may be LQTS type1 because of the onset of the
ventricular fibrillation caused by exertional stress. ™" It is important
to elucidate whether the disease phenotype is reproducible in the
same clinical situation, but it should be better to avoid reproducing
ventricular fibrillation in those patients because of the high risk of
sudden death. Therefore, we examined whether adrenergic stimula-
tion can cause arrhythmogenic events in LQTS-iPSCs-derived cardio-
myocytes. We successfully reproduced that the B-stimulant,
isoproterenol, induced VT-like arrhythmia only in LQTS, which was
totally blocked by the B-blocker, propranolol. These findings strongly
suggested that patient’s IKs channels were functionally impaired and
we focused on the identification of the responsible gene mutation
in the KCNQ1 gene. To confirm the dominant-negative role of the
KCNQ1 1893delC mutation in IKs channel function, we examined
electrophysiological and histochemical analyses in iPSC-derived
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cardiomyocytes, and showed that KCNQ1 1893delC has a dominant-
negative effect via a trafficking deficiency. And there remains a possi-
bility that other mutated genes might be involved in disease pheno-
types. So we examined electrophysiological and histochemical
analyses in HEK cells in which WT and MT KCNQ1 genes were trans-
ferred, and showed that KCNQT 1893delC has a dominant-negative
effect via a trafficking deficiency.

This study had several limitations with respect to basic research and
clinical application. In our study, the control subjects were two healthy
volunteers who were unrelated to the patient. The type of such con-
trols that are optimal to use in disease modelling using patient-specific
iPSCs remains under discussion.>* To examine pure functions of the
mutated genes, it would seem better to compare patient’s family
members who do not harbour the mutation, although related family
members share genetic information including single nucleotide poly-
morphisms, and this could affect disease phenotypes. A recent study
also showed that ideal control iPSCs can be obtained by mutated
gene correction using a targeting strategy.”> However, it is sometimes
difficult to establish iPSCs from family members and correct a mutated
gene in human iPSCs. In our study, we used control iPSCs from healthy
unrelated volunteers and also performed functional analysis of the
mutated genes using gene transduction. Another important issue for
routine clinical application of disease modelling using iPSCs is the
time path. It takes a few months to generate iPSCs from the patient’s
dermal fibroblasts, and another few months to differentiate iPSCs
into cardiac myocytes. Thus, a minimum of half of year is required to
generate iPSC-derived cardiomyocytes that reproduce the patient’s
phenotype. Although iPSC technology is an attractive tool for analysing
human diseases, it is clear that technological innovation remains neces-
sary for the use of iPSCs in routine medical practice.

In the present study, we showed that patient-derived iPSCs could
recapitulate disease phenotype in a case of sporadic LQTS. Important-
ly, this study demonstrated that iPSCs could be useful to characterize
the electrophysiological cellular phenotype of a patient with a novet
mutation. In terms of effort, cost, and time, such a method for char-
acterizing a phenotype should overcome several problems that
remain in realizing the routine clinical application potential of patient-
derived iPSC technology, and in turn, the promise of personalized
medicine in the future clinical setting.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Review
Clinical features of Brugada syndrome
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ARTICLE INFO ABSTRACT

Article history: Brugada syndrome is a clinical entity characterized by type-1 (coved) ST-segment elevation in the right
Received 24 December 2012 precordial electrocardiographic leads (V1-V3) and an aborted sudden cardiac death due to ventricular
Received in revised form fibrillation (VF) in the absence of structural heart disease. Since 1992, when Brugada and Brugada
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reported the first case, numerous studies across the world have characterized the clinical, electro-
cardiographic, electrophysiologic, and prognostic features of Brugada syndrome. Several multicenter
studies also suggested the natural history and proposed the risk stratification for subsequent cardiac

Keywords: events. In this review article, the clinical features of Brugada syndrome will be updated.

gTr“gAda Syt“dm'“e © 2013 Japanese Heart Rhythm Society. Published by Elsevier B.V. All rights reserved.
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1. Introduction sudden cardiac death due to ventricular fibrillation (VF) without

structural heart diseases. Since Brugada and Brugada first
Brugada syndrome is characterized by specific ST-segment described 8 patients with a history of aborted sudden cardiac
changes in the right precordial electrocardiographic leads, known death due to VF and type-1 ECG in 1992, Brugada syndrome has
as the type-1 or coved-type Brugada electrocardiogram (ECG). In become a distinct clinical entity [1-8].
addition, Brugada syndrome is associated with a high risk of

_ 2. Epidemiolo
*Tel.: +81 6 6833 5012; fax: +81 6 6872 7486. P 8y

E-mail address: wshimizu@hsp.ncve.go.jp . . .
! Current address: Department of Internal Medicine, Division of Cardiology, The worldwide prevalence of Brugada syndrome [8] is esti-
Nippon Medical School, 1-1-5 Sendagi, Bunkyo-ku, Tokyo 113-8603, Japan. mated to be 1 in 10,000, but it is much higher in Asian and
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Fig. 1. (A) Spontaneous type-1 (coved) ST-segment elevation (arrow). (B) Unmasking of ST-segment elevation by a class IC sodium channel blocker, pilsicainide. Under
baseline condition, type-2 (saddle-back) ST-segment elevation is recorded in lead V2 (left, arrow). Pilsicainide injection (30 mg) unmasks type-1 electrocardiogram (ECG)
in lead V2 (right, arrow). (C) Unmasking of type-1 ECG by recordings of right precordial (V1-V2) leads at third and second intercostal spaces. No significant ST-segment
elevation is observed in leads V1 and V2 of the standard 12-lead ECG (fourth intercostal space) (left, arrow), while type-2 (middle, arrow) and type-1 (right, arrow) ST-
segment elevation are unmasked in leads V1 and V2 recorded from the third and second intercostal spaces, respectively.

Southeast Asian countries, especially Japan, the Philippines, and
Thailand, reaching 5-10 in 10,000, while it is much lower in some
Eastern European countries like Denmark, with an estimated
prevalence of 1.1 in 100,000. Brugada syndrome, also known as
pokkuri (Japan), bangungot (the Philippines), and lai tai (Thai-
land), seems to be the most common cause of natural death in
Asian men younger than 50 years. The reason for this higher
prevalence in Asia may be in part related to an Asian-specific
sequence in the promoter region of SCN5A [9].

Brugada syndrome usuaily manifests during adulthood, with a
mean age of sudden death of 41 + 15 years; however, cases in
children are rare [8]. A family history of unexplained sudden
death is present in 20-40% of cases in Western countries and
15-~20% of cases in Japan [5,8,10,11].

Male predominance in patients with Brugada syndrome is also
well known. Since all of the mutations identified in patients with
Brugada syndrome display an autosomal dominant mode of
transmission, men and women are genetically expected to equally
inherit the defective gene. However, the clinical phenotype is 8-
10 times more prevalent in men than in women [8]. Experimental
studies in dogs have suggested that the presence of a more
prominent transient outward current (I,) in males may contri-
bute to the male predominance of the syndrome [12]. Some
clinical studies have suggested that higher testosterone levels in
men than in women may also have a significant role in the male
predominance [13].

Episodes of VF occur more frequently at night or during sleep
(2000-0800) than during the daytime as a form of sudden
unexplained nocturnal death, syncope, or agonal respiration in
approximately 70-80% of patients with Brugada syndrome
[8.14,15]. Some authors speculate that this circadian pattern is
related to increased vagal tone [16]. Our data detected by
implantable cardioverter defibrillator (ICD) have shown that
about half of the VF episodes are preceded by ventricular
premature complex (VPC) with a similar morphology to initiating

VPC of VF [15]. Atrial fibrillation is associated with 10-20% of
Brugada cases in Western countries and 20-30% of Brugada cases
in Japan [17]. The association of atrioventricular nodal reentrant
tachycardia or Wolff-Parkinson-White (WPW) syndrome has also
been reported.[18]

3. Electrocardiographic characteristics

The fist Brugada Consensus Report in 2002 suggested 3 types
of ST-segment elevation patterns in the right precordial leads of
the ECG (Fig. 1) [6]. Type-1 or coved-type ST-segment elevation is
characterized by a J-point elevation of =2 mm (0.2 mV) followed
by a negative or isoelectric T-wave (Fig. 1A). Type-2 ST-segment
elevation shows a saddleback appearance with a J-point elevation
of >2 mm followed by a trough displaying a > 1-mm ST eleva-
tion with either a positive or biphasic T-wave (Fig. 1B). Type-3 ST-
segment elevation has a saddleback appearance with a J-point
elevation of <1 mm. The morphology and level of the ST-
segment elevation are often accentuated; however, the type-1
or coved-type Brugada ECG is more frequently recognized just
before and after episodes of VF {19,20] and is linked to a higher
incidence of VF and sudden cardiac death [21]. Although the
original report by Brugada and Brugada described the presence of
right bundle branch block (RBBB), the RBBB was revealed to be
nonessential for the diagnosis of Brugada syndrome [6]. Mild
depolarization abnormalities, such as widening of the P wave and
QRS duration, and prolongation of the PQ interval are observed in
patients with Brugada syndrome, more often in those with SCN5A
mutations than in those without SCN5A mutations [22].

4. Diagnostic criteria

Brugada syndrome is definitively diagnosed when a type-1 ST-
segment elevation is observed in at least 1 right precordial lead
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(V1 and V2) [23)], placed in a standard or a superior position (up to
the second intercostal space) (Fig. 1C) [24,25], in the presence or
absence of a sodium channel blocking agent (ajmaline, flecainide,
pilsicainide, or procainamide) (Fig. 1B). Although the diagnostic
criteria from the Second Consensus Report in 2005 require a type-
1 ECG in at least 2 right precordial leads (V1-V3) for the definitive
diagnosis, several clinical studies thereafter have indicated that a
type-1 ECG recorded in at least 1 right precordial lead (V1 and V2)
was enough for definitively diagnosing Brugada syndrome [26].

5. Differential diagnosis

Diseases and conditions that can lead to Brugada-like ECG
abnormality should be differentially diagnosed. These diseases
and conditions include atypical RBBB, left ventricular hypertro-
phy, early repolarization, acute pericarditis, acute myocardial
ischemia or infarction, pulmonary embolism, Prinzmetal angina,
dissecting aortic aneurysm, various central and autonomic ner-
vous system abnormalities, Duchenne muscular dystrophy, thia-
min deficiency, arrhythmogenic right ventricular cardiomyopathy
(ARVC), pectus excavatum, and mechanical compression of the
right ventricular outflow tract as occurs in mediastinal tumor or
hemopericardium [8,23,27].

6. Acquired form of Brugada syndrome

The ST segment in the right precordial leads is well known to
be modulated by several drugs (mainly antiarrhythmic drugs) and
autonomic agents [20]. Class IC antiarrhythmic drugs amplify or
unmask the ST-segment elevation most effectively as a result of
their strong effect of blocking fast sodium current (Iy,) [28.29]
and are used as a diagnostic tool in latent Brugada syndrome.
Many drugs and conditions that increase outward currents (e.g.,
Ito, adenosine triphosphate sensitive potassium current [I.arp]) or
decrease inward currents (e.g., L-type calcium current {Ic,¢], fast
Ina) at the end of phase 1 of the action potential can accentuate or
unmask ST-segment elevation, similar to that found in Brugada
syndrome (Table 1). This is described as an “acquired” form of
Brugada syndrome similar to the “acquired” form of long QT
syndrome. Several drugs and conditions other than class IC
antiarrhythmic drugs have been reported to produce an acquired
form of Brugada syndrome. These drugs and conditions include
antianginal drugs; psychotropic drugs; histaminic H1 receptor
antagonists; anti-inflammatory drugs; psychoactive recreational
drugs; antipsychotic drugs; local anesthetics; short-acting hyp-
notic agents; hypertestosteronemia; hyperthermia (febrile state);
hypothermia; and electrolyte abnormalities, such as hyperkale-
mia, hypokalemia, hypercalcemia, or hyponatremia [27,30,31].
These drugs and conditions unmask Brugada phenotype mainly
by depressing fast Iy, and Ic,.1. (See also www.brugadadrugs.org.)

7. Clinical features and natural history

Several symptoms related to Brugada syndrome include (1) VF
or aborted sudden cardiac death (more frequent at night than
during the day), (2) syncope, (3) nocturnal agonal respiration,
(4) palpitations, and (5) chest discomfort. These symptoms are
documented frequently at rest, during sleep, or under other
vagotonic conditions, but rarely during exercise.

Identification of patients at high risk for sudden cardiac death
due to VF is important for managing patients with Brugada
syndrome [5,7,10,11,32,33]. Brugada et al. reported that patients
with type-1 Brugada ECG initially presenting with aborted sudden
cardiac death or VF are at the highest risk for a recurrence (69% at

Table 1
Acquired form of Brugada Syndrome.

1. Antiarrhythmic drugs
(1) Sodium channel blockers
Class IC drugs (Flecainide, Pilsicainide, Propafenone)
Class IA drugs (Ajmaline, Procainamide, Disopyramide,
Cibenzoline)
(2) Calcium channel blockers
Verapamil
(3) g blockers
Propranolol, etc.
2. Antianginal drugs
(1) Calcium channel blockers
Nifedipine, Diltiazem, etc.
(2) Nitrate -
Isosorbide dinitrate, Nitroglycerine, etc.
(3) Potassium channel openers
Nicorandil, etc.
3. Psychotropic drugs
(1) Tricyclic antidepressants
Amitriptyline, Nortriptyline, Desipramine,
Clomipramine, dosulepin, etc.
(2) Tetracyclic antidepressants
Maprotiline, etc.
(3) Phenothiazine
Perph ine, Cy
(4) Benzodiazepine
Clonazepam, Alprazolam, Lorazepam, etc.
(5) Selective serotonin reuptake inhibitors
Fluoxetine, Paroxetine, etc.
(6) Other antidepressants
Trazodone, Risperidone, etc.
4. Other drugs
(1) Histaminic H1 receptor antagonists
Dimenhydrinate, etc.
(2) Anti-inflammatory drugs
Mesalazine, etc.
(3) Psychoactive recreational drugs
Cocaine, Cannabis
(4) Antipsychotic drugs
Lithium, Thioridazine
(5) Local anesthetics
Bupivacaine
(6) Short-acting hypnotic agents
Propofol
5. Hypertestosteronemia
6. Low visceral fat
7. Myocardial ischemia
(1) Right ventricular infarctionfischemia
(2) Vasospastic angina
8. Myocarditis, Pericarditis
(1) Acute myocarditis
(2) Chronic myocarditis
(3) Acute Pericarditis
9. Temperature
(1) Hyperthermia (Febrile state)
(2) Hypothermia
10. Electrolyte abnormalities
(1) Hyperkalemia
(2) Hypokalemia
(3) Hypercalcemia
(4) Hyponatremia
11. Meal, Increased insulin level
12. Polymorphisms in SCN5A

azine, etc.

54+ 54 months of follow up) [7]. Patients presenting with
syncope and a type-1 ECG are also reported to have a high
recurrence rate (19% at 26 + 36 months of follow-up). Even in
asymptomatic Brugada patients, a relatively high cardiac-event
rate (8%) was reported in their registry. In contrast to the Brugada
registry, a recent European registry found a lower incidence of
subsequent arrhythmic events. The FINGER study by Probst et al.
reported that the annual rates of subsequent or new arrhythmic
events in patients with prior aborted sudden cardiac death,
patients with prior syncope, and asymptomatic patients are
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7.7%, 1.9%, and 0.5%, respectively [32]. Our Japanese registry
endorsed by the Japanese Ministry of Health, Labour and Welfare
also demonstrated a lower rate of arrhythmic events than those of
the Brugada registry. The annual rate of arrhythmic events in
probands with type-1 Brugada ECG was 10.2% in the VF group,
0.6% in the syncope group, and 0.5% in the asymptomatic group
[33]. The discrepancy in clinical outcomes of patients between the
Brugada registry and the other 2 registries is most likely due to

inclusion of particular families with a very severe form of the -

disease in the Brugada registry.

It is generally agreed that a previous history of aborted cardiac
arrest, syncope, presence of a spontaneous type-1 ECG, and male
gender are significant predictors of further arrhythmic events
{5,7,10,11,32,33].

8. Risk stratification

Considering the natural history of Brugada patients, there is
little controversy on the indication of ICD in Brugada patients:
with a history of aborted cardiac arrest or those with a history of
syncope likely caused by VF as class | or class lla ICD indication.
The more important goal is to stratify risk in asymptomatic
patients with Brugada syndrome displaying a typical type-1
ECG. Several clinical examinations have been useful in supporting
the diagnosis of Brugada syndrome and stratifying high-risk
patients.

9. Exercise testing

Some clinical studies have reported the augmentation of ST-
segment elevation and/or unmasking of type-1 ECG in the right
precordial leads at early recovery periods after exercise in some
patients with Brugada syndrome (Fig. 2) [34,35]. We recently

A Pre

exercise

Peak
exercise

0.32 mV 0.18mV

0.40mV 0.72 mV

0.22 mV

0.12mv

investigated the prevalence and the clinical significance of the
augmentation of ST-segment elevation at the early recovery
phase for risk stratification in Brugada patients [35]. Treadmill
exercise testing was conducted in 93 patients with Brugada
syndrome (22 documented VF, 35 syncope alone, and 36 asymp-
tomatic) and 102 healthy control subjects. Augmentation of ST-
segment elevation > 0.05 mV in leads V1 through V3 compared
with baseline was observed at early recovery (1-4 min at recov-
ery) in 34 Brugada patients (37%) (Fig. 2A and B) but not in the
remaining 59 Brugada patients (63%) (Fig. 2C) or 102 control
subjects. The ST-segment elevation was usually ameliorated at
peak exercise (Fig. 2A), but it was augmented even at peak
exercise in some patients (Fig. 2B). The Brugada patients asso-
ciated with the ST-segment augmentation at the early recovery
phase had a greater risk of subsequent VF than those without (15/
34 [44%] vs. 10/59 [17%], P=0.004) during 76 + 38 months of
follow up. Multivariate Cox regression analysis showed that
augmentation of ST-segment elevation at the early recovery
phase was a significant and independent predictor for cardiac
events (P=0.007), especially in patients with a history of syncope
alone (6/12 [50%] vs. 3/23 [13%]) and in asymptomatic patients
(3/15 [20%] vs. 0/21 [0%]). Thus, augmentation of ST-segment
elevation at the early recovery phase during exercise testing was
specific in patients with Brugada syndrome and can be a predictor
of poor prognosis, especially in patients with syncope alone and
in asymptomatic patients.

10. Signal-averaged ECG

Frequency of late potentials (LP) in the signal-averaged ECG
has been reported to be higher in patients with Brugada syn-
drome than in control subjects. In a single-center study, Ikeda
et al. reported a sensitivity of 89%, specificity of 50%, positive

Recovery
3min

Recovery
6 min

0.70mV 0.48mV

0.80mV 0.54mV

0.14 mV 0.20 mV

i
1s

Fig. 2. Responses of ST-segment elevation in lead V2 during exercise testing in 3 patients with Brugada syndrome. (A). The ST-segment elevation was decreased at peak
exercise but r?-ascended at the early recovery phase (3 min) resulting in typical type-1 ST-segment elevation. (B). In some cases, the ST-segment elevation was augmented
at peak exercise and remained augmented at the early recovery phase. (C). The ST-segment elevation was decreased at peak exercise and gradually recovered to the

baseline at recovery phase. ST-segment amplitudes are shown as numeric values.
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predictive value of 70%, and negative predictive value of 77% for
LP for risk stratification of life-threatening events [36].

11. Fragmented QRS

Morita and colleagues reported that fragmented QRS recorded
in the standard 12-lead ECGs (with 0- to 150-Hz filters) was more
often observed in Brugada patients with VF episodes than in those
with syncope or in asymptomatic patients [37]. They also
reported that patients who had fragmented QRS frequently
experienced recurrence of syncope due to VF within 4 years of
the first episode of syncope or VF. More recently, in the PRELUDE
study, Priori et al. reported that fragmented QRS was an inde-
pendent predictor for arrhythmic events in Brugada patients
without a history of VF [38].

12. Atrial fibrillation

Spontaneous atrial fibrillation (AF) has been reported to
appear in 10-53% of patients with Brugada syndrome and to be
associated with a higher incidence of syncopal episodes (60.0% vs.
22.2%, P<0.03) and documented VF (40.0% vs. 14.3%, P <0.05)
[39.40].

13. Programmed electrical stimulation

The usefulness of programmed electrical stimulation (PES) to
stratify risk of subsequent arrhythmic events has long been
controversial between the Brugada registry and other registries
[5,7,10,11,32,33]. To fill this gap, Priori organized a multicenter
prospective registry (PRELUDE study) with a uniform protocol in
patients with Brugada syndrome without a history of VF [38].
They suggested that arrhythmia inducibility during PES was not a
predictor of subsequent events during follow-up but that a
ventricular effective refractory period <200 ms was an indepen-
dent predictor for arrhythmic events. Makimoto et al. recently
reported a significance of the number of extrastimuli at PES as a
predictor of arrhythmic events in patients with type-1 Brugada
ECG [41]). Multivariate Cox regression demonstrated that the
induction of VF with up to double extrastimuli was an indepen-
dent predictor. Therefore, they suggested that up to double
extrastimuli were adequate at PES to stratify risk in patients with
Brugada syndrome.

14. Cardiac imaging

Several cardiac imaging techniques, such as exercise radio-
nuclide imaging (RI), computed tomography (CT), magnetic reso-
nance imaging (MRI), or echography, are required to prove the
absence of structural heart disease, including myocardial ische-
mia and ARVC.

15. Head-up tilt testing

Head-up tilt (HUT) testing is recommended to judge an
episode of syncope to be likely caused by VF by excluding
neurally mediated syncope (NMS). However, NMS may coexist
with Brugada syndrome [42]. We conducted HUT testing in 46
patients with type-1 Brugada ECG, 20 healthy control subjects,
and 15 patients with suspected NMS [43]. HUT testing was
positive in 35% of Brugada patients (16/46), 10% of control
subjects (2/20), and 67% of suspected NMS patients (10/15). The

HUT-positive rate was significantly higher in Brugada patients
with VF (7/14; 50%) than that in control subjects (10%) (P < 0.05).
Augmentation of ST-segment amplitude ( > 0.05 mV) in leads V1
through V3 was observed in 69% of the HUT-positive Brugada
patients (11/16) during vasovagal responses and was associated
with augmentation of parasympathetic tone following sympa-
thetic withdrawal, which was evaluated by the heart rate varia-
bility. These data suggested that some Brugada patients have an
impaired balance of the autonomic nervous system, which may
relate to their syncopal episodes.
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A left ventricular noncompaction in a patient with long QT
syndrome caused by a KCNQI mutation: a case report

Kentaro Nakashima - Isao Kusakawa *
Tsuyoshi Yamamoto * Shinsuke Hirabayashi -
Ryohta Hosoya + Wataru Shimizu - Naokata Sumitomo

Received: 29 July 2011/ Accepted: 20 January 2012
@ Springer 2012

Abstract A 5-year-old girl developed cardiopulmonary
arrest after crying. From the electrocardiogram and echo-
cardiography, a left ventricular noncompaction (LVNC)
with long QT syndrome (LQT) was suspected as the cause
of the cardiopulmonary arrest, and treatment with a f-
blocker and a calcium antagonist was thén begun. A genetic
screening of LQT-felated genes revealed a previously
reported heterozygous KCNQ/! mutation. The association of
LVNC and LQT is an extremely rare condition, and long-
term treatment based on the characteristics of both disorders
is requircd. Also, the association of cardiomyopathy and
LQT could become a new clinical entity in the future.
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Background

Long QT syndrome (LQT) is a group of ion-channel dis-
orders of the myocardium that may prolong the repolari-
zation of the cardiac cycle [1]. According to the genotype
investigation, 12 subtypes (LQT1-12) have been reported
[2]; each subtype has its own clinical characteristics, dnd
the treatment strategy differs for each subtype. Long QT
syndrome is known as the most important cause of sudden
cardiac death in the young [3]. and may mostly result from
the occurrence of ventricular fibrillation (VF) or torsade de
pointes (TdP).

Here we report the case of a girl with left ventricular
noncompaction (LVNC) and LQT, which were confirmed
after resuscitation from cardiopulmonary arrest.

Case report

A 5-year-old girl had syncope after intense crying at her
kindergarten. Her mother noticed cyanosis around her lips
and then she developed cardiopulmonary arrest. Bystander
cardiopulmonary resuscitation (CPR) was started immedi-
ately by a kindergarten teacher, who called for an ambu-
lance. An automated external defibrillator (AED) revealed
pulseless electrical activity, and there was no indication for
defibrillation. She was transported to our hospital under
continuous CPR.

She had been followed up for a diagnosis of epilepsy
after two episodes of afebrile convulsions when she was 3
years old. She had a syncopal attack during the follow-up
period, -and ‘multifocal spike waves were noted on the
electroencephalogram. She had been administered car-
bamazepine since then, after which the spike waves dis-
appeared during the follow-up period. Except for an
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episode of afebrile convulsions at age 4 years, she did not
experience any further episodes of convulsions or syncope.
Magnetic  resonance  imaging revealed no  brain
abnormalities.

On arrival at our hospital, sinus rhythm had resumed;
however, she required intubation and respiratory support
for her respiratory failure and cardiac dysfunction. Her
cardiac function then improved gradually, but about 6 h
after arrival, TdP and VT emerged in the intensive care
unit. While we were preparing to defibwillate her, per-
forming cardiac compressions for about 1 min, sinus
rhythm resumed spontancously (Fig. 1) and her cardiac
function improved.

The electrocardiogram obtained after the CPR exhibited
a prolonged QTc interval (Fig. 2, QTc = 0.6 s), and the
patient was suspected as having LQT. There were no
electrolyte imbalances at the time of hospitalization. Her
cardiac function improved gradually after CPR.. An. echo-
cardiogram revealed a spongy dysplastic left ventricular
myocardium with prominent trabeculations and deep
recesses, indicating LYNC (Fig. 3). We therefore started
the patient on propranolol and verapamil to control her VT.
Her respiratory support was discontinued 3 days after
hospitalization. After administration of propranolol and
verapamil, TdT and VT no longer emerged.

Electrocardiographic examinations and a genetic
screening of LQT-related genes were performed on the
patient, her sister and brother, her parents, her paternal and
maternal grandfathers and grandmothers, and a maternal
uncle (Fig. 4). She, her brother, her father, and her paternal
grandmother were found to have a previously reported
heterozygous KCNQI mutation ¢.1831 G > T in exon 15

(p. D611T). No prolongation of QT intervals or echocar-
diographic abnormalities were found in family members
(her brother, her father, and her paternal grandmother) who
had a KCNQI mutation. Although her development had
been normal until this event, the patient manifested mild
mental retardation because of ischemic brain damage. She
underwent rehabilitation and attended a school for handi-
capped children with a restriction on swimming.

Discussion

Left ventricular noncompaction is a congenital cardiomy-
opathy with a spongy morphological appearance and deep
intertrabecular sinusoids in communication with the ven-
tricular cavity [4]. The diagnosis is mainly made by two-
dimensional echocardiography, cardiac magnetic reso-
nance imaging, or left ventricular angiography.

The echocardiogram reveals that prominent trabecula-
tions and deep recesses are noted in the ventricular myo-
cardium {53]. However, so far there has been no distinct
definition of LVNC [6]. Koh et al. {7] reported that a left
ventricular myocardial deformation is reduced in the lon-
gitudinal and circumferential dimensions and manifests
with tight systolic-diastolic coupling in children with
LVNC,

Genetic mutations were first reported in the G4.5 gene in
patients with an isolated LYNC [8]. Z-line and mitochon-
drial mutations and X-linked inheritance resulting from
mutations in the G45 gene encoding tafazzin could be a
pathogenesis for thie disease. In this report, the gene defect
differed among the families, and thus there did not appear

[

Fig. 1 Monitor recording obtained while the patient was in the intensive care unit. Upper panel oceurrence of torsade de pointes (TP), which
terminated within several beats. Lower panel occurrence of long-lasting TdP or veniricular fibrillation
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Fig. 2 Electrocardiogram recorded after the resuscitation. The electrocardiogram after the resuscitation showed normal sinus rhythm with left
QRS axis deviation (—15%). The QTc interval was prolonged to 0.6 s. There were also flattened T waves in the left precordial leads (VS and V6)
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trabeculation

%, recess

Fig. 3 Echocatdiogram. Prominent trabeculations and a deep recess were detected

to be any obvious genotype—phenotype correlation that
would allow for the differentiation of the clinical course to
be predicted. In addition, the cardiac phenotypes that occur
as a result of G4.5 mutations may vary significantly. On the
other hand, in patients with LVNC associated with con-
genital heart disecase, a so-called nonisolated LVNC,
mutations-in the a-dystrobrevin gene have been reported
{9]. In this report, the z-dystrobrevin mutation resulted in a
phenotype of a dilated hypertrophic cardiomyopathy with
deep trabeculations associated with congenital heart

disease, consistent with the criteria for LVNC. However,
the phenotype in this family had considerable variability.
Consequently, the details of the relation between an ion-

channel dysfunction and the maldevelopment of the ven-

tricular myocardium are not-well described. Further genetic
studies are needed to discover whether a combined muta-
tion with G4.5 or a-dystrobrevin and KCNQJ could have
contributed to this clinical manifestation in this patient.
The association of LVNC with LQT is extremely rare.
SCNSA mutations are frequently associated with LVNC.
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Fig. 4 Family tree of our patient. The arrow shows the proband.
KCNQJ mutations were detected in the proband, and her brother,
father, and grandmother

However, only 2 of 62 patients were found to have LQT in
SCNSA-positive LVNC [10]. SCN5A mutations arc well
known as a cause of LQT3 syndrome and Brugada syn-
drome. Ogawa et al. [11] reported a KCNH2 mutation in
two patients with LQT and LVNC. KCNH2 mutations have
been known to be the cause of LQT2 syndrome.

KCNQI] mutations are known as a cause of LQT [12].
However, to the best of our knowledge there have been no
previous reports on the association of a KCNQ/ mutation
and LVNC, so this is the first report suggesting an asso-
ciation between LQT1 and LVNC.

The association of cardiomyopathy and LQT couid
become a new clinical entity in the future. In 2006, the
American Heart Association scientific statement on the

classification of cardiomyopathies formally classified.

LVNC as its own disease entity, as a primary cardiomy-
opathy with a genetic origin, in the same category as ion-
channel disorders [13]. Long-term follow-up will be
required to reveal further associations between both
disorders.

Conclusion

The association of LQT with LVNC is extremely rare.
There have been only two patients with SCN54 mutations
and two patients with KCNH2 mutations reported to date.
This is the first report of a KCNQJ mutation with LQT and
LVNC. A genetic screening of LQT-related genes is rec-
ommended for patients with a long QT interval and LVNC.

@ Springer
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Double Tachycardia After Slow Pathway Ablation for
Atrioventricular Nodal Tachycardia: What Is the Mechanism?
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Case Presentation

A healthy 42-year-old man was referred to our hospital
for an electrophysiological study of paroxysmal supraven-

J Cardiovasc Electrophysiol, Vol. 24, pp. 233-236, February 2013.

No disclosures.

Address for correspondence: Kazuhiro Satomi, M.D., Ph.D., Divi-
sion of Arrhythmia and Electrophysiology, Department of Cardiovas-
cular Medicine, National Cerebral and Cardiovascular Center, 5-7-1
Fujishiro-dai, Suita, Osaka 565-8565, Japan. Fax: 81-6-6872-7486; E-mail:
ksatomi @hsp.ncve.go.jp

doi: 10.1111/jce.12004

tricular tachycardia. The surface 12-lead ECG showed no
preexcitation during sinus rhythm and a regular narrow QRS
tachycardia at a rate of 200 beats per minute. Sinus node func-
tion and atrioventricular nodal (AVN) conduction at baseline
were normal. Atrial extra stimulation demonstrated a sudden
jump in AV conduction. The clinical tachycardia was repro-
ducibly induced during isoproterenol administration by dou-
ble atrial extrastimuli (500/360/260 milliseconds) from the
HRA. The tachycardia was diagnosed as slow—fast AVNRT
based on the existence of dual antegrade AVN pathways, the
same atrial activation sequence during the tachycardia and
RV pacing, no atrial capture by RV stimulation during the
tachycardia, and the result of para-Hisian pacing. Initially,
anatomical guided radiofrequency (RF) applications were
delivered to the right inferoseptal region (55°C, 30 W). Even

n

Figure 1. During the tachycardia (CL

284 milliseconds), 2 to I ventriculoatrial

block was observed (A). After the atrium
returned to sinus rhythm (CL 512 mil-
liseconds), the tachycardia still continued

(CL 294 milliseconds) (B). The atrium

exhibited atrial fibrillation while the
tachycardia persisted (C). The ablation
catheter was positioned near the lateral

wall of the right atrium. The arrowheads

indicate the His deflection. d = distal; p =

proximal; ABL = ablation catheter; CL =

cycle length; CS = coronary sinus; HA =

His-atrium; HBE = His bundle electrode;

HRA = high right atrium; RVA = right
ventricular apex; SA = stimulus-atrium.

—190—



234 Journal of Cardiovascular Electrophysiology Vol. 24, No. 2, February 2013

I

Ve
HRAd |
HBE p

<8

i
Vs
<8

i

i

vy

HRAd

HRAp

HBEp
Csd

CSyp
RVA

-
AcgBums =T Aceiuns = T4

Figure 2. A sudden jump-up phenomenon of AH interval was observed (A). The double ventricular response was reproducibly observed at the beginning
of the tachycardia (B). The tachycardia was terminated by the ventricular extrastimuli (C). Para-Hisian pacing showed that the retrograde conduction was

through the atrioventricular node (D). Ventricular extrastimuli during the refractory of His did not proceed the atrial excitation (E). The arrowheads indicate
the His deflection. The abbreviations are as in Figure 1.
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after 19 applications with an accelerated junctional thythm,
the tachycardia remained inducible. A 2:1 VA block and dis-
sociated atrial activation were observed during the tachycar-
dia (Fig. 1A,B). Moreover, the tachycardia sustained while
AF was induced by atrial pacing (Fig. 1C). What is the mech-
anism of the double tachycardia, and is the diagnosis of
slow—fast AVNRT correct? -

Commentary

Despite the advances in cardiac electrophysiology, it re-
mains in debate whether or not the atrium is involved in
the circuit of AVNRT. A few case reports have described
the persistence of AVNRT despite the occurrence of differ-
ent VA block patterns indicating the existence of an up-
per common pathway (UCP) connecting a subatrial (in-
tranodal) reentrant circuit to the atria. To the best of our
knowledge, only one case report has described the rare phe-
nomenon of AF and AVNRT being simultaneously sustained
in a patient with slow—fast AVNRT, indicating a “double
tachycardia.”!

At the baseline, the effective refractory period (ERP) of
the antegrade fast pathway (FP) and slow pathway (SP) was
360 and 340 milliseconds, respectively, following an 8 con-
secutive beat pacing (cycle length [CL] 500 milliseconds;
Fig. 2A). RV pacing exhibited 1:1 VA conduction at pac-
ing intervals over 333 milliseconds. RV extra stimulation
demonstrated no jump-up phenomenon, and the ERP of the
VA conduction was less than 210 milliseconds when the
ventricular refractory period was attained. The reproducible
tachycardia induction under an isoproterenol administration
by double atrial extrastimuli showed the double ventricu-
lar response at the beginning of the tachycardia (Fig. 2B).
The tachycardia was terminated by the ventricular extrastim-
uli and burst pacing (Fig. 2C). Moreover, the same atrial
activation sequence during the tachycardia and RV pacing,
no atrial capture by RV stimulation during the tachycardia,
and the atrial activation sequence during para-Hisian pac-
ing validated the diagnosis as slow-fast AVNRT (Fig. 2D,
2E). After multiple RF applications at the right inferoseptal
region (SP area) with an accelerated junctional rhythm, the
AVNRT remained still inducible. Furthermore, a regular H-
H interval was observed during the sinus rhythm and the AF,
suggesting VA and AV block occurred during the tachycardia
(Fig. 1). Following administration of a bolus ATP, the
AVNRT was terminated after the CL prolonged to 344 mil-
liseconds, although AF persisted (Fig. 3A). After the spon-
taneous termination of the AF, the antegrade ERP of the
FP and SP was 290 and 270 milliseconds, respectively. The
retrograde ERP of the FP was 390 milliseconds. Although
the antegrade AVN conduction should have been better than
that at baseline, the activation during AF could not enter
the AVNRT circuit. This could be explained by (1) a very
small excitable gap or circuit or (2) functional block in the
UCP. The fact that the AVNRT could be entrained from the
SP area at relatively longer CL (270 milliseconds), but not
from the FP area, was considered to support the existence of
functional block (Fig. 3B).

After we performed additional RF applications (40 W,
55°C) in the SP area, the AVNRT became noninducible even
under an ISP administration. The ERP of the anterograde FP

Makimoto et al.
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Figure 3. After a bolus ATP venous administration, the cycle length of
the tachycardia prolonged to 344 milliseconds, and the AVNRT was termi-
nated, though AF persisted (A). The AVNRT (CL 282 milliseconds) could
be entrained by pacing (CL 270 milliseconds) from the slow pathway area,
(B; left panel) but not by pacing from the fast pathway (B; right panel).
The arrowheads indicate the His deflection. The abbreviations are as in
Figure .

shortened to 270 milliseconds, and the jump phenomenon
was no longer observed at the end of the procedure. No
complications including AVN dysfunction occurred. During
12 months of follow-up, the patient has remained clinically
free of symptoms.

As the differential diagnosis, concealed nodofascicular
or nodoventricular bypass tracts, junctional ectopic tachy-
cardia (JET), and intra-Hisian reentry should be gener-
ally considered in cases of supraventricular tachycardias
with VA block.? In this case, the fact that the tachycar-
dia was not reset by the ventricular extrastimuli during
refractory of the His did not favor the existence of con-
cealed bypass tracts. The reproducible induction by atrial
extrastimuli, and the reproducible termination by ventricu-
lar extrastimuli and burst pacing supported AVNRT strongly
rather than JET. Intra-Hisian reentry was not likely because
the tachycardia was eliminated by RF applications in the
SP area. Therefore, the diagnosis as AVNRT is considered
appropriate.

We hypothesized that the RF applications at the SP
area might have affected the properties of the UCP. Some
investigators have reported that a definite UCP is not
present;® however, we could not explain all these phenom-
ena without the supposition of a certain common path-
way between the atrium and AVNRT circuit in the present
case. Furthermore, this hypothesis does not contradict the
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