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*% of symptomatic carriers. CA, cardiac arrest; QTc, corrected QT interval; SCD, sudden cardiac death.

was performed using polymerase chain reaction/single-strand
conformation polymorphism or denatured high-performance
liquid chromatography analyses and then DNA sequencing in
each center.

Clinical Phenotypes in LQT1

The 345 patients in the Japanese cohort were classified as
either symptomatic or asymptomatic, based on prior experi-
ence of cardiac events (syncope, cardiac arrest (CA), SCD).
SCD in a first-degree relative under 40 years old was deemed
to be LQTS-related, even in the absence of direct genotyping
and/or ECG documentation. Markers of clinical severity were
considered to be the proportion of symptomatic mutation car-
riers, the incidence of life-threatening arrhythmias, age at first
cardiac event, and cardiac events before commencing S-blocker
therapy, through to 40 years of age. Schwartz scores were also
calculated.’ ECG parameters were measured at baseline, and
included RR, QTend (QRS onset to the end of the T-wave
interval), QTpeak (QRS onset to the peak of T wave), and
QTpeak-end (the peak of T wave to the end of T wave) inter-
vals, as previously described.!? The QT interval was corrected
by Bazett’s formula.?

Statistical Analysis

Categorical variables are presented as absolute and relative
frequencies, and compared using the chi-squared test without
Yates continuity correction. Gene variation between each
country was compared with Fisher’s exact test. Clinical char-
acteristics of genotype groups were compared using Student’s
t-test as appropriate for continuous variables, which are
expressed as the mean and standard deviation. Event-free
survival rate was described by Kaplan-Meier cumulative esti-
‘mates, with comparisons performed by the log-rank test. Time
from birth to first event up to 40 years of age was considered
for any events, and for CA/SCD. A 2-tailed value of P <0.05
was considered to denote a statistically significant difference.
Statistical analysis was performed with SPSS Statistics Version
22 (IBM Corporation, Somers, NY, USA).

Results

Most Common Mutation in the Japanese LQT1 Cohort
Figure 1 shows the distribution of LQT1-related mutations

identified at the 3 genetic centers in Japan. Among these, the
most frequent was p. A344spl, a splicing mutation involving
the substitution of the last base of exon 7 from guanine to
adenine (c. 1032 G>A). The A344spl mutation was present in
17 probands (8.9%) in a heterozygous condition.

Typical LQTS Phenotype of A344spl Carriers

In 31 carriers from 17 families with A344spl, the mean age-
of-onset was 1024 years old. A history of cardiac symptoms
was present in 13 patients (42%), of whom 11 (36%) had
experienced symptoms before 15 years of age; 3 of the 31 car-
riers (10%) had CA or SCD. Exercise was the major trigger of
lethal arrhythmias, being the cause of cardiac events in 11 of
the 13 symptomatic patients (85%). The mean corrected QT
(QTc) interval in patients with A344spl was 46130 ms. Using
the Schwartz criteria, 17 of 31 patients (55%) had at least 3.5
points, a score that is definitive of LQTS.1®

Table shows the clinical characteristics of 344 Japanese
patients harboring the A344spl (n=31), A341V (n=24), or
‘other’ (n=290) KCNQI mutations. The missense mutation,
A341V, which is located near the A344 codon, is associated
with more severe phenotypes,® and was the second most com-
mon genotype in the present Japanese patients with LQT1
(n=10, Figure 1). As previously reported, A341V carriers
exhibit severe clinical characteristics, while A344spl carriers
are midway in severity between A341V and ‘other’ mutations,
in terms of the mean age-of-onset, symptomatic carriage,
frequencies of CA/SCD and Schwartz score of at least 3.5
points. In all groups, the majority of symptomatic carriers had
experienced cardiac events during exercise.

Figure 2 shows Kaplan-Meier curves for the cumulative
survival to any first cardiac event (syncope, CA, SCD) before
the initiation of fS-blocker therapy or up to 40 years of age.
There was a significant difference among the 3 groups, and
approximately 80% of the A341V carriers were symptomatic
by the age of 40 years. The prognosis for A344spl carriers was
intermediate between that for A341V and ‘other’ mutation
carriers.

Discussion

This multinational study demonstrated that the A344spl KCNQ1
mutation, which causes a splicing error at exon 7-intron 7,132
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Figure 2. Unadjusted Kaplan-Meier
estimates of the cumulative event-free

Cumulative cardlac eventfree survival (%)

survival in A344spl, A341V, and ‘other’

02+~ | mutation carriers among patients with

B nng long QT syndrome type 1 (LQT1). Any

; P<0’001 cardiac event (syncope, cardiac arrest

0.0 PR ; : and sudden cardiac death) was con-

T T T ] I sidered, from birth up to 40 years of

0 10 20 30 40 age, and before commencing B-blocker

Age (yrs) therapy. The A341V mutation was

associated with a significantly poorer

Others 290 202 96 81 52 prognosis than ‘other’ mutations, and
AB4dspl 31 19 6 6 3 carriers of the A344spl mutation had
A341V 24 9 3 2 2 an intermediate risk of cardiac events.

was common in Japan and the A344spl KCNQI mutation was
associated with typical LQTS phenotypes.

KCNQ1I is 1 of 3 major genes responsible for LQTS, and it
was revealed by the positional cloning method in 1996.5 KCNQ1
encodes the o subunit of the voltage-gated cardiac potassium
channel that underlies the slow delayed rectifier potassium
current (/ks). The clinical severity of LQT1 is known to depend
on the type and/or location of KCNQI mutations. Moss et al
demonstrated that mutations of the transmembrane, missense
or dominant-negative type were associated with more severe
phenotypes than those of C-terminal, non-missense or haplo-
insufficiency types.”> KCNQI mutations in the cytoplasmic
loop were reportedly the most severe because modification of
the Ixs current by adrenergic stimulation may be impaired.?
Therefore, variability in KCNQI mutations according to eth-
nicity or country may affect the outcome of studying clinical
phenotypes.

As demonstrated in previous reports, A341V in South
Africa,” Y111C in Sweden® and G589D in Finland!® have
been identified as founder mutations with historical data on
demographic and clinical characteristics. The A341V mutation
is a missense mutation found in South African populations
with LQT1, and it is associated with a young age-of-onset, a
high frequency of cardiac events, and a longer QTc interval
than in non-A341V cohorts. Functional assays also indicated
that the A341V phenotype exhibits the dominant-negative
effect, with impaired responses to adrenergic stimulation. The
Y111C mutation in the N-terminus is frequent in Sweden, and
the dominant-negative effect leads to insufficient trafficking
of the normal KCNQ! protein; however, despite marked QT
prolongation, the incidence of cardiac events is lower than
for A341V (symptomatic carriers, 30% in Y111C vs. 75% in
A341V). In contrast, in Finland, the founder mutation G589D
causes a benign phenotype and occurs in 30% of LQTS cases.
G589D carriers have mild prolongation of the QT interval
(460ms) under heterozygous conditions, and 26% of patients
are symptomatic. These clinical findings are in accordance
with an experimental study that confirmed nondominant-neg-

ative effects.1®

The A344spl mutation (c.1032 G>A) was found in all pop-
ulations, irrespective of country,® and may be considered a
recurrent mutation. In contrast, the A344spl mutation was sig-
nificantly more frequent in Japan (8.9%) than in other coun-
tries (Figure 1: 5 of 160 LQT1, 3.1% in France; 0 of 81 LQT1,
0% in Germany; and 10 of 465 LQT1, 2.1% in the United
States;? P<0.05, P<0.01 and P<0.001, respectively). Never-
theless, because it was the most frequent mutation in several
Japanese genetic centers, it is likely that related cases exist, as
for founder mutations.?6 In vitro and in vivo studies demon-
strate that A344spl displays various splicing errors, and leads
to the dominant-negative pattern.)® The clinical severity of
LQT1 in A344spl carriers was intermediate relative to carriers
of A341V and ‘other’ mutations, which is similar to data from
12 French A344 carriers (clinical characteristics: symptomatic
carriers, 42%; mean age-of-onset, 915 years; mean QTc,
489+39ms). The findings of the present study demonstrate
that the distribution of common KCNQI mutations differs
considerably between countries, and when evaluating clinical
data, LQT1 phenotypes associated with hot-spot mutations
should be identified.

Conclusions

The A344spl KCNQI mutation was significantly more frequent
in Japan than in European countries and the United States.
Previous reports have shown the presence of country-specific
hot spots in KCNQI mutations, such as A341V in a South
African founder population, Y111C in Sweden and G589D in
Finland. A344spl carriers demonstrate typical LQTS pheno-
types although the clinical severity was intermediate between
A341V, associated with malignant phenotypes, and other LQT1
mutations. Thus the severity of KCNQI mutations has been
reported to depend on mutation site or type and we should take
account of the country when we study the clinical phenotypes
of LQT1 corresponding to KCNQI mutations.
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Abstract We present a case of a high-risk 19-year-old
female with long-QT syndrome (LQTS) with compound
mutations. She had a history of aborted cardiac arrest and
syncope and had received treatment with propranolo] for
15 years. However, because she developed adult-onset
asthma we tried to switch propranolol, a nonselective beta-
blocker, to beta-1-cardioselective agents, bisoprolol and
metoprolol. These resulted in both a markedly prolonged
corrected QT interval and the development of LQTS-
associated arrhythmias. Eventually, propranolol was reini-
tiated at a higher dose with the addition of verapamil, and
she has had no further cardiac or asthmatic events for
5 years.

Keywords Long-QT syndrome - High-risk patient - Beta-
blocker - Nonselective beta-blocker - Beta-1 selective
blocker
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Introduction

The efficacy of beta-blockers in decreasing the incidence of
long-QT syndrome (LQTS)-associated cardiac events has
been established [1-3]. Although the nonselective beta-
blocker, propranolol, is typically used, the relatively car-
dioselective beta-1-adrenergic agents, bisoprolol and
metoprolol, are also used in clinical practice. Recent
studies suggest that treatment with metoprolol increases the
incidence of cardiac events in symptomatic LQTS when
compared with nonselective beta-blockers [4, 5]. However,
there is limited evidence regarding the difference in
changes induced by beta selectivity in the corrected QT
interval (QTc) and serious arrhythmias during rest and
exercise in the same patient.

Case report

A 19-year-old female with compound LQT1 mutations
(KCNQI1; T322M, H637fs + 28X) was admitted to our
hospital for monitoring during a prescription change. She
first experienced syncope at the age of 3 years and had
been treated with propranolol for LQTS; however, she had
a history of aborted cardiac arrest and syncope following a
missed dose. Furthermore, she developed asthma at the age
of 19 years that required admission to a nearby hospital for
treatment. Therefore, it was considered appropriate to
switch her treatment from propranolol to a more cardio-
selective agent (Fig. 1). Although the QTc interval under
therapy with propranolol (90 mg/day based on 1.4 mg/kg/
day) remained within the normal range, bisoprolol (20 mg/
day or 0.3 mg/kg/day) and metoprolol (240 mg/day or
3.7 mg/kg/day) resulted in QTc prolongation (Table 1,
Figs. 2, 3). In addition, the treadmill exercise test showed
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Fig. 1 Transition of beta-
blockers and the relationship
with corrected QT (QTc) and
serious arrhythmias induced by
the treadmill exercise test

Table 1 Relationship of beta-
blockers and resting heart rate
(HR), corrected QT (QTc)

B-QTc QT interval corrected for
heart rate with Bazett formula,
F-QTc QT interval corrected for
heart rate with Fridericia
formula

Fig. 2 a Surface 12-lead
electrocardiogram (ECG) with a
heart rate of 63 beats/min (bpm)
and a corrected QT (QTc) of
449 ms during therapy with
propranolol (90 mg/day or

1.4 mg/kg/day). b ECG with a
heart rate of 59 bpm and a QTc
of 495 ms during treatment with
bisoprolol (20 mg/day or

0.3 mg/kg/day). ¢ ECG with a
heart rate of 59 bpm and a QTc
of 455 ms during treatment with
metoprolol (240 mg/day or

3.7 mg/kg/day) and verapamil
(120 mg/day or 1.6 mg/kg/day)

Arrhvthmi None
during l
Treadmill

Beta-blockers
(mgiday)

Bisoprolol

TdP TdP TWA

b

TWA None
Verapamil
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her attenuated QT shortening and exaggerated QTc pro-
longation, which induced T-wave alternans and torsade de
pointes (Figs. 4, 5). We determined that metoprolol and
bisoprolol were ineffective against LQTS-associated car-
diac events in this patient and eventually opted to continue

@ Springer

Propranolol Metoprolol Propranoclol
Week 0 3w 7w 9w 12w 13w
Drug (dose) Resting HR (bpm) B-QTc (ms) F-QTc (ms)
Propranolol! (90 mg/day) 63 449 444
Bisoprolol (20 mg/day) 59 495 495
Metoprolol (120 mg/day) 58 463 467
Metoprolol (120 mg/day) + Verapamil (120 mg/day) 65 521 515
Metoproloi (240 mg/day) + Verapamil (120 mg/day) 56 454 458
Propranolol (120 mg/day) + Verapamil (120 mg/day) 56 442 447
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propranolol at an increased dose of 120 mg/day (1.8 mg/
kg/day) in addition to verapamil (120 mg/day or 1.8 mg/
kg/day) with the consent of the patient and her parents.
Since then, she has suffered from no cardiac or asthmatic

events for 5 years.
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A

Fig. 3 a Surface 12-lead electrocardiogram (ECG) at rest just before
treadmill exercise test with a heart rate of 63 beats/min (bpm) and a
corrected QT (QTc) of 444 ms during therapy with propranolol
(90 mg/day or 1.4 mg/kg/day). b ECG at rest just before treadmill
with a heart rate of 77 bpm and a QTc of 688 ms during treatment

10 mm/mV, 25mm/s

with bisoprolol (20 mg/day or 0.3 mg/kg/day). ¢ ECG at rest just
before treadmill with a heart rate of 85 bpm and QTc of 597 ms
during treatment with metoprolol (240 mg/day or 3.7 mg/kg/day) and
verapamil (120 mg/day or 1.6 mg/kg/day)
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Fig. 4 Relation of QT to R-R intervals during exercise. Solid lines
are best fit by least-squares method. Slope of each line (QT/R-R) was
0.08, 0.04, and 0.03, respectively. a Relation of QT to R-R intervals
during exercise during treatment with propranolol (90 mg/day or
1.4 mg/kg/day). b Relation of QT to R-R intervals during exercise

Discussion

Congenital long-QT syndrome is an inherited channelop-
athy, characterized by prolonged and abnormal repolari-
zation and associated with a high risk of ventricular
arrhythmias, syncope, seizures, and sudden death [3, 6, 7].
To date, at least 12 LQTS genotypes have been identified,
of which LQTS variants 1-3 account for approximately
90 % identified cases [7]. Moreover, recent molecular
developments have enabled us to understand genotype—

during treatment with bisoprolol (20 mg/day or 0.3 mg/kg/day).
¢ Relation of QT to R-R intervals during exercise during treatment
with metoprolol (240 mg/day or 3.7 mg/kg/day) and verapamil
(120 mg/day or 1.6 mg/kg/day)

phenotype correlations and gene-specific arrthythmic trig-
gers [8]. Compound mutation carriage is associated with a
more severe phenotype than is observed with single
mutation carriage [9, 10].

The efficacy of beta-blockers in decreasing the inci-
dence of LQTS-associated cardiac events has been estab-
lished [1, 2], and beta-blockers are first-line options for
LQTS variants 1 and 2 [2]. However, approximately
15-30 % treated patients continue to experience break-
through cardiac events despite beta-blocker treatments [1,
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Fig. 5 The treadmill exercise test induced typical torsade de pointes (TdP; left panel) and T-wave alternans (TWA; right panel). TdP under
bisoprolol (20 mg/day or 0.3 mg/kg/day). TWA under metoprolol (240 mg/day or 3.7 mg/kg/day) and verapamil (120 mg/day or 1.6 mg/kg/day)

4,11, 12]. In fact, recent studies have suggested that not all
beta-blockers are equal in their antiarrthythmic efficacy [4,
5]. Chatrath and colleagues [5] concluded that treatment
with atenolol, young age at diagnosis, and noncompliance
are important factors underlying beta-blocker treatment
failure. Chockalingam and colleagues {4] recommended
that symptomatic LQTS (variants 1 and 2) are treated with
either propranolol or nadolol, while metoprolol should not
be used. Although propranolol and nadolol are nonselective
beta-blockers, atenolol and metoprolol are relatively car-
dioselective beta-1-blockers.

Although the mechanism underlying different treatment
outcomes remains unclear, the efficacy of cardiac sodium-
channel blocking may be an important factor. A recent
study has demonstrated that the sodium-channel blocking
effect of propranolol is particularly marked on the late
noninactivating sodium-ion current than on the peak
sodium-ion current, which is not observed with metoprolol
[13, 14]. Although it has been observed that bisoprolol
decreased QT dispersion in chronic heart failure [15], there
is limited data available on bisoprolol for LQTS patients
with normal heart structure {3, 16]. Nonetheless, bisoprolol
is discouraged because it is also a beta-1-selective blocker
such as metoprolol and may lack the sodium-channel
blocking effect of propranolol.

Some reports discussed the effects of beta-blocker
therapy on ventricular repolarization. Chockalingam and
colleagues [4] reported that propranolol had a significantly
better QTc shortening effect as compared to metoprolol
and nadolol, especially in LQT1/LQT?2 patients with pro-
longed QTec. On the other hand, Extramina and colleagues
[17] reported that beta-blocker treatment was associated
with a significant prolongation of the QT interval in LQT1
patients whereas it shortened the QT interval in LQT2
patients. Moss and colleagues [1] reported only minimal

@ Springer

change in QTc in their LQT1/LQT2 patients with beta-
blocker therapy. These differences may reflect the differ-
ence of severity of illness in study population, the influence
of rate correction, or variation of beta-blockers. We could
not evaluate the change of QT interval based on presence
or absence of beta-blocker. However, propranolol appeared
to improve QT shortening at upper heart rate somewhat
better than bisoprolol and metoprolol (Fig. 4).

The patient in this report was classified as high-risk [2,
3, 9, 18]. Consistent with earlier reports, beta-1-selective
blockers could not suppress potentially lethal arrhythmias.
Therefore, we recommend the use of nonselective beta-
blockers for patients with symptomatic high-risk LQTS. If
nonselective beta-blockers are contraindicated, additional
treatment may be necessary. Options include an implant-
able cardioverter defibrillator (ICD) and left cervical
sympathetic denervation [2, 18].
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Acetylcholine Suppresses Ventricular Arrhythmias
and Improves Conduction and Connexin-43 Properties
During Myocardial Ischemia in Isolated Rabbit Hearts
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ACh Prevents Ischemic Loss of Gj and Arrhythmias. Introduction: Acetylcholine (ACh), a vagal
efferent neurotransmitter, markedly improves survival in rats with myocardial ischemia (MI) by preventing
ischemic loss of gap junction (Gj) and by inducing anti-apoptotic cascades. However, electrophysiological
mechanisms of the antiarrhythmic effect of ACh after acute MI are still unclear.

Methods: Acute MI was induced by ligation of the left anterior descending (LAD) coronary artery in
Langendorff-perfused rabbit hearts with (ACh(+):n = 11) or without (ACh(-):n = 12) 10 pmol/L ACh
delivered continuously starting at 5 minutes before LAD ligation. Action potentials on the left ventricular
(LV) anterior surface (=2 x2 cm) were recorded by optical mapping during pacing from the LV epicardium
(BCL = 500 milliseconds). Conduction velocities (CVs) at 256 sites were calculated and the ventricular
tachycardia/ventricular fibrillation (VI/VF) susceptibility was also assessed by programmed electrical
stimulation before and 30 minutes after MI. The amount and distribution of Gj protein connexin-43 was
analyzed by immunoblotting and immunohistochemistry.

Results: Averaged CV in the ischemic border zone (IBZ) was significantly slower in ACh(-) than in
ACh(+) (21 & 7 vs. 34 £ 6 cm/s; P < 0.01). Short-coupled extra stimulus further decreased CV of IBZ
in ACh(-) (13 % 4 cm/s) but did not change that in ACh(+) (34 £ 5 cm/s), leading to a high incidence
of conduction block in IBZ in ACh(~) but not in ACh(+) (83% vs. 0%). VI/VF after MI were induced
in ACh(-) but suppressed in ACh(+) (10/12 vs. 3/11; P < 0.01). Connexin-43 in the LV anterior wall was
significantly reduced after MI in ACh(-) but not in ACh(+).

Conclusion: ACh may suppress VI/VF by preventing loss of Gj and improving CV in IBZ during acute
ML. (J Cardiovasc Electrophysiol, Vol. 26, pp. 678-685, June 2015)

acetylcholine, conduction, connexin-43, gap junction, ischemia, optical mapping, ventricular arrhythmias

Introduction manifestation of patients with acute MI is often VI/VF or
sudden cardiac death. Previous clinical trials with antiar-
rhythmic drugs have failed to reduce the incidence of sudden
cardiac death and even increased mortality in the treated
group.? Acute MI markedly reduces tissue pH,> increases the
interstitial potassium and intracellular calcium levels,* and

causes neurohumoral changes,® all of which contribute to

Ventricular tachycardia or ventricular fibrillation (VI/VF)
after acute myocardial ischemia (MI) play critical roles
in sudden cardiac death in humans.! The first clinical
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the development of electrical instability that lead to VT/VE.
The gap junction protein connexin-43 (Cx43) is considered
to play an essential role in the propagation of cardiac
electrical impulses.® Slow conduction caused by reduced
gap junction in the ischemic border zone (IBZ) results in a
potent arrhythmogenic substrate after acute ML7- 14
Decreased cardiac parasympathetic control in a setting
of abnormally augmented sympathetic drive during acute
MI increases the risk of sudden cardiac death as a result of
VT/VE.!® We previously reported that acetylcholine (ACh),
a vagal efferent neurotransmitter, markedly improved sur-
vival in rats with MI by preventing ischemic loss of gap
junction and by inducing anti-apoptotic cascades.'®!? Va-
gal nerve stimulation prevented cesium-induced early after
depolarization,” and suppressed VI/VF in dog models of
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acute®' and chronic MI** as well as anesthetized cats with
acute MI* and conscious rats with heart failure.®* These
findings suggest that increased cardiac vagal tone may re-
duce the risk of sudden arrhythmic death. Nevertheless, the
detailed electrophysiological mechanisms of the antiarrhyth-
mic effect of ACh remain unclear. In this study, we test the
hypothesis that ACh suppresses VI/VF by preventing loss
of gap junction during acute MI and improving the conduc-
tion velocity (CV) in the IBZ. Using a novel high-resolution
optical mapping of action potential (AP) with a freely beat-
ing heart, we first characterized how ACh altered the CV
in the IBZ and VT/VF susceptibility during acute MI in
Langendorf-perfused isolated rabbit hearts, which will aid
in the identification of a new therapeutic strategy to prevent
sudden cardiac death during acute MI.

Methods
Preparation and Study Protocol

All animal care procedures conformed to the standards
of the American Heart Association regarding the use of an-
imals in research (November 11, 1984). All protocols were
approved by the Animal Subjects Committee of the National
Cerebral and Cardiovascular Center of Japan. Adult male
Japanese white rabbits (2.5-3.5 kg) were anesthetized by
intravenous injection of sodium pentobarbital (35 mg/kg).
Hearts were isolated and perfused as Langendorff prepara-
tions with Tyrode’s solution of the following compositions
(in mmol/L): 129 NaCl, 4 KCl, 0.9 NaH, POy, 20 NaHCOs,
1.8 CaCl,, 0.5 MgSO,4, and 5.5 glucose, buffered with
95% O, and 5% CO,. The temperature was maintained
at 35 & 1 °C and perfusion pressure was maintained at
80 mmHg. The right atrium was removed to avoid com-
petitive stimulation from the sinoatrial node.

Left ventricular (LV) epicardial pacing at a basic cycle
length (BCL) of 500 milliseconds was performed using a
unipolar electrode attached to the center of the anterior wall.
An electrocardiograph (ECG) was recorded by electrodes
attached to the right and left ventricular epicardium, ground
to the aortic root. After staining with dye, di-4-ANEPPS
(10 pmol/L; Molecular Probes Inc.), acute MI was created
by ligating the left anterior descending coronary artery with
(ACh(+): n = 11) or without (ACh(-): n = 12) 10 yumol/L
ACh. In ACh(+) heart, ACh treatment was initiated 5 minutes
before coronary ligation.

Optical Action Potential Mapping in Freely Beating
Rabbit Heart

‘We recorded the fluorescence of di-4-ANEPPS using dual
complementary metal-oxide—semiconductor (C-MOS) sen-
sors, as described previously.>>?” In brief, after staining with
a voltage-sensitive dye, di-4-ANEPPS (10 nmol/L; Molec-
ular Probes Inc.), excitation of the dye’s fluorescence was
achieved with 480 £ 15 nm light through a bandpass fil-
ter (ANDV8247, Andover, Salem, NH) from a bluish-green
emission diode (E1L51-3B0A4-02, Toyoda Gosei, Aichi,
Japan). The optical recording was centered 5 mm lateral
to the left anterior descending coronary artery, halfway be-
tween the base and the apex, and covered a =®19.3 x19.3 mm
area of the left ventricular anterior epicardium (spatial and
temporal resolution of 60-70 um and 2 milliseconds).
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Fluorescent light from the heart was split using a dichroic
mirror and narrowed down to 2 frequency bands (=540
or 690 nm) through a bandpass filter (ANDV8368 or
ANDV7845, respectively). Next, the dual-wavelength lights
were simultaneously focused onto 10-bit 256x256 ele-
ment dual C-MOS sensors (Hamamatsu Photonics, Hama-
matsu, Japan) using image intensifiers (FASTCAM-Ultima,
Photron, Tokyo, Japan) at 500 frames/s. Both signals were
stored on the hard disk of a dedicated laboratory com-
puter system, and analyzed using our laboratory’s original
software.

Contraction artifacts of AP were eliminated with mo-
tion tracking and ratiometry of both signals. We placed
several small beads (0.5 mm ¢) on the epicardial surface
as landmarks (Supporting Fig. S1A), which were automati-
cally tracked by computer software during optical recording
(Supporting Fig. SI1B). Next, D(t), the displacement vector
of the observatory point at frame t, was predicted by the
weighted sum of the displacement vectors of the markers
using the following equation (Supporting Fig. S1C) (1):

n
Dty="kid; (). ©)
i=1
The weighted coefficient k; was determined by the dis-
tance between marker i and the observatory point, l;, as
equation (2):
exp(—li/7)

n

Z BXP (—lm/‘[)

nr=1

ki = )

where T = (averaged distance between markers) x 0.5.
After modification of the optical signals by tracking,
ratiometry of both signals can be used to further subtract a
motion artifact, as described previously. Then, the voltage of
the optical signal recorded at each site was automatically dis-
played in color (lowest: black; highest: red) and plotted in the
256 x 256 matrix as an isopotential map. Transmembrane
action potentials (APs) from 256 sites (16 x 16 units) on
the left ventricular (LV) epicardial surface were displayed.

Electrophysiological Study

To assess the VI/VF susceptibility, we performed a single
extra stimulus (S2) delivered after every 10th basic beat (S1)
paced from the epicardial surface at a BCL of 500 millisec-
onds as a 10 milliseconds decremental step interval until the
effective refractory period before (baseline) and 30 minutes
after MI with or without ACh. CV and action potential du-
ration at 75% of repolarization (APD7s) at 256 LV sites at
the programmed electrical stimuli (PES) were calculated by
optical mapping data.

Ischemic and Ischemic Border Zone

The ischemic zone (IZ) was defined as the area in which
the AP amplitude was decreased over 80% after 30 minutes
of LAD ligation compared to baseline. The ischemic bor-
der zone (IBZ) was defined as portions with a 5 mm margin
from the IZ. The remaining area was defined as the nonis-
chemic zone (NIZ) (Fig. 1B, C). To confirm the area of lower
AP-amplitudes as an ischemic zone, triphenyltetrazolium
chloride (TTC) staining was performed in some isolated
rabbit hearts and the electrophysiological ischemic area was
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A LAD ligation site Relative AP amplitude Map
Figure 1. Distributions of action poten-
tial amplitude and conduction velocity af-
ter acute MI. A: Optical photo shows the
ligation site of the left anterior descend-
ing coronary artery (LAD) and the area
(dotted square) capable of recording the
optical action potential (AP) signals. B,
C: Distribution of changes (%) in AP am-
plitude before (baseline) and 30 minutes
- after MI and superimposed APs at each
D _ Conduction velocity Map site (a—f) of the LV surface. The ischemic
C + e £ N N A f e - ; s e
Ny zone (IZ) was defined as the area where
P NP 100% Vs e g AP amplitude after MI decreased by over
\ MR 80% of the baseline level (black). The is-
b 1\ Do ;:‘::%f\ e ool ':’j chemic border zone (IBZ) was defined as
e \\ P I D G portions with a 5 mm margin from the is-
; P 8

& \x 205 A Gl chemic zone and the remaining area was
| @\ ~Temeae---g- 207 RN A f\»««-/w~ . . N
,zlrij N, '\\;’j A R P SR defined as the nonischemic zone (NIZ).
v E S AR B O Pt D: Conduction velocity (CV) map paced

v f ;’/;"iz,"!\»—* 1.0m{$ 5 .I}( ) ap L
e 100 MS R A Sfrom the LV anterior surface (center of the
s Vi a0, 4 0 map) shows that the CV was significantly
- Ve~ slower in the IBZ compared with the NIZ.

almost consistent with histological infarct areas (Supporting
Fig. S2).

Immunoblotting and Immunohistochemistry

The amount and distribution of gap junction protein Cx43
were analyzed by Western immunoblotting and immunohis-
tochemistry, as previously described.!” Detailed methods are
provided in the online supporting data.

Statistical Analysis

Differences between multiple groups were compared by
an analysis of variance (ANOVA) followed by an appropriate
multiple comparison test. Two-group analysis was performed
by a #-test (paired or unpaired as appropriate). Serial studies
were tested by repeated measures ANOVA. Data were ex-
pressed as mean values £ SD except for those shown in the
figures, which were expressed as mean & SEM. A value of
P < 0.05 was considered significant.

Results
Effect of Acetylcholine on Excitation Propagation

Representative optical isochronal activation maps are
depicted in Figure 2A-C. In the baseline (Fig. 2A), the
isochronal activation map illustrates the normal anisotropic
conduction pattern from the pacing site. Acute MI, however,
prolonged the activation time in the IBZ, especially during
the shorter S1-S2 intervals (Fig. 2B). However, ACh pre-
vented the Ml-induced prolongation of activation time in the
IBZ not only at the BCL but also at the shorter coupling
interval (Fig. 3C). Figure 2D-F summarizes the relationship
between the pacing coupling interval and the averaged CV at
the baseline (Fig. 2D) and after MI in the absence (Fig. 2E)
or presence of ACh (Fig. 2F). Even after MI, the averaged
CV in the NIZ in the absence or presence of ACh was the
same as that of the baseline (42 + 9,42 £+ 7 vs. 42 4+ 6 cm/s,
respectively, at the BCL of 500 milliseconds). However, the
averaged CV in the IBZ after MI was significantly lower
than the baseline (21 =+ 7 vs. 42 & 6 cm/s at the BCL of

500 milliseconds; P < 0.01), whereas the CV in the IBZ
in the presence of ACh (MI+ACh) was not significantly
decreased in spite of ischemia (34 £ 6 cm/s, P = NS vs.
baseline). Most notably, the averaged CV was significantly
decreased at the shorter coupling interval (150 milliseconds)
compared with that at the BCL of 500 milliseconds in the
baseline (33 = 8 vs. 42 4 6 cm/s; P < 0.05) and after MI
(NIZ:30 =9 vs. 42 £ 9 cm/s; P < 0.05,and IBZ: 13 + 4 vs.
21 £ 7 cm/s; P < 0.05) but it was not decreased in MI-+ACh
even at the shorter coupling interval (NIZ: 40 £ 9 vs. 42 +
7 cm/s; P = NS, and IBZ: 34 4+ 5 vs. 34 £ 6 cm/s; P =
NS). Thus, ACh prevented MI-induced conduction delay in
the IBZ.

Effect of Acetylcholine on Repolarization

Table 1 summarizes the effect of ACh on repolarization
parameters. Ischemia significantly abbreviated the minimum
but not the maximum APDys in the LV anterior epicardial
surface, resulting in significant abbreviation of the averaged
APD7s in MI compared to the baseline. However, these MI-
induced changes of the repolarization parameters were not
restored by ACh. Moreover, the effective refractory period
was not significantly different between the baseline and af-
ter MI with or without ACh. Therefore, ACh did not affect
repolarization parameters after acute MI.

VT/VF Susceptibility

The shorter S1-S2 interval by PES from the LV anterior
epicardium highly induced uni-directional conduction block
in the IBZ after MI (Fig. 3A), whereas PES did not induce
conduction block in MI + ACh (83% vs. 0%). Neither VT
nor VF was induced by PES in the baseline, whereas VF was
highly (83%) induced by PES after acute MI but was rare
(27%) or spontaneously terminated in MI + ACh (Fig. 3B).
Figure 3C and 3D summarize the frequency of nonsustained
VT (terminated within 15 s) and sustained VT or VF induced
by PES after MI in the absence or presence of ACh, demon-
strating that ACh strongly suppressed the PES-induced non-
sustained or sustained VT/VF after acute MI.
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Figure 2. Optical isochronal activation map and averaged conduction velociry (CV) in the baseline, nonischemic zone (NIZ) and ischemic border zone
(IBZ) after myocardial ischemia in absence (MI) or presence of acetyicholine (M1 + ACh) at basic cycle length (500 milliseconds) and with shorter (500/150
milliseconds) coupling intervals. A: Normal anisotropic conduction from the pacing site in the baseline at BCL = 500 milliseconds and with shorter (500/150
milliseconds) coupling intervals. B: MI prolonged activation time in the IBZ, especially at shorter coupling intervals. C: ACh prevented ischemia-induced
prolongation of the activation time in the IBZ even with shorter coupling intervals. D—F: Relationship between pacing coupling interval (S1-82) and averaged
CV in the NIZ or IBZ in each group. CV in the IBZ was significantly slower than the baseline, whereas that in MI+ ACh was not decreased. CV in the
shorter coupling interval was significantly slower than thar of the BCL in the baseline and after M1, whereas CV did not slow in Mi+ ACh even in the shorter
coupling interval. The area with the diagonal line indicates the ischemic zone (IZ). "P < 0.05 vs. baseline, 1P < 0.05 vs. BCL = 500 milliseconds. For a
high quality, full color version of this figure, please see Journal of Cardiovascular Electrophysiology’s website: www.wileyoniinelibrary.com/journal/jce
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Figure 3. VI/VF susceptibility by PES
after MI in absence or presence of ACh.
A: Optical isochronal activation map af-
ter myocardial ischemia (MI) by LAD
coronary artery ligation ar basic cycle
length (500 milliseconds) and with a
shorter coupling interval (500/200 mil-
liseconds). M1 induced a severe condic-
tion delay and the shorter coupling in-
terval induced uni-directional conduction
block in the ischemic border zone. B-
D: Representative electrocardiograms of
VI/VF after MI or MI 4+ ACh induced by
programmed electrical stimulation (PES)
(B), and frequency of nonsustained VT
(NSVT) (C) and sustained VIT/VF (D)
induced by PES after Ml or MI4+-ACh.
For a high quality, full color version of
this figure, please see Journal of Car-
diovascular Electrophysiology’s website:
www.wileyonlinelibrary.com/journal/jce
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TABLE 1
Effect of ACh on Repolarization Parameters After M1

APD7s (Milliseconds) (BCL = 500 Milliseconds)

Max. Min. Mean Mean (IBZ) ERP (Milliseconds)
Bascline 178 & 23 12949 150 =+ 18 - 144 + 10
MI 161 =+ 21 66 + 15" 115 + 19" 115 + 13 130 & 23
MI + ACh 176 £ 23 63+ 7 110 + 6" 99 + 6 130 + 18

APD75 = action potential duration at 75% repolarization; IBZ = ischemic border zone; ERP = effective refractory period; MI = myocardial ischemia;

ACh = acetylcholine.
“P < 0.05 vs. bascline.

A

Mi+ ACh

baseline i
Figure 4. Effect of ACh on Cx43 localization. Representative confocal im-
ages of rabbit anterior left ventricles in the baseline (A), after myvocardial
ischemia (MI) in the absence (B) and presence of acetylcholine (MI + ACh)
(C). Positive immunoreactive signals were concentrated in discrete spots
at sites of intercellular apposition (red). For a high quality, full color ver-
sion of this figure, please see Journal of Cardiovascular Electrophysiology’s
website: www.wileyonlinelibrary.com/journal/jce

Effect of Acetylcholine on Cx43 Localization and
Expression

To investigate the distribution of Cx43 during acute MI
with or without ACh, we performed confocal image analysis
of LV tissues stained with anti-Cx43 antibody. As shown in
Figure 4A, the localization of immunoreactive signals in the
baseline was restricted to intercellular junctions, consistent
with the gap junctions and intercalated disk. In contrast, the
Cx43 signal was reduced dramatically in the anterior region
after MI (Fig. 4B); however, the Cx43 signal in the anterior
region after MI with ACh was almost similar to the level of
the control (Fig. 4C). These observations indicate that the
loss of phosphorylated Cx43 during acute MI was prevented
by ACh treatment.

Figure 5A depicts a representative immunoblot prepared
with anti-Cx43 antibody. Acute MI significantly downreg-
ulated the phosphorylated isoform of Cx43 (bands with
43 kDa), especially in the anterior region, compared with
that of the baseline. However, ACh prevented the MI-induced
downregulation of the phosphorylated isoform of Cx43 in
the anterior region. Figure 5B depicts a normalized quantita-
tive densitometric analysis of the phosphorylated isoform of
Cx43. Ml reduced Cx43 in the anterior, lateral, and posterior
regions at 66 4 21%, 78 £ 31%, and 83 =+ 26% of the base-
line, respectively. However, ACh maintained Cx43 in each
region at 85 & 24% (P < 0.05 vs. MI anterior), 86 & 32%,
and 99 + 25% of the baseline, respectively.

Discussion

The present findings support the hypothesis that
(1) ischemia-induced conduction slowing and arrhythmo-
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Figure 5. A: Representative immunoblots of homogenate of rabbit anterior
(A), lateral (L), and posterior (P) left ventricles in the baseline, 30 minutes
after myocardial ischemia (MI), and after MIwith ACh (M1 + ACh). Samples
show multiple Cx43 protein bands (PO, P1 and P2) depending on the phos-
phorylation level, thus the lower molecular weight-band (PO) represents
nonphosphorylated and higher-band (P1 and P2) represent phosphorylated
isoform of Cx43. M decreased phosphorylated Cx43, especially in the an-
terior region. ACh treatment prevented Ml-induced loss of phosphorylated
Cx43. B: Quantitative densitometric analysis of the phosphorylated isoform
of Cx43 after MI and M1 + ACh. a.u. = arbitrary units. For a high qual-
ity, full color version of this figure, please see Journal of Cardiovascular
Electrophysiology’s website: www.wileyonlinelibrary.com/journal/jce

genesis are a partial consequence of the Cx43 remodel-
ing of IBZ, (2) ACh, a vagal efferent neurotransmitter, can
attenuate acute MI-induced slower CV and arrhythmogenic
substrate by maintaining a principal cardiac gap junction pro-
tein, Cx43, in the IBZ. Furthermore, it is of note that these
electrophysiological results are obtained in the physiological
condition with a freely beating heart without elimination of
the contractility with a motion blocker. Although there are
many other factors which may contribute to antiarrhythmic
effects of ACh during ischemia, this study suggests that one
of the possible mechanisms is preservation of Gap junction
protein, Cx43 in the IBZ.

Mechanisms of ACh in Preventing Ischemia-Induced
Arrhythmia

Heart Rate

Vagal nerve stimulation has already been reported to
prevent VF in dogs with acute or chronic MI** and in
rats with heart failure.®* One of the reasons for the vagal
nerve stimulation-induced antiarrhythmic effect is consid-
ered to be its bradycardiac effect.”® Vagal nerve stimulation
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or ACh shortens APD by Ixach in atrium but not ventricle,
thus may increase risk of atrial fibrillation,? In contrast for
ventricle, these are cardioprotective and antiarrhythmic dur-
ing ischemia or heart failure.'® Our previous study demon-
strated that vagal stimulation and ACh are cardioprotective
independent from the heart rate slowing during hypoxia or
ischemia,!” which is consistent with the findings of this study
that the suppression of PES-induced arrhythmias after acute
MI is associated with the maintaining of CV by ACh. As
such, the antiarrhythmic effect of ACh seems to be indepen-
dent from its bradycardiac effect.

Gap Junction and Cx43 Preservation

Gap junction channels, which are composed of highly ho-
mologous proteins known as connexins in vertebrate species,
have been implicated in the electrical coupling of excitable
tissues, such as cardiac muscles.® The protein content of
ventricular Cx43 is remarkably reduced in ischemia®'® and
heart failure.*® In experimental preparation, cell uncoupling
via reduced gap junction typically begins ~15 minutes after
the onset of ischemia and may continue for 30 or 40 minutes,
when cell injury becomes irreversible.>’ Cx43 is a protein
with a half-life of only 1 to 3 h in the adult heart. ACh may
suppress the degradation pathway of Cx43 during acute ML."7
In this study, we demonstrated the regional differences in the
electrophysiological characteristics of CV and APD at the
baseline and 30 minutes after coronary artery ligation with
or without ACh, which can produce the electrophysiological
heterogeneity between the 1Z and the NIZ within the ventric-
ular wall. Most notably, we investigated the arrhythmogenic
substrate in the IBZ during acute regional MI. These results
are consistent with those of the previous report that demon-
strated that stimulation of the cardiac M3-muscarinic ACh
receptor prevented ischemia-induced arrhythmia by preserv-
ing phosphorylate-Cx43.%?

Slow conduction caused by abnormal gap junc-
tion coupling of ischemia-related cultured myocytes® or
myocardium'® is thought to be a component of the arrhyth-
mogenic substrate. Cx43-deficient mice exhibited earlier and
higher incidence of VT/VF than wild-type mice during acute
regional MI,*»* and moderate to severe reductions in Cx43
abundance in Cx43 knock-out mice were associated with
a slowing of impulse propagation and an increase in the
susceptibility to inducible VI/VE>® Increasing the spatial
CV dispersion by impairing the regional gap junctional con-
ductance increased the defibrillation threshold.*® Consistent
with previous results, the heterogeneous reduction of gap
junctions in this study was associated with slower CV and
higher incidence of uni-directional conduction block in the
IBZ, leading to VTI/VE. ACh markedly improved the loss
of gap junction in the IBZ, thus reducing VT/VF induction.
In addition, ACh treatment might reduce anisotropy of ven-
tricular conduction since CV was preserved not only in the
long axis but also in the short axis. This study did not an-
alyze ACh-induced cellular re-distribution of gap junction;
however, it might change the anisotropy of conduction.

Although this study did not evaluate the role of regional
MI in the maintenance of VF, the previous results suggested
that the heterogeneity of CV and APD in regional MI lead to
the coexistence of 2 types of VE,? and the IBZ was in regions
with a steep APD restitution slope and unstable calcium dy-
namics, leading to the increase in the wave break of spiral
re-entry”’ and the maintained VE.'!
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Other Potential Mechanisms

In this study we focused on preservation of gap junction
protein, Cx43 in IBZ by ACh treatment. However, there are
many other factors which could explain or at least contribute
to the suppression of VI/VF by ACh. One potential mech-
anism of protection against ischemia-reperfusion injury by
ACh is mediated by nitric oxide (NO) synthesis.?>* NO
mediated vasodilatory effects which would expected to alter
coronary perfusion into ischemic zone. Thus, improved con-
duction velocity could be simply due to less severe ischemic
damage by ACh. NO and O, radicals activate the PKC-¢
isoform by which ACh protects myocytes against ischemic
injury.*® PKC-¢ directly phosphorylates Cx43, and PKC-¢
plays a critical role in preconditioning to preserve the Cx43
signal in gap junctions, thus maintaining electrical coupling
during ischemia.*! Moreover, ACh reduces contractility that
would also reduce the metabolic demand on the heart at a
time when ATP supply is low. A recent paper suggested that
vagus nerve stimulation during ischemia exerts cardioprotec-
tion by reduction of cardiac mitochondrial reactive oxygen
species production.*? Thus, this energetic benefit would be
expected to be cardioprotective as well.

Influence of Motion Blocker

There are several commonly used motion-suppressing
agents including 2,3-butanedione monoxime (BDM), Cy-
tochalasin D and Blebbistatin for optical mapping. BDM
is known to inhibit many ionic currents at concentrations
required to reduce motion artifacts. Furthermore, BDM pro-
vides a protective effect during reperfusion after ischemia.**
On the other hand, cytochalasin D is a well-known inhibitor
of actin polymerization and a disruptor of actin cytoskele-
ton, which affects Ca** and Krp channels as well as Cx
trafficking.***¢ Moreover, cytochalasin D and BDM may
affect the dephosphorylation of Cx43.#+4748 These findings
suggest that BDM and cytochalasin D may affect MI-induced
changes of repolarization and depolarization. In this study,
we recorded the optical APs with a freely beating rabbit heart
without using motion blockers. We reduced motion artifacts
through our novel tracking and ratiometric methods® and
were thus able to obtain the ischemia-induced electrophysi-
ological changes in physiological conditions.

Study Limitations

There were several limitations in this study. First, liga-
tion of the left anterior descending coronary artery induces
regional ischemia; however, the ischemic region was hetero-
geneous depending on the anatomy of the coronary artery,
and we evaluated the LV epicardial surface only, not the trans-
mural differences, although TTC staining was performed in
some isolated rabbit hearts to directly confirm the infarct ar-
eas (Supporting Fig. S2) compared with electrophysiological
ischemic zone. Thus, the actual IBZ and its CV is difficult to
determine. Moreover, this study evaluated VT/VF inducibil-
ity and carried out an electrophysiological characterization
of 30 minutes regional ischemia, but not the arrhythmogenic
substrate in the IBZ of healed myocardial infarction.

Second, we started a perfusion of ACh 5 minutes before
ligation; thus pretreatment of ACh may reduce the ischemic
area resulting in decreasing the area of slower CV and we
did not evaluate the effect of ACh on the ischemic size.
Furthermore, ACh can affect the cardiac sodium channel
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function and maintain the CV in IBZ. Third, we performed
single extra stimulus (S1-S2) of 10 milliseconds decrement
protocol because this optical mapping system needed much
time and memory space to store the data, which might fail to
detect the precise refractory period, trigger and vulnerability
of reentrant arrhythmias.
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Supporting Information

Additional supporting information may be found in the
online version of this article at the publisher’s website:

Figure S1. Reduction of motion artifact by tracking meth-
ods. A: Several small beads (0.5 mm ¢) were placed on the
epicardial surface as landmarks. B: These landmarks were
manually detected in the first frame (left, red boxes) and then
automatically tracked by computer software in each frame
(right, blue boxes) during optical recording. C: The displace-
ment vector of the observatory point at frame t, (D(t)) was
predicted by the weighted sum of the displacement vectors
of the markers.

Figure S2. Histological confirmation for the ischemic
area. A: Optical mapping in isolated rabbit ventricular heart
during myocardial ischemia (MI) by left anterior descending
(LAD) coronary artery ligation. B: Optical brightness of the
rabbit ventricle during MI by LAD ligation. C: Infarct area
of LV anterior was shown as a non-staining area by Triphen-
yltetrazolium chloride (TTC).
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An overlap disease

Overlapping characteristics of Brugada syndrome (BrS) and arrhythmogenic right ventricular cardio-
myopathy/dysplasia (ARVC/D) have been reported in recent studies, but little is known about the over-
lapping disease state of BrS and ARVC/D. A 36-year-old man, hospitalized at our institution for syncope,
presented with this overlapping disease state. The electrocardiogram showed spontaneous coved-type
ST-segment elevation, and ventricular fibrillation was induced by right ventricular outflow tract stimu-
lation in an electrophysiological study. BrS was subsequently diagnosed; additionally, the presence of
epsilon-like waves and right ventricular structural abnormalities met with the 2010 revised task force
criteria for ARVC/D. After careful investigation for both BrS and ARVC/D, an implantable cardioverter
defibrillator was inserted in the patient. This case revealed 2 important clinical findings: (1) BrS and
ARVC/D clinical features can coexist in a single patient, and EPS might be useful for determining the
phenotype of overlapping disease (e.g., BrS-like or ARVC/D-like). (2) An overlapping disease state of BrS
and ARVC/D can change phenotypically during its clinical course. Therefore, careful examination and
attentive follow-up are required for patients with BrS or ARVC/D.
© 2015 Japanese Heart Rhythm Society. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Brugada syndrome (BrS) is characterized by right precordial ST-
segment elevation followed by a negative T wave and sudden
cardiac death from ventricular fibrillation in patients with struc-
turally normal hearts [1]. Recent studies have revealed structural
or electrocardiographic abnormalities, such as right ventricular
dilatation or epsilon-like waves, in some patients with BrS [2,3].
These abnormalities are commonly considered characteristics of
arrhythmogenic right ventricular cardiomyopathy/dysplasia
(ARVC/D). It is generally known that there are clinical similarities
between BrS and ARVC/D [4]; however, little is known about the
clinical features of patients with an overlapping disease state of
BrS and ARVC/D, and accordingly, treatment of such patients
remains poorly understood. In order to understand this condition
better, we report here, a case of overlapping disease state of BrS
and ARVC/D.

* Corresponding author. Tel.: +81 3 3353 8111; fax: +81 3 3353 6793.
E-mail address: shoheikataoka0818@gmail.com (S. Kataoka).

http://dx.doi.org/10.1016/j.joa.2015.10.007

2. Case report

A 36-year-old man presented to our institution with syncope,
and was subsequently, hospitalized. He had no family history of
sudden cardiac death. The electrocardiogram (ECG) showed
spontaneous coved-type ST-segment elevation (Brugada type
1 ECG); we initially suspected BrS. In an electrophysiological study
(EPS) conducted prior to pilsicainide infusion, neither ventricular
tachycardia (VT) nor ventricular fibrillation (VF) was induced by a
single or double stimulus to the right ventricular apex or right
ventricular outflow tract. A single stimulus to the right ventricular
outflow tract during pilsicainide infusion induced ventricular
fibrillation, which was thereafter, inhibited during isoproterenol
infusion. Therefore, the patient was diagnosed with BrS, although
the clinical presentation differed from typical BrS to some extent.
First, the chest radiograph and cardiovascular magnetic resonance
imaging (CMR) showed mild right ventricular (RV) dilatation
(Fig.1A, B). Second, RV angiography demonstrated RV dilatation
and akinesis in the inferior wall (Fig.1C, D), although coronary
angiography did not show critical stenosis, and the provocation
test failed to induce coronary spasm. Finally, epsilon-like waves
were seen in spontaneous type 1 ECG (Fig.2). As a result, the
patient not only met the diagnostic criteria for BrS but also met the

1880-4276/© 2015 Japanese Heart Rhythm Society. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Fig. 1. (A)Chest radiograph reveals mild right ventricle dilatation. (B) Cardiovascular magnetic resonance imaging shows mild right ventricle dilatation and no late gado-
linium enhancement. (C) Right ventricular angiography demonstrates right ventricular dilatation and akinesis in the inferior wall. (D) Computed tomography does not reveal
fatty change in the right ventricular myocardium.

Fig. 2. The patient’s electrocardiogram shows spontaneous coved-type ST-segment elevation and epsilon-like waves in type 1 ECG.
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Table 1

Clinical characteristics of the present case.
Age at presentation 36 years old
Sex Male
QTc 416 ms
Head-up tilt test Negative
Atrial arrhythmias None
AV conduction Normal
CAG No significant stenosis
LVEF 47%
RVEF 43%

LVEDV(I) / ESV(I)
RVEDV(I) / ESV(I)

136(76) | 68(39) ml (ml/m?)
233(134) [ 134(77) ml (ml/

m?)
Spasm provocation test Negative
CMR No Late gadolinium
enhancement
Characteristics of ARVC Symptoms Syncope
/D Family history of None
ARVC/D
RV angiography Regional RV akinesis

ECG depolarization Epsilon wave

Late potentials f-QRS=174 ms,
LAS40=79 ms,
RMS40=7.7 pV

ECG changes Fixed

Imaging RV dilatation

Gene mutation of None

ARVC/D

Characteristics of BrS Symptoms Syncope

Family history of SCD None

Family history of BrS None

ECG repolarization Spontaneous coved-type ST
segment elevation

Ventricular VF/Polymorphic VT (induced
arrhythmias in the EPS)

Beta-stimulation Inhibited (in the EPS)
Pathology Not specific

Gene mutation of BrS None

ARVC/D=Arrhythmogenic right ventricular cardiomyopathy/dysplasia , AV con-
duction=atrioventricular conduction, BrS=Brugada syndrome, CAG=coronary
angiography, CMR=cardiovascular magnetic resonance, EPS=electrophysiological
study, f-QRS=filtered QRS, LAS40=duration of terminal QRS <40 pV, LVEF=left
ventricular ejection fraction, LVEDV (I)=left ventricular end-diastolic volume
(index), LVESV(I)=left ventricular end-systolic volume(index), QTc=corrected QT
interval, RMS40=root-mean-square voltage of terminal 40 ms, RV=right ventricle,
RVEF=right ventricular ejection fraction, RVEDV(I)=right ventricular end-diastolic
volume(index), RVESV(I)=right ventricular end-systolic  volume(index),
SCD=sudden cardiac death, VF=ventricular fibrillation, VT=ventricular
tachycardia

2 major parameters of 2010 revised task force criteria for ARVC/D
(regional RV akinesis by RV angiography and the presence of an
epsilon wave in the right precordial leads). The patient was dis-
charged from the hospital after insertion of an implantable car-
dioverter defibrillator (ICD).

3. Discussion

In this case study, we determined 2 important clinical issues. First,
the phenotype of an overlapping disease state for BrS and ARVC/D
may vary between individuals, and therefore, EPS may be useful for
determining the phenotype of an overlapping disease (e.g., BrS-like or
ARVC(/D-like). Second, careful examination is needed to confirm
diagnosis in the cases suspected of overlapping BrS and ARV(C/D, and
to determine better treatment course for these patients.

Although presentation of the overlapping disease state may
vary among patients, past investigations have demonstrated some
common features of the overlap. First, sodium channel blockers
can induce BrS ECG in a subgroup of patients with ARVC/D [5], and
epsilon-like waves are seen in some patients with type 1 ECG.

Epsilon-like waves are more cornmon in drug-induced type 1 ECGs
than in spontaneous type 1 ECGs [3]. Rather than using the term
“epsilon wave,” we use the term “epsilon-like wave” because
distinguishing the epsilon wave from the fragmented QRS wave
was difficult. The epsilon wave is located between the end of the
QRS complex and beginning of the T-wave. In contrast, a frag-
mented QRS (f-QRS) is defined as the presence of additional spikes
within the QRS complex. In patients with BrS, defining the end of
QRS complex is difficult, and it is still controversial where the ]
wave represents depolarization component or repolarization
component. Therefore, occurrence of additional spikes at the end
of QRS complex or immediately after the QRS complex in BrS is not
certain. The term “epsilon-like wave” has been used to avoid such
discrepancies in ECG interpretation. [3] Some previous studies
revealed that epsilon potentials and QRS fragmentation have
similarly high diagnostic values, and epsilon-like potentials in
different leads at the beginning, top, or end of the QRS complex
are typical ECG findings in patients with ARVC/D. [6,7]. Second,
imaging studies have revealed RV wall motion abnormalities or RV
dilatation, which are characteristic of ARVC/D, in some patients
with BrS [2,8]. Third, the fibro-fatty replacements required to
diagnose ARVC/D have been detected during endocardial biopsies
of patients with type 1 ECG [9]. Finally, specific gene mutations
involving ARVC/D have been identified in some patients with BrS
[10]. These overlapping features are considered a result either of
genetic interactions or of the combined influence of BrS’ electro-
physiological abnormalities and ARVC/D's structural abnormal-
ities, Accordingly, ARVC/D patients can satisfy the diagnostic cri-
teria of BrS, and BrS patients can satisfy the diagnostic criteria of
ARVC/D.

A disease state combining both conditions has a different
clinical course than uncomplicated BrS. A subgroup of BrS patients
may demonstrate the features of ARVC/D long after the initial BrS
diagnosis. Structural heart diseases and histological findings con-
sistent with ARVC/D have been revealed after autopsy of patients
who were diagnosed with BrS and who died suddenly [11]. Thus,
careful observation of the changing clinical course is vital and may
indicate the transformation from BrS to ARVC/D.

Detailed evaluation in the cases of suspected overlap of BrS and
ARVC/D is also needed to determine a better treatment course for
these patients. In this case, we used a range of methods, from
physical examination to genetic testing (BrS- and ARVC/D-spe-
cific), to confirm dual diagnosis and to determine a better course

Table 2

Analyzed gene mutations.
Gene Phenotype
RYR2 CPVT1/ARVC2
SCN5A LQTS/BrS1
CACNA1C LQT8/BrsS3
CACNB2 Brs4
CACNA2D1 Brs9
SCN1B BrS5
SCN3B BrS7
GPDIL BrS2
KCND3 BrS10
KCNJ8 ERS1/BrS8
KCNE3 Brs6
KCNE4
KCNE5 BrS/IVF
SCN10A BrS
MOG1 (RANGRF) BrS11
DSP ARVC8
PKP2 ARVC9
DSG2 ARVC10
Dsc2 ARVCT1
Jup ARVC12
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of treatment (Tables 1, 2). Since this patient experienced an epi-
sode of syncope, demonstrated epsilon-like waves in spontaneous
type 1 ECG, and showed RV dilatation and RV wall motion
abnormalities, a diagnosis of overlap disease of BrS and ARVC/D for
the patient can be asserted with certainty.

Although treating patients with BrS features in the case of
structural heart disease remains challenging, this patient received
an ICD because of spontaneous type 1 ECG and an episode of
syncope. Nevertheless, the phenotype of this case may change in
future, demonstrating clinical features of ARVC/D, such as symp-
toms of heart failure and RV arrhythmias.

Characteristic clinical features of an overlap disease of BrS and
ARVC/D remain unclear, and consensus on a better treatment
course for this type of overlap disease remains. After studying the
present case, we recommend EPS evaluation to determine the
phenotype of overlapping disease (e.g., BrS-like or ARVC/D-like)
because clinical features of BrS and those of ARVC/D can coexist in
a single patient. The phenotype observed in this case resembled
BrS rather than ARVC/D. This case had neither late gadolinium
enhancement on CMR nor inducibility of VT/VF during EPS before
pilsicainide infusion. Therefore, the existence of scar areas or
substrates, which are characteristics of ARVC/D, was unlikely. VF
was easily inducible after pilsicainide infusion and was obviously
inhibited after ISP infusion. These findings exactly match the
characteristics of BrS. Identification of the phenotype of over-
lapping disease is important because responses to exercises or
drugs, such as beta stimulants or sodium channel blockers, differ
considerably between BrS and ARVC/D. In addition, upon con-
firmation of the overlap state, the clinician should recall that the
phenotype may change during the clinical course. Therefore, more
attentive follow-up is required. As more cases are discovered and
reported, this disease state will be expected to be clarified further.
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