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Ibutilide Reduces Ventricular Defibrillation Threshold and Organizes
Ventricular Fibrillation Activation in Canine Heart Failure Model
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Abstract
Purpose To compare the effects of class III antiarrhythmic agents (amiodarone vs. ibutilide) on ventricular fibrillation (VF) and
hemodynamic status in a canine heart failure (HF) model.
Methods A total of 12 beagles were used to establish the HFmodel by rapid pacing for 4 consecutive weeks. These canines were
randomly divided into two groups based on the administration of ibutilide and amiodarone. A 12 × 12 unipolar electrode plaque
was used for ventricular epicardial mapping, and a 6-electrode plunge needle was inserted for ventricular transmural mapping.
The restitution curve was estimated from activation recovery intervals (ARIs) by pacing from the plaque electrodes before and
after drug administration. The defibrillation threshold (DFT) and VF activation patterns, including the activation rate, cycle
length (VF-CL) and the transmural dispersion of the activation rate, were evaluated and the hemodynamic parameters were
mearsured and compared before and after drug administration.
Results Compared to HF baseline, ibutilide administration has markedly decreased the DFT by 28% (18 ± 2 J vs. 13 ± 2.7 J,
P < 0.01) without affecting the canine’s hemodynamics (mean arterial pressure 91 ± 15 mmHg vs. 92 ± 17 mmHg, P > 0.05).
Furthermore, VF activation pattern became more organized, and spontaneous termination was observed only after ibutilide
administration. Conversely, amiodarone has significantly compromised the hemodynamic status (mean arterial pressure 92 ±
6.1 mmHg vs. 52 ± 11.6 mmHg, P < 0.05), but did not alter the DFT (17 ± 2.3 J vs. 16 ± 2.0 J, P > 0.05). Compared to pre-
medication, both ibutilide and amiodarone have significantly prolonged the VERP (178 ± 9.6 ms vs. 208 ± 8.9 ms, P < 0.05; 185
± 10.5 ms vs. 202 ± 7.5 ms, P < 0.05, respectively) and reduced the dispersion of refractoriness, the maximal slope of restitution
curve, and the epicardial dispersion during pacing. Additionally, both drugs have significantly increased the VF-CL and reduced
the transmural dispersion of the VF activation rate.
Conclusions Ibutilide had potential antifibrillatory properties, which was shown by decreasing the DFT and organizing the VF
activation in HF, and with no apparent impact on the hemodynamic status. In contrast, intravenous amiodarone administration
demonstrated prominent negative effects on the hemodynamic status possibly by affecting the myocardial contractility before and
after defibrillation but did not alter the DFT.
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Introduction

Sudden cardiac death (SCD) due to ventricular fibrillation
(VF) is a significant cause of mortality in patients with heart
failure (HF). Electrical defibrillation and antiarrhythmic drug
administration are used as the primary emergency treatments
for SCD patients [1–3]. Currently, class III antiarrhythmic
drugs, such as amiodarone, are widely used for treating life-
threatening ventricular arrhythmias (VAs) in clinic. However,
the clinical utility of these agents in acute severe conditions
might be limited as they tend to compromise the
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hemodynamic function, presented as hypotension and
lowered myocardial function [4, 5]. Ibutilide is a class III
antiarrhythmic drug that is routinely used for the treatment
of atrial arrhythmia, and exerts a potential antiarrhythmic ef-
fect on VAs in both animal studies as well as clinical obser-
vations [6–10]. Our previous animal study showed that
ibutilide markedly decreased ventricular defibrillation thresh-
old (DFT) by reducing the complexity of the activation pattern
during VF in normal canines [11]. Stambler et al. [12] have
demonstrated that ibutilide did not cause clinically important
adverse hemodynamic effects, even in patients with depressed
cardiac function. However, the mechanism and efficacy of
defibrillation might differ as the mechanism of VF mainte-
nance and activation patterns alter in different pathological
heart models [13]. Hitherto, this pharmacological approach
has only been partially studied in healthy animal hearts, and
few studies have examined the detailed mechanism of
ibutilide on VF in patients with HF. Furthermore, we hypoth-
esized a potential interaction between the defibrillation effica-
cy and hemodynamic performance. In the present study, we
aimed to investigate the pharmacological modifications of
electrophysiological parameters and their effect on the hemo-
dynamic status by ibutilide and amiodarone. Also the potential
electrophysiological mechanism underlying the alteration of
VF properties in a canine model of pacing-induced HF was
explored.

Methods

Animal Preparation

Twelve beagles (weighing 12.5 ± 1.5 kg) were included in
the present study. Ketamine (10 mg/kg) and atropine
(0.04 mg/kg) were given intramuscularly to anesthetize
the animals. After the placement of an endotracheal tube,
propofol (1–2 mg/kg/min) intravenously (i.v.) and
isoflurane (1–3%) inhalation combined with general anes-
thesia were administered along with fentanyl (1–2 μg/kg
i.v., intermittently repeated as needed) for anesthetization.
All surgeries, including pacemaker implantation and elec-
trophysiological studies, were carried out under general
anesthesia. The animals were provided with ventilation
by placing them in a dorsally recumbent position. In ad-
dition, much attention was paid to the degree of muscle
tone to maintain good ventilation. Mechanical ventilation
(Datex-Ohmeda 7100, General Electric, Inc., Milwaukee,
CT, USA) provided a fraction of inspired oxygen (Fi,O2)
of 0.5 and a tidal volume of 12 ml/kg, with a breathing
frequency of approximately 15 breaths/min. The heart rate
(HR), respiratory rate, and peripheral O2 saturation of the
animals were monitored during the experiment.
Electrocardiogram (ECG) and arterial blood pressure

(BP) were also continuously monitored throughout the
study. At the end of the experiment, the animals were
euthanized by intravenous administration of a lethal dose
of sodium pentobarbital (150 mg/kg) under general anes-
thesia. All possible animal suffering was carefully
avoided throughout the experiment.

Pacemaker Implantation

To establish HF model, a ventricular pacing lead (5076,
Medtronic, Inc., Minneapolis, MN, USA) was positioned
at the right ventricular apex via the right internal jugular
vein under fluoroscopic visualization, a pacemaker
(Kappa 710, Medtronic, Inc. Minneapolis, MN, USA)
was placed in the subcutaneous chest pocket, and then
connected to the ventricular pacing lead. A dose of pro-
phylactic antibiotic (cefradine, 12.5 mg/kg) was injected
intramuscularly before pacemaker implantation, and then
for 3 consecutive days after the surgery. Next, a rapid
ventricular pacing at 230 beats/min was initiated immedi-
ately after implantation. Daily surveillance of vital signs,
pacemaker incision healing, appetite, activity, and/or men-
tal status were recorded on each animal’s log chart. Rapid
pacing was proceeded for at least 4 weeks and maintained
till the day of electrophysiological mapping study.

Echocardiography and Animal Grouping

Transthoracic echocardiography was performed for all the
beagles before and 4 weeks after pacemaker implantation.
Echocardiographic examination was conducted by placing
the beagles in left decubitus position while they were awake.
Left ventricular (LV) systolic function was assessed by mea-
suring the left ventricular ejection fraction (LVEF) and the left
ventricular end-diastolic diameter (LVEDD). After that, all the
animals were randomly divided into two groups to exclude
any significant differences between the two groups in HF
baseline condition. Echocardiographic data were acquired
and analyzed by an independent investigator.

Hemodynamics and ECG Data Measurement

In the present study, before drug administration, HR, sys-
tolic blood pressure (SBP), diastolic blood pressure
(DBP), mean arterial pressure (MAP), and SBP dP/
dTmax of the two groups were measured. The average
amplitude of QRS complex of the last five clear wave-
forms on limb leads I, II, and aVF before and after defi-
brillation were recorded to evaluate the effect of both
drugs on cardiac contractility as well as the QTc and R-
R intervals. After successful defibrillation, the average of
the initial five cardiac cycles was calculated to evaluate

Cardiovasc Drugs Ther (2020) 34:323–334324



the hemodynamics and assess the ECG data. After admin-
istration of the two agents, all data were measured again.

MAP was calculated by SBP and DBP.

MAP = (SBP + 2 × DBP)/3;

The SBP dP/dTmax was acquired to assess the myocardial
contractility.

Electrophysiological Study

Pacing Protocol

The epicardium was exposed through a median sternotomy,
and the heart was supported in a pericardial sling. A 144-
electrode (12 × 12, 2-mm spacing) plaque was sutured on
the LV lateral epicardium to perform epicardial mapping of
the LV, and a 6-unipolar electrode plunge needle (2-mm
spacing) was plunged into the LV myocardium at the apex
region to record transmural activation. A defibrillation cathe-
ter (model 80,993, IBI, St. Jude Medical, Inc., Minneapolis,
MN, USA) was placed intravenously, in which the negative
electrodes were placed at the right ventricular apex and the
positive electrodes in the superior vena cava. The defibrilla-
tion technique has been performed as described previously
[13].

Measurement of the Ventricular Effective Refractory Period
(VERP)

An incremental S1S2 pacing protocol was used to determine
the VERP (MicroPaceIII, EPS320 Cardiac Stimulator,
Micropace EP, Inc., Santa Ana, CA, USA). All stimuli were
delivered at twice the output of the diastolic threshold. The
S1S1 interval was 300ms (8 beats), and the initial S1S2 interval
was 250 ms. The S1S2 coupling interval was progressively
shortened in steps of 10 ms, starting from 250 ms until the
refractoriness was detected. The coupling interval was then
increased by 20 ms to restore capturing, and it was subse-
quently shortened by 2-ms step decrements until the occur-
rence of ventricular refractoriness. The VERP was defined as
the longest S1S2 interval failed to capture.

Restitution Pacing Protocol

The restitution relationship was determined based on pro-
grammed pacing. We used 30 beats as the baseline pacing
cycle length (PCL) to ensure a stable capture and avoided
severe ischemia that might cause a long and fast pacing period
[14, 15]. The train of 30 stimulis was repeated at the following
intervals: the pacing interval was decreased by 10 ms from
300 ms till an interval at which VF was induced or when the
1:1 capture was lost. Continued pacing was used to maximize

the capture at shorter pacing intervals. The 300-ms interval
was continued and progressively decreased in 10-ms steps
until the target interval was reached. Subsequently, the S1S1
interval was maintained at the target interval for 30 beats.
After each pacing protocol, a 5-min rest was given to allow
the hemodynamic status of the animal to return to the baseline
level.

Activation Recovery Interval (ARI) Measurements

The ARI was considered to be an estimate of the action po-
tential duration (APD) and the refractory period [16]. It was
defined as an interval between the greatest down slope of the
QRS complex and the following greatest upslope of the T
wave on a unipolar electrogram (Fig. 5b).

Restitution Properties

The restitution curve of every mapping electrode was created
using an exponential function by ARI = a + b × e-DI/c [17, 18].
The diastolic interval (DI) is defined as the difference between
the PCL and the last ARI of the paced beat, and a, b, c are
model constants that are fitted by a least-square procedure that
halts when the difference in the calculated ARI between the
two final iterations converges to <10−8. Herein, only the res-
titution curves with a square of correlation coefficient (R2)
>0.8 were used for analysis. The restitution curve slopes were
calculated as the first derivatives of the exponential function
with each DI, and the maximum slope was identified.

VF Induction

VF was induced either during the restitution pacing protocol
described above. Or, if the VF was not induced twice during
the pacing protocol, a 30-Hz frequency stimulation delivered
from the same electrode was used for VF induction.

VF Activation Rate and VF Cycle Length (VF-CL)

The VF activation rate was calculated by a fast Fourier trans-
form (FFT) analysis by a 2-s trace of VF recordings at each
electrode. The highest frequency between 2 and 20 Hz was
considered as the activation rate. The VF-CL was estimated as
the reciprocal of the VF activation rate.

DFT Determination

After VF induction for 20 s, an electric shock with a biphasic
form (6/4 ms) was given (Teletronic Pacing Systems, 4510
Implant Support Device, Teletronics Pty Limited,
Homebush, NSW, Australia). The energy leading phase of
the shock was initiated at 10 J. Depending on the results of
defibrillation, the energy was decreased or increased by steps
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of 2 J. Failure-to-success or success-to-failure transition ener-
gy output was recorded as the first data point. An up-down
algorithm was used for three reversals of success-to-failure or
failure-to-success. The DFT was calculated by averaging the
four shock energies that formed the three reversals [19]. After
that, a minimum of 5 min rest was provided after each defi-
brillation to allow the hemodynamic status to return to normal.

Spatial Heterogeneity

The spatial heterogeneity (dispersion) of the mapped epicardi-
um was evaluated for the following electrophysiological pa-
rameters: ARI, the maximal slope of the ARI restitution curve
and the VF activation rate. The epicardial dispersion of the
activation rate was quantified using the coefficient of variation
(CoV, the standard deviation [SD] divided by the mean) from
all unipolar electrodes. Transmural dispersion was defined as
the difference between the maximum and minimum values of
the six unipolar recording sites of the plunge needle.

Drug Administration

In the ibutilide group, after the parameters were measured at
HF baseline, the animals received a loading dose of ibutilide
(10 μg/kg) intravenously over 10 min. After the initial loading
dose, a maintenance infusion of 0.1 mg/kg/h ibutilide was
started and maintained until the end of the experiment. The
amiodarone group was initially administered with a loading
dose (10 mg/kg) intravenously over at least 10 min based on
the previous studies [19, 20], followed by a maintenance in-
fusion of 1 mg/kg/h till the end of the experiment.

Statistical Analysis

All results are expressed as means ± SD. The variables were
first tested for distribution normality. All quantitative variables
were compared using paired t-test for independent variables
before and after drug administration. The differences between
qualitative variables were analyzed by chi-square test. For all
analyses, P < 0.05 was considered to be statistically signifi-
cant. SPSS 16.0 package (SPSS Inc., Chicago, IL, USA)
was used for data analysis.

Results

Echocardiography

After rapid pacing for 4 weeks, the LVEF in all canines
showed a significant decrease in both ibutilide (59 ± 7% vs.
26 ± 10%, P < 0.0001) and amiodarone groups (62 ± 5% vs.
28 ± 11%, P < 0.0001) when compared to the baseline, respec-
tively. This was accompanied by a significant increase in the

LVEDD (38.4 ± 9.8 mm vs. 68.6 ± 15.6 mm, P < 0.01; 42.8 ±
10 mm vs. 71.3 ± 18.5 mm, P < 0.01, respectively). Thus, the
HF model was considered to be successfully established. No
significant differences were detected between the two groups
in LVEF and LVEDD.

Hemodynamic Effects during Sinus Rhythm

The amiodarone group showed a decline in the BP at different
levels during administration of loading dose and subsequent drug
maintenance doses, and some dogs even needed an extended
loading dose administration time to stabilize their BP. In the
ibutilide group, no significant fluctuation of BP was observed
throughout the experiment. Compared to HF baseline, the
MAP (92 ± 6.1 mmHg vs. 52 ± 11.6 mmHg, P < 0.05) and the
SBP dP/dTmax (1.6 ± 0.1 vs. 0.6 ± 0.1, P < 0.01) were signifi-
cantly decreased after amiodarone administration. Nevertheless,
no significant changes were observed on MAP (91 ± 15 mmHg
vs. 92 ± 17 mmHg, P = 0.78) and SBP dP/dTmax (1.6 ± 0.1 vs.
1.5 ± 0.3, P = 0.52) after ibutilide application (Fig. 1). Therefore,
it was suggested that amiodarone significantly impaired the he-
modynamic performance, while ibutilide did not exert similar
effect during sinus rhythm.

Hemodynamic Effects before and after Defibrillation

Amiodarone treatment significantly reduced the SBP dP/
dTmax in both pre-VF and post-defibrillation stages (1.6 ± 0.1
vs. 0.6 ± 0.1, P < 0.01; 3.5 ± 0.2 vs. 1.3 ± 0.2, P < 0.01, respec-
tively), suggesting a significant decrease of myocardial contrac-
tility. Additionally, majority of the animals required a prolonged
period to stabilize the hemodynamics to become normal for
sequential experiments after defibrillation. Conversely, no sig-
nificant changes were detected in the SBP dP/dTmax in both
pre-VF and post-defibrillation stages before and after ibutilide
application (1.6 ± 0.1 vs. 1.5 ± 0.3, P > 0.05; 3.2 ± 1.3 vs. 3.1 ±
0.8, P > 0.05, respectively), (Fig. 1).

Effects of Two Drugs on HR, QTc, and the Amplitude
of QRS

Both drugs showed no evidence of proarrhythmia, such as tor-
sades de pointes (TdP). The most common ECG changes
caused by both drugs included slowing of HR and prolongation
of QTc. Compared to HF baseline, ibutilide significantly
slowed down the HR (145 ± 10 bpm vs. 106 ± 8 bpm,
P < 0.01) and prolonged the QTc (285 ± 10 ms vs. 368 ±
11 ms, P < 0.01) 30 min after loading dose administration.
Amiodarone treatment significantly reduced the HR (126 ±
32 bpm vs. 107 ± 34 bpm, P < 0.05) and significantly
prolonged the QTc (359 ± 40 ms vs. 389 ± 24 ms, P < 0.05),
(Table 1). The prolongation of QTc was more pronounced after
ibutilide treatment when compared to amiodarone. Compared
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to the pre-drug condition, amiodarone significantly reduced the
QRS amplitude before VF, during VF, and post defibrillation.
In contrast, compared to HF baseline, no significant alterations
were detected on the amplitude of QRS before VF, during VF,
or after defibrillation in the ibutilide group (Fig. 2).

Effects of Ibutilide and Amiodarone on the DFT
and VF Maintenance

Compared to HF baseline, ibutilide treatment has significantly
decreased the DFT by 28% (Fig. 3, Table 1). Additionally, VF
activation after drug administration was transformed into a

more organized pattern (Fig. 4a and b). Four episodes of VF
were terminated spontaneously and were restored to sinus
rhythm, and the duration of VF was 4.7 ± 1.3 s after induction
(Fig. 4c). On the other hand, in the amiodarone group, neither
the DFTwas significantly altered (Fig. 3, Table 1), nor the VF
activation pattern was changed or terminated spontaneously.

Effects of Ibutilide and Amiodarone on VERP, ARI,
and Dispersion of Refractoriness

Compared to HF baseline, both ibutilide and amioda-
rone treatment has significantly prolonged the VERP

Table 1 Effects of ibutilide and
amiodarone on
electrophysiological parameters

Variables HF
Baseline

Ibutilide P-
values

HF
Baseline

Amiodarone P-
values

DFT (J) 18 ± 2.1 13 ± 2.7 <0.01 17 ± 2.3 16 ± 2.0 >0.05

VERP (ms) 178 ± 9.6 208 ± 8.9 <0.05 185 ± 10.5 202 ± 7.5 <0.05

QTc (ms) 285 ± 10 368 ± 11 <0.01 350 ± 20 378 ± 19 <0.01

ARI restitution slope 1.40 ± 0.09 0.69 ± 0.07 <0.01 1.4 ± 0.1 0.8 ± 0.1 <0.01

Epicardial dispersion 0.36 ± 0.09 0.24 ± 0.07 <0.05 0.37 ± 0.06 0.29 ± 0.03 <0.05

Transmural dispersion 0.46 ± 0.05 0.45 ± 0.07 >0.05 0.45 ± 0.07 0.44 ± 0.04 >0.05

Activation rate (/s) 9.5 ± 0.6 7.8 ± 0.7 <0.05 9.7 ± 0.6 8.5 ± 0.5 <0.05

Transmural dispersion
(/s)

1.87 ± 0.77 1.07 ± 0.26 <0.05 1.8 ± 0.4 1.2 ± 0.3 <0.05

VF-CL (ms) 107 ± 13 130 ± 13 <0.001 106 ± 10 126 ± 11 <0.05

DFT defibrillation threshold, VERP ventricular effective refractory period, ARI activation recovery interval, VF-
CL ventricular fibrillation cycle length, VF-CV ventricular fibrillation conduction velocity, VF-WL ventricular
fibrillation wavelength

Fig. 1 Effect of ibutilide and amiodarone on hemodynamics before and
after drug treatment in pre-VF and post-DF stages. (a) After drug admin-
istration, MAPwas significantly reduced by amiodarone. (b) Before drug
treatment, the SBP dP/dTmax was markedly increased immediately post-
DF in both groups. After drug administration, amiodarone has significant-
ly reduced the SBP dP/dTmax in both pre-VF and post-DF stage,

suggesting a significant decrease in myocardial contractility. However,
ibutilide did not affect the hemodynamic performance when compared to
the pre-drug condition. B pre-VF: pre-ventricular fibrillation at baseline.
B post-DF: immediate post-defibrillation at baseline. D pre-VF: pre-
ventricular fibrillation after drug administration. D post-DF: immediate
post-defibrillation after drug administration
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by 17% and 9%, respectively (Fig. 3, Table 1). Also,
both drugs significantly prolonged the ARI and reduced
the epicardial dispersion of refractoriness as estimated
from the CoV throughout the mapping plaque
(Table 1). However, the transmural dispersion of refrac-
toriness remained unaltered as compared to HF baseline,
which was estimated from the ARI recorded with the
plunge needle (Table 1).

Effects of Ibutilide and Amiodarone on Restitution
Properties

The maximal slopes of the restitution curves of all an-
imals were > 1 at HF baseline. Ibutilide and amiodarone
treatments have significantly flattened the restitution
curves, and the maximal slopes of all restitution curves
were < 1 after drug administration. The mean maximal

Fig. 2 Effect of ibutilide and amiodarone on the amplitude of QRS in
different stages. In the left panel, no significant changes were observed on
the amplitude of QRS on leads I, II, and aVF before, during VF, or after
defibrillation in the ibutilide group when compared to the pre-drug

condition. However, the right lane showed that amiodarone has signifi-
cantly reduced the QRS amplitude before, during VF, and post-DF when
compared to the HF baseline. Amio: amiodarone; Ibuti: ibutilide
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slope of the ARI restitution curve was significantly re-
duced by 51% after ibutilide administration (Fig. 5a,
Table 1) and by 43% (Table 1) after amiodarone admin-
istration. Additionally, both drugs reduced the epicardial
dispersion of the maximal slope of the ARI restitution
curve as compared to HF baseline (Table 1).

Effects of Ibutilide and Amiodarone on Transmural
Dispersion of the VF Activation Rate

Compared to HF baseline, ibutilide and amiodarone adminis-
tration significantly reduced the VF activation rate by 18%
and 12% and increased the VF-CL by 21% and 19%, respec-
tively (Table 1). In addition, administration of ibutilide and
amiodarone demonstrated a significant reduction of the
transmural dispersion of the VF activation rate (Table 1).

Discussion

The major findings of the present study are as follows: (1)
after ibutilide administration, the DFT was markedly reduced
when compared to HF baseline. Also, the VF activation pat-
tern has been more organized and could be terminated spon-
taneously. Furthermore, there are no adverse hemodynamic
effects observed throughout the experiment. However, amio-
darone did not alter the DFT, while the MAP, SBP dP/dTmax,
and the amplitude of QRS were reduced significantly before
and after defibrillation, indicating its impairment on the he-
modynamic status and myocardial contractility. (2) ibutilide
and amiodarone have significantly prolonged the VERP and

ARI and decreased the maximum slope of the ventricular ARI
restitution curve as well as its dispersion. and (3) both drugs
have significantly ameliorated the dispersion of ventricular
refractoriness and reduced the transmural dispersion of the
VF activation rate.

Electrophysiological Modification and Defibrillation
Efficacy

In our previous study, ibutilide was administered to normal
dogs and it significantly decreased the DFT by reducing the
complex activation during VF [11]. In this study, we demon-
strated that the VERP, ARI, and the dispersion of refractori-
ness in failing hearts showed significant prolongation when
compared to those in the normal hearts. The VF threshold
(VFT) was markedly decreased, and the DFT was much
higher than that in healthy animals. Taken together, these data
indicated a significant increase in the susceptibility to VF
among canines with HF. To date, only few studies have fo-
cused on the effects of ibutilide on ventricular electrophysio-
logical properties in HF animal models, and so this study was
conducted. Ibutilide administration to HF canines revealed
similar antifibrillatory effects as in the normal hearts and did
not affect the hemodynamic parameters. Additionally, the VF
activation rate was reduced in failed hearts when compared to
normal hearts, and this phenomenon was further decreased by
ibutilide administration with further prolonged VF-CL. These
electrophysiological parameters are vital indicators of orga-
nized activation pattern of VF, thus facilitating defibrillation.

It has been reported that prolongation of APD and VERP is
a primary determinant of drug-induced effects on the efficacy

Fig. 3 Effect of ibutilide and amiodarone on DFT and VERP. The left
vertical coordinates represent DFT (black and white histogram), and the
right represents VERP (black solid line). Ibutilide reduced the DFT and
prolonged the VERP more significantly when compared to the HF at

baseline, while amiodarone did not alter the DFT. Moreover, the
prolongation of VERP was more pronounced by ibutilide (178–208 ms)
as compared to amiodarone (185–202 ms)
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of electrical shock [21]. Amiodarone and ibutilide (class III
antiarrhythmic agents) prolonged the repolarization period by
blocking the outward Ikr channels. In the present study, VERP
and ARI were significantly extended after drug administra-
tion. Furthermore, the prolongation of QTc and VERP were
more pronounced after ibutilide administration when com-
pared to that of amiodarone administration (Fig. 3). As reentry
has been generally agreed to be the primary mechanism for the
short-duration VF, and the prolonged refractory period might
increase the propagating wavelength, thereby VF maintaining
is less likely [22]. In the current study, DFTwas shown to be
markedly decreased by ibutilide but not amiodarone, as com-
pared to that in HF baseline. In addition, spontaneous restora-
tion to sinus rhythm during VF after ibutilide treatment was
observed. Similar beneficial effects of decreased DFT by
ibutilide were reported for previously. However, previous
studies have demonstrated that amiodarone could increase,

cause no change or even decreasing the DFT [19, 20, 23,
24]. Accumulating evidence suggests that ibutilide has mark-
edly enhanced the defibrillation efficacy via plateau sodium
current activation and substantially promoted drug-induced
spontaneous defibrillation in a canine model [7, 25, 26].
Therefore, we speculated that the marked effect of terminating
VF after ibutilide administration was partially due to the ad-
ditional ability to activate the slow sodium current, leading to
the extension of VERP and QTc, and facilitating defibrillation
when compared to amiodarone.

According to the nonuniform dispersion of the refractori-
ness hypothesis, increased dispersion of ventricular repolari-
zation and spatiotemporal heterogeneity might be associated
with impaired defibrillation efficacy [27]. Makikallio et al.
[28] have revealed that episodes of VF that were spontaneous-
ly restored to sinus rhythm, displayed organized local activa-
tion dynamics than sustained VF that is terminated only by
electric shocks. In the present study, the epicardial dispersion
of ARI at different PCLs and the ARI restitution slope were
remarkably decreased after the ibutilide application. In addi-
tion, the transmural dispersion of VF activation rate was also
decreased by the drug, leading to a more organized VF acti-
vation pattern. The VF organization hypothesis [21] indicated
that an organized fibrillation pattern results in facilitated defi-
brillation. Therefore, pharmacologically attenuation of the
spatiotemporal heterogeneity of the refractoriness promotes
VF organization, achieving spontaneous termination of VF
and lowering the DFT.

Fig. 5 ARI measurements and
effect of ibutilide on restitution
properties (a) Measurements of
ARI and DI. (b) The two
restitution curves were obtained
from one animal for the same
electrode in the HF baseline (solid
square) and after ibutilide (solid
triangle). The maximal slope of
the restitution curve for this
animal was 1.40 (before drug).
Ibutilide flattened the restitution
curve significantly, and the
maximal slope of restitution curve
was 0.69 (after drug
administration)

Fig. 4 Snapshots of VF activation on an epicardial plaque before and
after ibutilide administration The VF activation of 144-electrode record-
ing channels on epicardial mapping plaque is presented. (a) VF activated
in a chaotic pattern, in which highly unpredictable and disorganized ac-
tivation sequences were observed before ibutilide administration. (b)
Chaotic pattern was observed during initial VF, but the regular pattern
emerged as VF progressed after drug administration, and was character-
ized by highly organized simultaneous activations when compared to the
baseline. (c) VF electrically induced by 50Hz high-frequency stimulation
lasted for 4.2 s, which was activated in an organized pattern, spontane-
ously terminated, and then restored to sinus rhythm after ibutilide
administration
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The APD restitution hypothesis stated that a steep curve of
APD restitution leads to dynamic instability and a flattened
restitution curve prevents wave break-up, thereby promoting
VF conversion into an organized activation pattern such as
monomorphic VT [29]. Our previous study has shown that
drugs, such as verapamil and sotalol, showed antifibrillatory
effects in vitro, by flattening the restitution relation and sup-
pressing the APD alternans [30, 31]. A major finding of this
study was that ibutilide led to a flattened ARI restitution curve
with a slope of 1.40–0.69, which improved the defibrillation
efficacy and reduced the VF activation pattern complexity.

Hemodynamic Effects and Defibrillation Efficacy

In the current study, the hypotensive response to amiodarone
has occurred before defibrillation, as well as immediately after
defibrillation, and this was consistent with the findings of
previous studies [32, 33], whereas ibutilide showed no impair-
ment on the hemodynamic status throughout the current
experiment.

The ventricular chamber was in an overloaded state due to
ineffective ejection after induction of VF for 20 s before defi-
brillation. Therefore, the SBP dP/dTmax immediately after
defibrillation should be significantly improved when com-
pared to the pre-defibrillation stage before as well as after drug
administration. In the current study, before drug treatment, the
SBP dP/dTmax showed marked increase immediately after
defibrillation in both groups, while the MAP remained the
same. However, after drug administration, amiodarone has
significantly reduced the MAP and reduced the SBP dP/
dTmax in both pre-VF and post-defibrillation stages (Fig. 1),
while ibutilide did not affect the hemodynamic performance
when compared to the pre-drug condition. Furthermore, ami-
odarone also significantly reduced the maximum amplitude of
QRS during VF and after defibrillation. Another study
showed that the diffused low voltage in the presence of de-
creased QRS amplitude on the surface ECG is associated with
left ventricular dysfunction, which resulted from reduced ven-
tricular contractility [34, 35]. Therefore, decreased amplitude
of QRS was considered as depression of myocardial contrac-
tility when compared to HF baseline (Fig. 2). Furthermore,
acute global ischemia caused a significant increase in the
width of the vulnerable window. Due to these marked chang-
es, the upper limit of vulnerability and DFT might be affected
by acute myocardial ischemia [36]. In this study, severe hypo-
tension after amiodarone application might lead to a decrease
in the coronary perfusion pressure, thereby causing myocar-
dial ischemia. This phenomenon might be partially associated
with the finding that amiodarone did not alter the DFT.

In contrast, ibutilide did not significantly affect the hemo-
dynamic performance before and after defibrillation, as well
as the amplitude of the QRS complex, indicating it did not
exhibit negative inotropic effect. Previous evidence

demonstrated that ibutilide did not exert any significant effect
on the conduction velocity nor on the hemodynamic parame-
ters in a series of experimental animal studies [25, 37–39].
Hence, we postulated that the reduced myocardial perfusion
pressure caused by hypotension might impair the defibrilla-
tion efficacy in amiodarone canines.

Clinical Implications

Several antiarrhythmic agents might decrease myocardial con-
tractility, compromise hemodynamic performance, and limit
their use in patients with VAs, especially for those patients
with impaired ventricular function when administered at ef-
fective doses intravenously. Hitherto, amiodarone has been
proven to be an effective drug in reducing VAs in patients with
structural heart disease. However, in clinical settings, intrave-
nous administration of amiodarone can cause hypotension due
to vasodilation and decreased myocardial contractility, there-
by endangering the patients with damaged cardiac function.
Conversely, ibutilide, a selective class III antiarrhythmic
agent, provided similar quasi-effects, but without any impair-
ments to the hemodynamic performance. Accumulating evi-
dence showed that pharmacokinetics of ibutilide remains un-
altered in patients with LV systolic dysfunction [40].
However, ibutilide administration is associated with a 2–3-
fold increased risk of TdP in patients with HF. Both amioda-
rone and ibutilide showed this side-effect, especially in cir-
cumstance of electrolyte disturbances which are frequently
observed in HF condition. Overall, the prevalence of such
proarrhythmic event might be one of the reasons for the lack
of spontaneous TdP in current study. Ibutilide not only signif-
icantly reduced the DFT but also led to VF activation organi-
zation and promoted the spontaneous termination of VF in this
study. More importantly, no adverse hemodynamic effects
were observed, while amiodarone significantly impaired the
hemodynamic performance. Taken together, it could be de-
duced that ibutilide is a treatment option for resuscitation in
patients with HF in clinical practice, especially for hemody-
namically unstable patients with VAs.

Study Limitations

Firstly, we mapped only the regional LV epicardium rather
than performing a global biventricular mapping. Hence, the
activation patterns during VF might not be thorough.
Secondly, only the effects of ibutilide at a fixed dosage were
investigated, which yielded a high plasma concentration that
altered the cardiac electrophysiological properties. However,
the action of antiarrhythmic agents is usually concentration-
dependent. Therefore, it is essential to explore different drug
concentrations to evaluate the effects of ibutilide on DFT and
VF activation patterns dynamically in the future studies.
Thirdly, the SBP dP/dTmax was used to assess the cardiac
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systolic function in the present study. Real-time cardiac ultra-
sound assessment and/or cardiac catheter to obtain hemody-
namic variables, such as pulmonary capillary wedge pressure
and cardiac output, should be used to reflect a more detailed
myocardial contractility function. However, several previous
studies have used the SBP dP/dTmax to evaluate myocardial
contractility, and we speculated that the current data could
assess the true state of cardiac contractility. Finally, the amio-
darone dose used in the present study is parallel to that used in
the previous VF study, but the dose is higher than the usual
clinical usage. Therefore, the hemodynamic changes by ami-
odarone are partially caused due to high dose.

Conclusions

Intravenous ibutilide has significantly reduced the DFT and
promoted the VF activation pattern organization without af-
fecting the hemodynamics and cardiac contractility. These
findings indicated that ibutilide with antifibrillatory properties
of VF alteration, might be an option for adjunctive drug ther-
apy for resuscitation in the clinical management of HF in the
future. Yet, intravenous amiodarone administration showed
prominent negative effects on the hemodynamic status and
myocardial contractility before and after defibrillation and
failed to alter the DFT.
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