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Abstract
Ivabradine has recently been demonstrated to have antiarrhythmic properties in atrial fibrillation. The aim of the present study 
was to assess the electrophysiologic profile of ivabradine in an experimental whole-heart model of long-QT-syndrome. In 
12 isolated rabbit hearts long-QT-2-syndrome (LQT2) was simulated by infusion of d,l-sotalol (100 µM). 12 rabbit hearts 
were treated with veratridine (0.5 µM) to mimic long-QT-3-syndrome (LQT3). Sotalol induced a significant prolongation 
of QT-interval (+ 40 ms, p < 0.01) and action potential duration (APD, + 20 ms, p < 0.01). Similar results were obtained in 
veratridine-treated hearts (QT-interval: +52 ms, p < 0.01; APD: + 41 ms, p < 0.01). Of note, both sotalol (+ 26 ms, p < 0.01) 
and veratridine (+ 42 ms, p < 0.01) significantly increased spatial dispersion of repolarisation. Additional infusion of ivabra-
dine (5 µM) did not change these parameters in sotalol-pretreated hearts but resulted in a further significant increase of QT-
interval (+ 26 ms, p < 0.05) and APD (+ 49 ms, p < 0.05) in veratridine-treated hearts. Lowering of potassium concentration 
in bradycardic AV-blocked hearts resulted in the occurrence of early afterdepolarizations (EAD) or polymorphic ventricular 
tachycardias (VT) resembling torsade de pointes in 6 of 12 sotalol-treated hearts (56 episodes) and 6 of 12 veratridine-treated 
hearts (73 episodes). Additional infusion of ivabradine increased occurrence of polymorphic VT. Ivabradine treatment 
resulted in occurrence of EAD and polymorphic VT in 9 of 12 sotalol-treated hearts (212 episodes), and 8 of 12 veratridine-
treated hearts (155 episodes). Treatment with ivabradine in experimental models of LQT2 and LQT3 increases proarrhythmia. 
A distinct interaction with potassium currents most likely represents a major underlying mechanism. These results imply 
that ivabradine should be employed with caution in the presence of QT-prolongation.
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Introduction

Ivabradine is an established inhibitor of the pacemaker cur-
rent I(f) and was introduced for reduction of heart rate with-
out exertion of negative inotropic effects [1]. It is recom-
mended for treatment of symptomatic chronic heart failure 
in the presence of beta-blocker therapy for further reduction 
of heart rate [2]. A prolongation of ventricular repolariza-
tion was observed in different experimental models [3, 4]. 

A reduction of ventricular arrhythmias was observed for 
digitalis-mediated ventricular arrhythmias [5] as well as in 
a model of short QT syndrome [6]. In accordance, a sig-
nificant suppression of atrial fibrillation by ivabradine was 
described in isolated rabbit hearts [7]. Furthermore, a sig-
nificant slowing of atrioventricular conduction in the pres-
ence of atrial fibrillation was reported for ivabradine [8, 9].

However, it is unclear whether ivabradine may induce 
a further prolongation of repolarization in the presence of 
other QT-prolonging agents [10]. Therefore, the aim of the 
present study was to assess the effects of ivabradine in an 
experimental of drug-induced QT-prolongation. Acquired 
long-QT-2 syndrome (LQT2) was mimicked by infusion of 
the IKr-inhibitor sotalol [11] while long-QT-3 syndrome was 
simulated by treatment with vetradidine, an inhibitor of INa-
inactivation [12].
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Methods

All experimental protocols were approved by the local ani-
mal care committee and conformed to the Guide for the 
Care and Use of Laboratory Animals published by the US 
National Institutes of Health (8th edition, revised 2011).

Experimental Protocol

Preparation and isolation of rabbit hearts using the Langen-
dorff setup has previously been described extensively [13]. 
Rabbits were euthanized by injection of 0.5 g sodium thio-
pental. Then, hearts were explanted and fixated on the Lan-
gendorff-apparatus. The atrioventricular node was mechani-
cally ablated with surgical tweezers to allow standardized 
recordings of electrophysiological parameters. This resulted 
in a complete atrioventricular dissociation.

Seven specifically manufactured catheters for recording 
of monophasic action potentials (MAP) were placed on the 
epicardium of both ventricles. An eighth catheter was placed 
in the left ventricle to record MAP from the left ventricu-
lar endocardium. Hearts were stimulated at defined cycle 
lengths (CL, 900–300 ms, one minute per CL) to determine 
baseline values of action potential duration (APD90) and QT-
interval. Thereafter, the extracellular potassium concentra-
tion was reduced to 1.5 mM to mimic hypokalemia in order 
to enhance origination of early afterdepolarizations (EADs) 
and polymorphic ventricular tachycardia (VT) of the tor-
sade de pointes type in spontaneously beating hearts. Five 
minutes later, the potassium concentration was returned to 
5.8 mM.

In 12 isolated hearts, the class III antiarrhythmic drug 
d,l-sotalol (100 µM, Sigma Aldrich, St. Louis, USA), a 
potent inhibitor of IKr was administered for simulation of 
drug-induced LQT2 [11]. In further 12 hearts veratridine 
(0.5 µM), an inhibitor of sodium channel inactivation, was 
infused [12]. Thereafter, ivabradine (5 µM) was adminis-
tered in both study groups while treatment with sotalol or 
veratridine was continued.

APD90 was defined as the interval between the fastest 
upstroke and 90% repolarization. Spatial dispersion of 
repolarization was determined as the difference between 
the maximum and the minimum of APD90 from eight endo-
cardial and epicardial catheters. Apico-basal and transmural 
dispersion were assessed. The greatest values were obtained 
for transmural dispersion in all experiments. The assess-
ment of temporal dispersion was previously described in 
detail [14]. In brief, it was done by analyzing consecutive 
beats using Poincaré plots in which each APD90 is plotted 
against the preceding APD90. Measurements were performed 
after 20 min of drug infusion just before starting the pac-
ing protocol. The areas of the plots were determined and 
their dimensions were calculated. The mean orthogonal 
distance from the diagonal to the points of the Poincaré 
plot was determined and referred to as temporal dispersion 
(STV = |Dn + 1 − Dn|/[30 × 2]), where D represents the dura-
tion of APD90.

Statistical Analysis

Statistical analysis was performed using the SPSS Software 
for Windows, release 24.0.0. (SPSS Inc., Chicago, USA). 
Drug effects on electrophysiological parameters were 
assessed using general linear model (GLM) for repeated 
measures. The χ2-test and the Fisher-test were used to com-
pare the incidences of arrhythmias. Differences are consid-
ered significant at p < 0.05.

Results

Drug Effects on Ventricular Repolarization 
and Dispersion of Repolarization in Sotalol‑ 
and Veratridine‑Treated Hearts

Treatment with sotalol (100  µM) induced a significant 
increase of APD90 (+ 14.5%, p < 0.01, Table 1) and QT-
interval (+ 17.7%, p < 0.01). In accordance, a significant 
increase of both APD90 (+ 25.0%, p < 0.01) and QT-interval 

Table 1   Drug effects on electrophysiological parameters

Baseline Sotalol Ivabradine

APD90 (ms) 138 ± 11 158 ± 19 ms 169 ± 25
QT-interval (ms) 226 ± 16 266 ± 25 ms 267 ± 29
Dispersion (ms) 41 ± 14 67 ± 26 58 ± 23

Baseline Veratridine Ivabradine

APD90 (ms) 164 ± 17 205 ± 45 254 ± 48
QT-interval (ms) 252 ± 24 304 ± 51 330 ± 61
Dispersion (ms) 54 ± 20 96 ± 45 104 ± 35
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(+ 20.6%, p < 0.01) was observed in veratridine-treated 
hearts (0.5 µM). Additional infusion of ivabradine did not 
significantly alter APD90 (+ 7.0%, p = 0.24) or QT-interval 
(+ 0.1%, p = 0.93) in sotalol-treated hearts. In veratridine-
treated hearts, a further significant increase of APD90 
(+ 23.9%, p < 0.05) and QT-interval (+ 8.6%, p < 0.05) was 
recorded. Detailed cycle-length dependent effects of drug 
treatment are displayed in Fig. 1.

Acute infusion of sotalol significantly augmented spatial 
dispersion of repolarization (+ 63.4%, p < 0.01). In accord-
ance, an increase of spatial dispersion of repolarization 
was also observed in veratridine-treated hearts (+ 77.8%, 
p < 0.01; Fig. 2a). Additional infusion of ivabradine (5 µM) 
did not significantly alter dispersion of repolarization 
in sotalol-treated hearts (− 13.4%, p = 0.38) as well as in 
veratridine-treated hearts (+ 8.3%, p = 0.63). Furthermore, 
both sotalol and veratridine induced an increase of temporal 
dispersion of repolarization also known as beat-to-beat vari-
ability (Fig. 2b). This effect was also maintained under the 
influence of ivabradine in both groups.

Induction of Torsade de Pointes

Lowering of potassium concentration to 1.5 mM did not 
induce EAD and/or torsade de pointes under baseline con-
ditions in both study groups. In hearts treated with sotalol 
EAD and torsade de pointes were observed in 6 of 12 hearts 
(Fig. 3, 56 episodes) while also 6 of 12 veratridine-pretreated 
hearts presented EAD and torsade de pointes (73 episodes). 
After additional infusion of ivabradine occurrence of torsade 
de pointes was increased in both study groups. Then, 9 of 12 
sotalol-treated hearts were inducible (212 episodes) while 8 
of 12 veratridine-treated hearts presented EAD and torsade 
de pointes after additional treatment with ivabradine (155 
episodes, Fig. 4).

Fig. 1   Drug effects on action potential duration (APD90, top) and QT-
interval (bottom): LQT2-group (left): filled circle = baseline, filled tri-
angle = 100 µM sotalol, filled square = 5 µM ivabradine; LQT3-group 

(right): filled circle = baseline, filled triangle = 0.5  µM veratridine, 
filled square = 5 µM ivabradine (*p < 0.05 as compared with baseline, 
#p < 0.05 as compared with sotalol or veratridine infusion)
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Discussion

The results of the present study display for the first time 
that treatment with ivabradine in the presence of an estab-
lished therapy with QT-prolonging agents may increase the 
risk of proarrhythmia. In a sensitive and well-established 
experimental model of drug-induced QT-prolongation a 
significant increase of ventricular repolarization that was 
accompanied by a significant increase of dispersion of repo-
larization was induced by treatment with sotalol or veratri-
dine. As a result, episodes of torsade de pointes occurred 
spontaneously and reproducibly. Acute additional infusion 
treatment with ivabradine did not significantly alter the 
induced changes of the repolarization period and thereby 

maintained the highly proarrhythmic milieu. Remarkably, 
ivabradine increased the occurrence of torsade de pointes 
resulting in both study groups compared with sole treatment 
with sotalol or veratridine.

Of note, the occurrence of torsade de pointes was associ-
ated with a significant increase of transmural dispersion of 
repolarization. This observation is congruent with the find-
ings of previous studies in animal models [15]. The close 
association between an excessive increase of spatial disper-
sion and the occurrence of proarrhythmia was, for example, 
described in dogs [16] and isolated, Langendorff-perfused 
rabbit hearts [13, 14]. In previous studies, a significant 
reduction of dispersion of repolarization was associated with 
potent antiarrhythmic properties in the present model. This 

Fig. 2   a Total spatial dispersion of repolarization after infusion of 
sotalol (top) and veratridine (bottom) and additional infusion of 
ivabradine (*p < 0.05 vs. baseline). b Representative Poincaré-plots 
obtained from consecutive action potential duration (APD) intervals 

at baseline, after infusion of sotalol (top) and consecutive infusion of 
ivabradine (middle) as well as after infusion of veratridine and subse-
quent treatment with ivabradine (bottom)
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has been described for poly-unsaturated fatty acids [14], the 
class-I antiarrhythmic agent mexiletine [12] and the novel 
antiarrhythmic drug vernakalant [11]. In contrast, ivabradine 
did not reduce spatial dispersion of repolarization. Of note, 
in veratridine-pretreated hearts a further significant ascent of 
QT-interval and APD90 was observed while both parameters 
remained stable in sotalol-treated hearts. This aspect sug-
gests that ivabradine inhibits potassium currents in the con-
centration employed in the present study. This could explain 
the fact that in veratridine-treated hearts where the prolonga-
tion of repolarization is due to the preclusion of inactivation 
of sodium currents a further prolongation of repolarization 
can be achieved while in sotalol-treated hearts, most likely, 
potassium currents are already potently inhibited by the IKr-
blocker sotalol.

In accordance, both sotalol and veratridine increased 
temporal dispersion defined as beat-to-beat variability and 
thereby further supported the proarrhythmic milieu. This 
effect has been previously identified as a major proarrhyth-
mic factor by our group [14] and in other models [17]. Of 
note, the additional administration of ivabradine did not 

alter temporal dispersion but maintained this parameter at 
elevated levels.

In addition to the described high level of spatial disper-
sion of repolarization and the increase of temporal disper-
sion the occurrence of EADs, a major trigger of torsade de 
pointes, remained stable under the influence of ivabradine 
during continuous infusion of the above described QT-pro-
longing agents. Again, this is congruent to previous exami-
nations where the close association of EADs and torsade de 
pointes was reported [18].

These results are in accordance with previously published 
work where an inhibition of the hERG1-mediated KCNH2 
current and a resulting prolongation of ventricular repolari-
zation were described [4]. A prolongation of ventricular 
repolarization was also observed in a further study in iso-
lated myocytes [3]. Of note, in this context pharmacovigi-
lance data reported a substantially high number of VT in 
patients treated with ivabradine was reported and may be 
attributed to the prolongation of ventricular repolarization 
as well as to the bradycardic effects of ivabradine that could 
additionally promote proarrhythmia.

Fig. 3   a Torsade de pointes: inducible hearts (n = 12 for each group). b Torsade de pointes: number of episodes
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The additive proarrhythmic effect or ivabradine in the 
presence of QT-prolongation can be explained by a reduced 
repolarization reserve in sotalol- or veratridine-pretreated 
hearts. This theoretical concept was introduced as an indi-
vidual response to a prolonged repolarization period medi-
ated by cardiovascular and non-cardiovascular drugs [19].

Limitations of the Study

In the present study, drug-induced QT-prolongation was 
induced by sotalol and veratridine. Of note, the electrophysi-
ological characteristic of these drugs differ from the situa-
tion in congenital long-QT-syndrome (LQTS). Therefore, 
the results described above cannot be directly transferred 
to the situation of inherited LQTS or to QT-prolongation 
mediated by other agents. During hypokalemia no values for 
APD, QT-interval and dispersion of repolarization could be 
obtained as the hearts were not paced to allow spontaneous 
origination of torsade de pointes. In addition, as the present 
study was conducted in a whole-heart model direct drug 
effects on ion currents cannot be visualized. Therefore, the 
assumption that the effects observed for ivabradine in the 
present study are due to interference with potassium currents 
remains speculative.

Conclusions and Implications

The results of the present study confirm the prolonging 
effects of ivabradine on the ventricular repolarization in an 
isolated rabbit heart model and its arrhythmogenic poten-
tial when vulnerability of the repolarization was already 
altered by co-administration of sotalol or veratridine. The 
results are consistent with previous studies where additive 
proarrhythmic effects of QT-prolonging agents have been 
reported [20]. These results imply that ivabradine should 
be administered with caution in the presence of a reduced 
repolarization reserve [19].
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Fig. 4   a Representative example of action potential recordings at 
baseline, under the influence of veratridine and consecutive treatment 
with ivabradine. b Representative example of early afterdepolariza-

tions (arrows) and torsade de pointes under the influence of veratri-
dine and ivabradine
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