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The effects of pure potassium channel blocker nifekalant and sodium
channel blocker mexiletine on malignant ventricular tachyarrhythmias☆
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Abstract Background: Patients with repetitive ventricular tachyarrhythmias — so-called electrical storm —
☆ Disclosures: No
⁎ Corresponding

Medicine, Niigata U
Sciences, 1-757 Asahi

E-mail address

http://dx.doi.org/10.10
0022-0736/© 2016 Pu
frequently require antiarrhythmic drugs. Amiodarone is widely used for the treatment of electrical
storm but is ineffective in some patients. Therefore, we investigated the efficacy of stepwise
administration of nifekalant, a pure potassium channel blocker, and mexiletine for electrical storm.
Methods: This study included 44 patients with repetitive ventricular tachyarrhythmias who received
stepwise therapy with nifekalant and mexiletine for electrical storm. Nifekalant was initially administered,
and mexiletine was subsequently added if nifekalant failed to control ventricular tachyarrhythmias.
Results: Nifekalant completely suppressed recurrences of ventricular arrhythmias in 28 patients
(64%), including 6 patients in whom oral amiodarone failed to control arrhythmias. In 9 of 16
patients in whom nifekalant was partially effective but failed to suppress ventricular arrhythmias,
mexiletine was added. The addition of mexiletine prevented recurrences of ventricular tachyar-
rhythmias in 5 of these 9 patients (56%). There was no death associated with electrical storm. In
total, the stepwise treatment with nifekalant and mexiletine was effective in preventing ventricular
tachyarrhythmias in 33 of 44 patients (75%). There was no difference in cycle length of the
ventricular tachycardia, QRS interval, QT interval, or left ventricular ejection fraction between
patients who responded to antiarrhythmic drugs and those who did not. During follow-up, 8 patients
had repetitive ventricular tachyarrhythmia recurrences, and the stepwise treatment was effective in 6
of these 8 patients (75%).
Conclusions: The stepwise treatment with nifekalant and mexiletine was highly effective in the
suppression of electrical storm.
© 2016 Published by Elsevier Inc.
Keywords: Arrhythmias; Drugs; Sudden death; Electrical storm; Heart diseases
Introduction

An implantable cardioverter–defibrillator (ICD) is the
first line treatment to prevent sudden cardiac death from
ventricular tachyarrhythmias. More than half of patients with
an ICD for secondary prevention of sudden cardiac death
receive appropriate ICD therapy, but up to 23% of patients
have repetitive episodes of ventricular tachyarrhythmias:
so-called electrical storm [1–3].
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Electrical storm is a life-threatening emergency and is
associated with increased mortality. Therefore, antiarrhyth-
mic drugs to suppress ventricular tachyarrhythmias are
usually required when patients develop electrical storm.
However, evidence showing the efficacy of antiarrhythmic
drugs for frequent episodes of ventricular tachyarrhythmias
or electrical storm is limited. Among the antiarrhythmic
drugs, amiodarone, which affects various ion channels
including potassium, sodium, and calcium channels, is one
of the most effective drugs for ventricular tachyarrhythmias
and is widely used to control electrical storm [4]. However,
amiodarone is ineffective in some patients and is associated
with increased risk of drug-related adverse effects compared
with other antiarrhythmic drugs [5,6]. Nifekalant is a pure
potassium channel blocker, which mainly inhibits the rapid
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Table 1
Baseline characteristics of patients (N = 44).

Male gender, N (%) 34 (77%)

Age, years 61 ± 15
Underlying cardiac disease, N (%)

Myocardial infarction 9 (20%)
Sarcoidosis 9 (20%)
Dilated cardiomyopathy 6 (14%)
Hypertrophic cardiomyopathy 7 (16%)
ARVC 3 (7%)
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components of the delayed rectifier potassium current, and
only intravenous formation is commercially available.
Nifekalant has been effective in a limited number of patients
with a severe form of electrical storm in prior studies and can
be an alternative therapy [7–9]. Therefore, we investigated
the efficacy of stepwise administration of nifekalant and the
addition of the sodium channel blocker mexiletine when
nifekalant alone failed to control ventricular tachyarrhyth-
mias as an emergency treatment to control electrical storm.
Post atrial valve replacement 3 (7%)
Idiopathic ventricular aneurysm 2 (5%)
Others⁎ 5 (11%)

Left ventricular ejection fraction 0.41 ± 0.16
ICD/CRT, N (%) 29 (66%)

Primary prevention for sudden death 24 (55%)
Secondary prevention for sudden death 5 (11%)

Antiarrhythmic drugs at electrical storm, N (%)
β blockers 28 (64%)
Amiodarone 6 (14%)
Sotalol 11 (25%)
Class I drugs 3 (7%)

Ventricular tachyarrhythmias at electrical storm
Ventricular tachycardia 44 (89%)
Ventricular fibrillation 0 (0%)
Both 5 (11%)

⁎ Others include Fabry disease (N = 1), tetralogy of Fallot (N = 1),
idiopathic ventricular tachycardia (N = 1), cardiac tumor (N = 1), and
muscular dystrophy (N = 1). Five patients with sarcoidosis and no patient
with ARVC had heart failure. ARVC denotes arrhythmogenic right
ventricular cardiomyopathy; ICD, implantable cardioverter defibrillator;
CRT, cardiac resynchronized therapy.
Methods

Patients

This was a retrospective study, which included patients
who developed electrical storm and received nifekalant
therapy in order to treat electrical storm between January 1,
2006 and January 1, 2013 in our institution. Nifekalant was
administered as a loading infusion of 0.1 to 0.3 mg/kg for
5 min followed by a maintenance dose of 0.05 to 0.4 mg/kg/
h. If the QT or corrected QT interval was prolonged to more
than 600 ms, the dose of nifekalant was decreased. The
corrected QT interval was calculated using Bazett's formula.
If ventricular tachyarrhythmias recurred despite nifekalant
administration, mexiletine was subsequently added intrave-
nously or nifekalant was discontinued by the decisions of the
treating cardiologists. Electrical storm was defined as 3 or
more episodes of ventricular tachycardia and/or ventricular
fibrillation within 24 h. Suppression of electrical storm was
defined as no ventricular arrhythmia recurrence during the
24 h after the initiation of the therapy. Continuous
electrocardiography monitoring was performed during
hospitalization in all patients.

Data analysis

All values are presented as the mean ± SD, unless
otherwise specified. Data were compared using paired or
unpaired Student's t-tests, or Fisher's exact test. A two-sided
P b 0.05 was considered statistically significant. The authors
have full access to and take full responsibility for the
integrity of the data. All authors have read and agreed to the
manuscript as written.
Results

This study included 44 patients who received nifekalant
due to electrical storm (Table 1). The patients included 34
men (77%), aged 61 ± 15 years (range, 15 to 86 years). The
left ventricular ejection fraction was 41 ± 16% (range, 9% to
73%). Nine patients (20%) had prior myocardial infarction,
and 27 patients (61%) had cardiomyopathy. When electrical
storm developed, 24 of 44 patients (55%) had received
antiarrhythmic drugs, including 6 patients (14%) had
received oral amiodarone at a dose of 142 ± 61 mg/day
during 14 ± 14 months. There were 9 patients (20%) who
received sedation combined with nifekalant therapy. There
was no patient who received intravenous amiodarone
therapy prior to nifekalant to control electrical storm.
Nifekalant prolonged the QT and corrected QT intervals
from 403 ± 37 ms to 464 ± 46 ms and from 444 ± 50 to
488 ± 63 ms, respectively, while it did not change the
heart rate or QRS duration. In all patients, nifekalant
decreased the number of episodes of ventricular arrhythmias
from 11.7 ± 12.8/day/patient to 5.3 ± 9.5/day/patient.
Nifekalant completely suppressed recurrences of ventricular
tachyarrhythmias during the initial 24 h in 34 patients (77%)
(Fig. 1). Among these patients, there was no arrhythmia
recurrence during admission in 28 patients (nifekalant
responders), including 5 patients who developed electrical
storm despite prior oral amiodarone therapy, while arrhyth-
mias recurred after 24 h of nifekalant administration in the
remaining 6 patients. Nifekalant failed to suppress ventric-
ular arrhythmias (non-responders) in 16 patients, including
10 patients who did not respond to nifekalant during the
initial 24 h and 6 patients who responded to nifekalant
during the initial 24 h but had arrhythmia recurrences
thereafter. When comparing nifekalant responders and
non-responders, there were no differences in clinical
characteristics such as underlying heart disease, left
ventricular ejection fraction, cycle length of ventricular
tachycardia, electrocardiographic measurements at baseline,
and dose of nifekalant (Table 2). Furthermore, nifekalant
similarly prolonged the QT and corrected QT intervals
between responders and non-responders.

Among the 16 patients with arrhythmia recurrences
despite nifekalant therapy, mexiletine was added to nifeka-
lant in 9 patients, while nifekalant was discontinued in
the remaining 7 patients, per the treating physicians'
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Fig. 1. Efficacy of stepwise administration of nifekalant and additional mexiletine. Nifekalant completely suppressed recurrences of ventricular arrhythmias in 28
patients (64%). The stepwise treatment was effective in preventing ventricular tachyarrhythmias in 33 of 44 patients (75%).
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decisions. The addition of mexiletine did not change the
heart rate, QRS duration, QT interval, or corrected QT
interval (Table 3). Mexiletine prevented recurrences of
ventricular arrhythmias in 5 of 9 patients. There was no
difference in clinical characteristics, left ventricular ejection
fraction, cycle length of ventricular tachycardia, dose of
nifekalant and mexiletine, or electrocardiographic measure-
ments before and after mexiletine administration between
mexiletine responders and non-responders.

In total, the stepwise treatment with nifekalant and
mexiletine was effective in preventing ventricular tachyar-
Table 2
Effects of nifekalant and clinical characteristics.

Nifekalant
responder,
N = 28

Nifekalant
non-responder,
N = 16

P value

Women, N (%) 8 (29%) 2 (13%) 0.28
Age, years 62 ± 14 59 ± 17 0.57
Underlying cardiac disease, N (%) 0.90
Myocardial infarction 5 (18%) 4 (25%)
Cardiomyopathy 18 (64%) 9 (56%)
Others 5 (18%) 3 (19%)

Left ventricular ejection fraction 0.37 ± 0.14 0.46 ± 0.17 0.07
VT cycle length, ms 379 ± 72 347 ± 55 0.22
Nifekalant dosage, mg/kg/h 0.22 ± 0.08 0.25 ± 0.10 0.28
ECG findings at baseline
Heart rate, beats/min 75 ± 14 75 ± 12 0.96
QT interval, ms 400 ± 42 409 ± 29 0.53
Corrected QT interval, ms 440 ± 57 452 ± 39 0.52
QRS duration, ms 112 ± 28 118 ± 31 0.55

ECG findings during nifekalant administration
Heart rate, beats/min 66 ± 14 71 ± 12 0.29
QT interval, ms 467 ± 44 453 ± 40 0.39
Corrected QT interval, ms 482 ± 60 485 ± 46 0.88
QRS duration, ms 111 ± 25 111 ± 23 0.99
ΔQTinterval by nifekanalt, ms 67 ± 40 44 ± 50 0.17
ΔCorrected QT interval by
nifekalant, ms

42 ± 56 33 ± 62 0.68

VT denotes ventricular tachycardia; ECG, electrocardiography.

Table 3
Effects of mexiletine in addition to nifekalant.

ECG findings Nifekalant Mexiletine and nifekalant P value

Heart rate, beats/min 68 ± 9 66 ± 8 0.79
QRS duration, ms 112 ± 30 108 ± 16 0.82
QT interval, ms 464 ± 41 440 ± 36 0.40
Corrected QT interval, ms 483 ± 46 463 ± 49 0.58
rhythmias during administration in 33 out of 44 patients
(75%). Nifekalant was administered during 17 ± 14 days
and was not discontinued due to complications such as
hypotension, heart failure, or torsades de pointes in any of
the patients. Mexiletine was discontinued in one patient
because of a neurological side effect. Among the 33 patients,
17 patients (52%) received catheter ablation. At discharge,
20 patients (61%) received sotalol, 5 patients (16%) received
bepridil, 3 patients (9%) received amiodarone, and 1 patient
(3%) received mexiletine. β blockers were initiated in 15
patients and the dose with β blockers was increased in 7
patients who had received β blockers at the admission.

In this study, there were 9 patients with prior myocardial
infarction and 6 patients with dilated cardiomyopathy. The
stepwise treatment with nifekalant and mexiletine was
effective in 6 out of 9 patients (67%) with myocardial
infarction and 4 out of 6 patients (67%) with dilated
cardiomyopathy. The efficacy of the treatment was similarly
high in patients with myocardial infarction or dilated
cardiomyopathy compared with those with other heart
diseases (P = 0.34).

During a follow-up of 48 ± 32 months after discharge
from our hospital, 8 patients had recurrences of electrical
storm. The stepwise treatment of nifekalant and mexiletine
suppressed ventricular tachyarrhythmias in 6 of these 8
patients (75%); nifekalant alone successfully controlled
arrhythmias in 4 patients, and mexiletine as an adjunctive
therapy to nifekalant controlled arrhythmias in other 2
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patients. In the 8 patients, the stepwise treatment decreased
the number of episodes of ventricular arrhythmias from
19.9 ± 17.3/patient to 8.7 ± 17.1/patient.
Discussion

In this study, we demonstrated that the stepwise therapy
of nifekalant and mexiletine was highly effective in the
suppression of electrical storm. Furthermore, the stepwise
therapy was also effective in patients who had electrical
storm despite oral amiodarone therapy and in those who had
recurrence of electrical storm during follow-up.

Efficacy of nifekalant for electrical storm

Nifekalant is a potassium channel blocker that mainly
blocks the rapid component of the delayed rectifier
potassium current without affecting sodium current, calcium
current or β-adrenergic activity [7]. In our prior study,
nifekalant was effective in patients with a severe form of
electrical storm defined as 10 or more episodes of ventricular
tachyarrhythmias within one hour [8]. In this study,
nifekalant was effective in the suppression of electrical
storm in 64% of patients.

Potassium channel blockers, such as amiodarone and
sotalol, are first-line treatments for ventricular tachyarrhyth-
mias [4]. However, amiodarone and sotalol have side effects
including hypotension and heart failure and thus are
sometimes difficult to use in patients with severe left
ventricular dysfunction or significant heart failure, even
though these patients are at high risk for the development of
electrical storm [10–13]. Intravenous administration of
amiodarone can cause hypotension in up to 26% of patients
as well as heart failure and sinus bradycardia [5,14,15]. In
this and previous studies, no patient had worsening heart
failure because of nifekalant [16]. Furthermore, 6 patients
developed electrical storm despite oral amiodarone therapy,
and nifekalant completely suppressed the recurrences of
ventricular arrhythmias in 5 of these patients. Taken
together, these results show that nifekalant can be used as
an alternative therapy in patients with electrical storm,
especially in those who have severe heart failure.

Addition of mexiletine to potassium channel blocker

Monotherapy with a sodium channel blocker is currently
indicated in limited situations in patients with ventricular
tachyarrhythmias. In a previous study of electrical storm,
sodium channel blockers were efficacious in only 33% of
patients [17]. Furthermore, sodium channel blockers have
severe proarrhythmic effects [4,18]. However, sodium
channel blockers in combination with potassium channel
blockers have been effective for ventricular tachyarrhyth-
mias [19–23]. A combination treatment of amiodarone and
mexiletine was effective for repetitive episodes of drug-
refractory ventricular tachycardia in 3 patients [19].
Furthermore, mexiletine, when added to amiodarone,
decreased the number of ventricular tachyarrhythmia
episodes in 20 patients [22]. In this study, additional
mexiletine was effective in 56% of patients who had
arrhythmia recurrences despite nifekalant. The addition of
mexiletine to potassium channel blockers may be considered
when potassium channel blockers are ineffective in elimi-
nation of electrical storm.

In a previous study, the addition of another sodium
channel blocker flecainide to class III drugs has been
effective in 10 patients in whom amiodarone or sotalol failed
to control electrical storm, but the combination treatment
resulted in significant prolongation of the QRS duration in 2
patients [21]. However, the addition of mexiletine at doses
that suppressed ventricular tachyarrhythmias did not result in
marked conduction delay in this and previous studies [22].

Treatment with antiarrhythmic drugs for electrical storm

Electrical storm is an emergency medical condition, and
appropriate treatment to suppress ventricular tachyarrhyth-
mias is immediately required. Although the causes triggering
arrhythmias, such as electrolyte disturbances, ischemia and
heart failure should be treated initially, most patients do not
have correctable factors and thus need treatment with
antiarrhythmic drugs. However, few studies have systemat-
ically investigated the efficacy of antiarrhythmic drugs for
the suppression of electrical storm. Amiodarone is widely
used for electrical storm because of its high efficacy against
the recurrence of ventricular tachyarrhythmias [4,6,24].
Amiodarone has previously been effective in 59% of patients
with frequent recurrences of ventricular tachyarrhythmias
[5], and nifekalant was similarly effective in suppressing
electrical storm in 64% of patients in this study. If
monotherapy with potassium channel blockers fails to
control electrical storm, combinations of antiarrhythmic
drugs, usually a potassium channel blocker and a sodium
channel blocker, may be considered. In this study, our
stepwise treatment with nifekalant and adjunctive mexiletine
when nifekalant alone failed to control arrhythmias success-
fully suppressed electrical storm in 75% of patients.

Study limitations

This study has several limitations. The number of patients
was not large and further studies are needed. The efficacy of
stepwise treatment with nifekalant and mexiletine was
studied retrospectively in a single center and was not
compared with other therapies such as intravenous amioda-
rone. Intravenous β blockers were not commercially
available at the study period in Japan, and the efficacy of
β blockers were not studied. Although surgical sympathetic
denervation is used for severe forms of ventricular
tachyarrhythmias, the treatment was not available in our
institution at the study period [25,26]. Similar to previous
Japanese studies, the frequency of ischemic heart disease
was not high and the clinical characteristics of patients in this
study may be different from those in western countries
[27,28]. However, the efficacy of stepwise treatment with
nifekalant and mexiletine was similarly high in patients with
myocardial infarction or dilated cardiomyopathy compared
with those with other heart diseases. Further studies to
compare the efficacy of the treatment with nifekalant and
mexiletine and other treatments such as intravenous
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amiodarone and β blockers are needed. Despite these
limitations, this study indicates that the stepwise treatment
is effective in controlling severe electrical storm.
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