
stable angina and chronic heart failure in sinus rhythm. According 
to very preliminary data, ivabradine shows heart rate lowering 
proprieties in non-paroxysmal AF when used alone or in association 
to other heart rate lowering drugs. Interestingly, studies suggest that 
this seems to translate into clinical benefits such as improvement 
of exercise tolerance and ejection fraction. However, new trials are 
needed to confirm the effectiveness and safety of ivabradine in non-
paroxysmal AF.
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INTRODUCTION
Atrial fibrillation (AF) is the most common cardiac arrhythmia and 
its incidence and prevalence increase with age. Although by itself it 
is a non-fatal arrhythmia, it is often associated with a considerable 
comorbidity and an increased risk of stroke and heart failure. Patients 
with AF have significantly poorer quality of life than healthy controls, 
experiencing a variety of symptoms including lethargy, palpitations, 
dyspnoea, chest tightness, sleeping difficulties, and psychosocial dis-
tress[1]. These symptoms are often related to an uncontrolled ventricu-
lar rate and they can be significantly improved by the administration 
of drugs aimed to establish heart rate (HR) control. In the setting of 
non-paroxysmal AF, rate-control is an integral part of the manage-
ment of AF patients as underlined by the most recent guidelines[2]. In 
such patients, HR control is usually obtained by using drugs which 
prolong atrioventricular (AV) node refractoriness such as β-blockers, 
nondihydropyridine calcium channel blockers, and digoxin. These 
drugs can be used alone or in combination for resistant AF. In clini-
cal practice the choice of drug and target HR depends on patient 
characteristics and comorbidities but the decision can be particularly 
challenging in elderly frail subjects with multiple comorbidities. Dil-
tiazem and verapamil may have negative inotropic effects in patients 
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ABSTRACT
Atrial fibrillation (AF) is the most common cardiac arrhythmia and is 
associated with poor quality of life and high rate of hospitalization in 
elderly frail patients. In patients with non-paroxysmal AF, optimizing 
heart rate is often the main goal but available drugs fail to reach heart 
rate control in about 30% of cases and this often happens because 
their doses can not be implemented due to side effects. Ivabradine 
is a pure heart rate lowering agent acting through the inhibition of If 
current in the sinus atrial cells, and it is widely used for patients with 
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with left ventricular ejection fraction under 40%; β-blockers may ex-
acerbate conditions such as asthma or depression, and must be used 
with caution in cases of hypotension; furthermore, the use of digoxin 
is restricted in patients with renal failure. Risk of bradycardia and hy-
potension considerably increases when combinations of these agents 
(in particular β-blockers and non-dihydropyridine calcium channel 
blockers) are used. Furthermore, according to current evidences about 
20-30% of patients with permanent AF do not reach HR control[3]. 
    Ivabradine is a pure HR lowering agent currently approved for 
the treatment of patients with stable chronic angina and heart failure 
with reduced ejection fraction, in sinus rhythm[4,5]. Ivabradine effects 
appear to result from this HR reduction; it does not directly change 
inotropism or blood pressure. 
    This review summarizes laboratory findings and clinical data sup-
porting the hypothesis that ivabradine could represent an alternative 
tool for physicians in order to lower HR and improve clinical condi-
tions of patients with non-paroxysmal AF.

PACEMAKER FUNNY CURRENT IN HEALTHY 
HEART AND UNDER PATHOLOGICAL CON-
DITIONS
Ivabradine is a specific inhibitor of hyperpolarization-activated cyclic 
nucleotide-gated (HCN) channels. HCN channels include a family 
of cation channels activated by hyperpolarized membrane potentials 
and stimulated by intracellular cyclic nucleotides. This family con-
sists of four human isoforms with a high homology and common 
biophysical properties (HCN1-4)[6,7]. Upon hyperpolarization, all four 
isoforms generate an inward current (If) in the heart and in the nerv-
ous system. Three isoforms (HCN1, HCN2, HCN4) are expressed in 
cardiac tissues; HCN2 and HCN4 are the dominant subtypes. In the 
healthy adult heart, HCN channels are predominantly expressed in 
the conduction system, especially in the sinoatrial (SA) node [8]. They 
are responsible for the early phase of diastolic depolarization in these 
cells and are essential components of cardiac automaticity and HR 
control[7]. 
    It has been thought for long time that the function of HCN chan-
nels in the heart was limited to cardiac cells belonging to the conduc-
tion system and that these channels did not play a significant role in 
the excitability of non-pacemaking regions in adult atrial and ven-
tricular myocytes[8,9]. However recent data support the hypothesis that 
HCN channels expression, and IF current density, in cardiomyocytes 
are amplified when some pathological conditions occur. Cerbai et 
al[10] demonstrated that If current occurrence and density are increased 
in hypertrophic rat cardiomyocytes and that this increase is directly 
related to the severity of myocardial hypertrophy. Similar results have 
been confirmed by other authors in animal models of cardiac hyper-
trophy and heart failure[11,12]. Stillitano et al[13] compared the mRNA 
and protein expression of HCN subunits in the atrium and ventricle 
of healthy subjects and heart failure patients; they found an up-
regulation of ventricular HCN2 and HCN4 underlying the increase in 
functional If current in heart failure patients. 
    AF is a pathological condition in which ionic current remodeling 
has been demonstrated[14]. Regarding If current, an association be-
tween HCN overexpression in atrial and pulmonary vein cardiomyo-
cytes and presence of AF has been reported in animal models and hu-
man[15-18]. In a canine model, He et al[17] demonstrated that mRNA and 
protein expression levels of HCN2 and HCN4 in the AF group were 
significantly increased when compared with the control group. Li et 
al[18] analyzed right atrial appendage samples collected from 60 pa-
tients undergoing coronary artery bypass grafting; they observed that 

mRNA and protein expression levels of HCN2 and HCN4 channels 
in the right atrial appendage increased with age. Interestingly they 
also found that these age-associated expression modifications were 
even more pronounced in aged AF patients compared with aged sinus 
rhythm patients. In another study on human samples, mRNA levels 
of HCN4 were reduced in AF compared to sinus rhythm; conversely 
HCN4 protein expression was similar between the two groups and If 
current was greater in AF compared to sinus rhythm[19]. According to 
these studies, the remodeling response of atrial cardiomyocyte ionic 
currents that occur during AF also involves If current, but which is 
the exact role of If current remain still unknown. 
    Changes in If current may contribute to alter the physiological 
hierarchy of automaticity and to generate atrial ectopism. However, 
the exact role of HCN channels in generating and sustaining atrial 
arrhythmias is not known. Zorn-Pauly et al[20] found that increases in 
the If current may cause atrial myocytes to function like pacemaker 
cells, subsequently increasing the local atrial automaticity, decreasing 
the effective atrial refractory period and enhancing the risk of atrial 
arrhythmias. Zicha et al[21] analyzed atrial myocytes in dogs with rap-
id ventricular pacemaker activity and demonstrated that If enhance-
ment, and the associated HCN channel overexpression, contributed to 
heart failure-induced ventricular arrhythmias. 
    Given that if current density is increased during arrhythmias, 
ivabradine, as an HCN channel inhibitor, could have potential anti-
arrhythmic effects. When administered to dogs with age-related AF 
induced by rapid atrial pacing, ivabradine, by inhibiting if current, 
increased the effective refractory period of the left pulmonary vein 
and left atrium, and reduced the duration and inducing rate of AF[22]. 
Similar results were obtained on pulmonary vein cardiomiyocytes in 
rabbit[23] and by El Chemaly et al[24] who added ivabradine to atrial 
myocytes isolated from human right appendages of patients under-
going cardiac surgery. These findings suggest that Ivabradine could 
reduce the cellular automaticity induced by If by inhibiting the HCN 
channels and the mediated If in pulmonary veins and atrium, and thus 
potentially prevent the development of arrhythmias such as AF.

IF CURRENT IN THE ATRIOVENTRICULAR NODE
Inside the conduction system a regional difference in expression of 
various HCN channel mRNAs has been demonstrated[25]. The expres-
sion of all HCN channel mRNA (HCN1-4) is higher in the SA node 
than AV node[26], and the most important isoform, HCN4, shows 
level of expression 6 times higher in the SA node compared to the 
AV node. Recent studies clarified the role of If current in AV node by 
demonstrating that the inhibition of this current slows the AV node 
conduction in animals and humans[26-30]. Yamazaki et al evidenced 
that zatebardine, an If current inhibitor, decreased both intrinsic AV 
rate and the increase in junctional rate in response to sympathetic 
nerve stimulation in anesthetized dog hearts[28]. The administration of 
Ivabradine (0.1 mg/kg IV bolus) slowed ventricular rate (from 240 ± 
21 to 211 ± 25 bpm) and increased A-H interval in a rate-dependent 
fashion[29]. The administration of Ivabradine and dronedarone, both 
inhibitors of the If current at AV node level, reduced ventricular rate 
during AF in pigs by 39.5% (from 200 ± 14.6 to 121 ± 20.1 bpm) and 
22% respectively[26]. Low dose Ivabradine (0.25 mg/kg) reduced ven-
tricular rate during AF in pigs by 9% beats/min (p = 0.015) 30 min-
utes after drug infusion[31]. This effect was enhanced by the combined 
administration of ranolazine: when ivabradine was administered 
shortly after ranolazine, ventricular rate was reduced by 23% beats/
min[31]. 
    Taken together, these results suggest that If current plays a biologi-
cally detectable role in the modulation of automaticities of either 
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dependent HR reduction was associated with significant clinical ben-
efits: there was a significant increase of distance walked at six minute 
walking test and an improvement in self-perceived dyspnoea index in 
ivabradine responders compared to nonresponders. 
    Wongcharoen et al[36] performed the first randomized double-blind 
placebo-controlled trial with ivabradine, having as primary end point 
the change in mean ventricular rate between baseline and 1 month 
follow up visit. They enrolled 32 patients (90% of whom were on 
β-blockers) with non-paroxysmal AF and mean HR ≥ 70 bpm. Pa-
tients were assigned in a 2: 1 ratio to 1 month of treatment with either 
ivabradine 5 mg bid or placebo. In this study, ivabradine significantly 
decreased mean 24/h ventricular rate from 86.0 ±10.9 bpm to 79.2 
± 9.6 bpm (p = 0.001), while no significant changes in ventricular 
rate were observed in the placebo group (84.3 ± 11.2 to 82.9 ± 9.9; 
p = 0.469) with a significant intergoups difference (p = 0.024). The 
ivabradine-induced HR reduction compared to placebo was more 
evident during day-time (7.7 ± 6.2 vs 1.7 ± 5.8, respectively, p = 0.014) 
than during night-time (5.8 ± 8.1 vs 1.4 ± 6.3, respectively, p = 0.07). 
Moreover ivabradine administration was safe: no drug-related ad-
verse effects were observed in both arms. 
    Overall these preliminary clinical experiences suggest that iv-
abradine is effective on reducing HR at least in a half of patients 
with non-paroxysmal AF and show a safe clinical profile. Interest-
ingly, even when added to other HR-lowering agents, ivabradine 
did not cause symptomatic bradycardia in these patients. However, 
in our opinion, though no side effects related to the administration 
of ivabradine in AF have been described yet, too few patients have 
been treated for too little time ad conclusions on this issue cannot be 
drawn.

POTENTIAL ROLE FOR IVABRADINE IN THE 
RATE-CONTROL STRATEGY IN NON-PAR-
OXYSMAL AF
Rate-control is a well established strategy in the management of non-
paroxysmal AF. The Atrial Fibrillation Follow-up Investigation of 
Rhythm Management (AFFIRM) trial showed that rate-control was 
non inferior to rhythm-control strategy in term of mortality rate. 
Moreover, in that study, more patients in the rhythm-control group 
than in the rate-control group were hospitalized, and there were more 
adverse drug effects in the rhythm-control group as well. Results 
from the Rate Control Versus Electric Cardioversion for Persistent 
Atrial Fibrillation (RACE) study also confirmed that rate-control was 
equivalent to rhythm-control in the management of nonparoxysmal 
AF, with rate control offering some potential advantages such as a 
lower risk of adverse drug effects, a better cost-effectiveness and a 
decreased incidence of hospitalization[37].
    Among HR lowering agents, β-blockers and nondihydropyridine 
calcium channel blockers are the first choise: in the AFFIRM trial, 
they were found to have an overall success rate of approximately 
70% for achieving rate control when used either alone or in combina-
tion with digoxin. In the study of Fauchier et al[38], diltiazem 360 mg/
day was the most effective drug regimen for reducing the HR and 
improving arrhythmia-related symptoms in patients with permanent 
AF. 
    However, in about 30% of cases, the rate-control strategy fails to 
reach its target mostly for two reasons: first of all, because patients 
simply do not respond to the available HR-lowering agents; secondly 
because many times these drugs cannot be used at all or their use is 
limited to submaximal doses because of hemodynamic instability or 
significant comorbidities such as heart failure with reduced ejection 

isolated or under sympathetic control subsidiary pacemaker cells and 
support the concept that If current inhibition may provide a novel 
therapeutic target in the management of AF. These findings, ulti-
mately, opened the way towards a clinical application of If current 
inhibition in subjects with AF.

CLINICAL EVIDENCES
We conducted an electronic literature search of MEDLINE and 
EMBASE to identify articles published until November 2016, using 
the terms “ivabradine” and “non-paroxysmal/permanent atrial fibril-
lation”. Only studies in English language were included. We found 
three case reports[32-34]; one open-label trial[35] and one pilot rand-
omized versus placebo study[36]. 
    Moubarak et al[32] suggested for the first time, that Ivabradine 
might exert clinically-detectable rate-lowering effects in nonparox-
ysmal AF. They reported the case of a 75 year-old woman who had 
been previously prescribed Ivabradine while she was in sinus rhythm 
but that at the moment of the evaluation was in permanent AF. The 
patient was asked to undergo two 24-hour Holter monitoring: the 
first was performed while she was taking Ivabradine; the second 
7 days after Ivabradine withdrawal. The mean HR was 80.1 bpm on 
Ivabradine 2.5 mg bid and 87.6 bpm without Ivabradine. However, 
the value of this first case report was limited by the low quality of the 
first 24-hour Holter monitoring that forced physicians to restrict the 
R-R analysis to only a short period of two hours, from 22: 00 to 00: 
00, during which the patient was asleep. 
    Kosiuk et al[33] administered Ivabradine 10 mg/d to a 59 year old 
in hospital patient with persistent AF, resting HR over 100 bpm, 
left ventricular systolic dysfunction that was non-responder to usual 
medications. The authors observed a progressive decrease of HR over 
a period of three days of continuous ECG-monitoring: mean HR de-
creased from 102 bpm to 84 bpm. Moreover they found two intrigu-
ing results: firstly maximum HR also decreased from 175 bpm to 144 
bpm while minimum HR remained unchanged (from 62 bpm to 59 
bpm) suggesting a safe profile for ivabradine use in AF. Secondly in 
a treadmill test, performed before and after medication, during which 
the patients reached the same stress level, maximal heart rate during 
exercise also decreased from 169 to 153 bpm. 
    Subsequently, the same authors observed similar results in a case 
series of 5 patients, with mild to severe impairment of left ventricular 
ejection fraction, treated with ivabradine (5 mg/bid). The drug was 
used in addition to β-blockers and/or digoxin or alone in those who 
were intolerant to other drugs[34]. HR reduction was observed in 60% 
of cases during a short term follow up of five days. 
    Our group evaluated 6 subjects with persistent or permanent AF 
already treated with β-blockers, four patients with carvedilol and two 
with bisoprolol, and with poor HR control[35]. Ivabradine was started 
if HR was > 110 bpm at resting ECG, despite patients were taking 
the highest tolerated dose of beta-blocker and no further increase was 
possible. The study follow up was three months. A 24-hour Holter 
monitoring was performed at baseline and repeated every month. 
Ivabradine was started at 2.5 mg/bid and the dose was adjusted 
monthly, according to the results of 24-hour Holter monitoring. Over-
all we observed that ivabradine determined a significant decrease of 
median HR in four out of six patients after 3 months of treatment. A 
similar significant decrease was obtained in maximal and minimal 
HR. We also observed a dose dependent response: the percentage 
of responders was 33.2% with ivabradine 2.5 mg/bid and raised to 
66.6% at the highest doses. Ivabradine was well tolerated and no side 
effects occurred during the follow up. Interestingly, no pauses over 2.5 
s were observed during 24-hour Holter monitoring. The ivabradine-
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fraction, significant obstructive pulmonary disease or renal failure. 
    In view of the current limitations of the rate-control strategy in the 
management of nonparoxysmal AF, we think there is room for new 
HR-lowering agents to be used in this condition and for therapeutic 
strategy implementation. In this narrative review, we collected inter-
esting clinical experiences about the use of ivabradine in nonparoxys-
mal AF that is supported by a growing body of experimental evidenc-
es. Despite their promising results, it must be underlined that these 
data are very preliminary and overall clinical findings supporting the 
idea of using ivabradine as rate-control agent in nonparoxysmal AF 
are very scarce. In particular, the total amount of patients treated is 
very low and there are no consistent follow up data or direct com-
parisons with other HR-lowering agents. Therefore, the question if 
ivabradine could be a safe and effective drug in this group of patients 
still remains largely unanswered. 

CONCLUSION
According to recent data ivabradine slows atrioventricular node con-
duction in animals and humans and seems to be effective in decreas-
ing ventricular rate in subjects with persistent and/or permanent AF. 
Given its neutral hemodynamic profile, ivabradine has, in our opin-
ion, the potential to become a promising rate-control agent in patients 
with non-paroxysmal AF, particularly in elderly frail patients. Its 
combination with other heart rate lowering drugs, particularly with 
β-blockers, is particularly attractive, mainly for two reasons; firstly, 
the combination therapy may allow to reach an advisable HR in a 
greater proportion of patients with nonparoxysmal AF compared to 
β-blockers alone. Secondly, in frail elderly patients the combination 
of low doses of two drugs could be better tolerated than high doses 
of β-blockers. In our opinion, by enhancing HR control and reducing 
the rate of side effects, ivabradine could lead to positive middle-term 
and long-term consequences with improvement of clinical stability 
and exercise tolerance. However, follow up data on effectiveness and 
safety are still not available. New trials exploring safety of ivabradine 
alone or in combination with other drugs and its effects on hospital-
ization rate and other clinical outcomes would be needed in order to 
better understand its role in non-paroxysmal AF.

REFERENCES
1.	 Thrall G, Lane D, Carroll D, Lip GY. Quality of life in pa-

tients with atrial fibrillation: a systematic review. Am J Med 
2006; 119: 448.e1–19. [PMID: 16651058]; [DOI: 10.1016/
j.amjmed.2005.10.057]

2.	 Kirchhof P, Benussi S, Kotecha D, Ahlsson A, Atar D, Casadei B, 
Castella M, Diener HC, Heidbuchel H, Hendriks J, Hindricks G, 
Manolis AS, Oldgren J, Popescu BA, Schotten U, Van Putte B, 
Vardas P, Agewall S, Camm J, Baron Esquivias G, Budts W, Ca-
rerj S, Casselman F, Coca A, De Caterina R, Deftereos S, Dobrev 
D, Ferro JM, Filippatos G, Fitzsimons D, Gorenek B, Guenoun 
M, Hohnloser SH, Kolh P, Lip GY, Manolis A, McMurray J, Po-
nikowski P, Rosenhek R, Ruschitzka F, Savelieva I, Sharma S, 
Suwalski P, Tamargo JL, Taylor CJ, Van Gelder IC, Voors AA, 
Windecker S, Zamorano JL, Zeppenfeld K. 2016 ESC Guidelines 
for the management of atrial fibrillation developed in collabora-
tion with EACTS. Eur Heart J. 2016. [PMID: 27567408]; [DOI: 
10.1093/eurheartj/ehw210]

3.	 Olshansky B, Rosenfeld LE, Warner AL, Solomon AJ, O’Neill G, 
Sharma A, Platia E, Feld GK, Akiyama T, Brodsky MA, Greene 
HL, AFFIRM Investigators, The Atrial Fibrillation Follow-up 
Investigation of Rhythm Management (AFFIRM) study: ap-
proaches to control rate in atrial fibrillation. J Am Coll Cardiol. 
2004 Apr 7; 43(7): 1201-8. [PMID: 15063430]; [DOI: 10.1016/

Caminiti G et al . Ivabradine in non-paroxysmal atrial fibrillation

674

j.jacc.2003.11.032]
4.	 Fox K, Ford I, Steg PG, Tendera M, Ferrari R, BEAUTIFUL 

Investigators, Ivabradine for patients with stable coronary artery 
disease and left-ventricular systolic dysfunction (BEAUTIFUL): 
a randomised, double-blind, placebo-controlled trial. Lancet 
2008; 372: 807-16. [PMID: 18757088]; [DOI: 10.1016/S0140-
6736(08)61170-8]

5.	 Swedberg K, Komajda M, Bohm M, Borer JS, Ford I, Dubost-Bra-
ma A, Lerebours G, Tavazzi L. SHIFT Investigators, Ivabradine 
and outcomes in chronic heart failure (shift): a randomized pla-
cebo-controlled study. Lancet. 2010 Sep 11; 376(9744): 875-85. 
[PMID: 20801500]; [DOI: 10.1016/S0140-6736(10)61198-1]

6.	 Santoro B, Tibbs G.R, The HCN gene family: molecular basis 
of the hyperpolarization-activated pacemaker channels. Ann 
N Y Acad Sci. 1999; 868: 741–764. [PMID: 10414361]; [DOI: 
10.1111/j.1749-6632.1999.tb11353.x]

7.	 Biel M, Schneider A, Wahl C, Cardiac HCN channels: struc-
ture function, and modulation. Trends Cardiovasc Med 2002; 
12(5): 206-12. [PMID: 12161074]; [DOI: 10.1016/S1050-
1738(02)00162-7]

8.	 Herrmann S, Layh B, Ludwig A, Novel insights into the distribu-
tion of cardiac HCN channels: An expression study in the mouse 
heart. J. Mol. Cell. Cardiol. 2011; 51(6): 997-1006. [PMID: 
21945247]; [DOI: 10.1016/j.yjmcc.2011.09.005]

9.	 Shi W, Wymore R, Yu H, Wu J, Wymore R.T, Pan Z, Robinson R.B, 
Dixon J.E, McKinnon D, Cohen I.S. Distribution and prevalence 
of hyperpolarization-activated cation channel (HCN) mRNA ex-
pression in cardiac tissues. Circ. Res. 1999; 85(1): e1-6. [PMID: 
10400919]; [DOI: https: //doi.org/10.1161/01.RES.85.1.e1]

10.	 Cerbai E, Barbieri M, Mugelli A. Characterization of the hyper-
polarization-activated current, If, in ventricular myocytes isolated 
from hypertensive rats. J. Physiol. 1994; 481( Pt 3): 585-91. 
[PMID: 7707227]; [DOI: 10.1113/jphysiol.1994.sp020465]

11.	 Hoppe U.C, Jansen E, Sudkamp M, Beuckelmann D.J, Hyperpo-
larization-activated inward current in ventricular myocytes from 
normal and failing human hearts. Circulation. 1998; 97(1): 55–65. 
[PMID: 9443432]; [DOI: 10.1161/01.CIR.97.1.55]

12.	 Hofmann F, Fabritz L, Stieber J, Schmitt J, Kirchhof P, Ludwig 
A, Herrmann S, Ventricular  HCN channels decrease the repolari-
zation reserve in the hypertrophic heart. Cardiovasc. Res. 2012; 
95(3): 317-326. [PMID: 22652004]; [DOI: 10.1093/cvr/cvs184]

13.	 Stillitano F, Lonardo G, Zicha S, Varro A, Cerbai E, Mugelli A, 
Nattel S, Molecular basis of funny current (If) in normal and fail-
ing human heart. J Mol Cell Cardiol. 2008; 45(2): 289-99. [PMID: 
18556018]; [DOI: 10.1016/j.yjmcc.2008.04.013]

14.	 Dobrev D, Ravens U, Remodeling of cardiomyocyte ion channels 
in human atrial fibrillation. Basic Res Cardiol 2003; 98(3): 137- 
48. [PMID: 12883831]; [DOI: 10.1007/s00395-003-0409-8]

15.	 Lai LP, Su MJ, Lin JL, Tsai CH, Lin FY, Chen YS, Hwang JJ, 
Huang SK, Tseng YZ, Lien WP. Measurement of funny current (If) 
channel mRNA in human atrial tissue: correlation with left atrial 
filling pressure and atrial fibrillation. J Cardiovasc Electrophysiol 
1999; 10(7): 947-53. [PMID: 10413374]; [DOI: 10.1111/j.1540-
8167.1999.tb01265.x]

16.	 Chen Y.J, Chen S.A, Chen Y.C, Yeh H.I, Chan P, Chang M.S, Lin 
C.I, Effects of rapid atrial pacing on the arrhythmogenic activity 
of single cardiomyocytes from pulmonary veins: implication in 
initiation of atrial fibrillation. Circulation. 2001; 104(23): 2849-
54. [PMID: 11733406]; [DOI: 10.1161/hc4801.099736]

17.	 He W, Zang J, Gan T, Xu G, Tang B, Expression of hyperpolariza-
tion-activated cyclic nucleotide-gated channel isoforms in a canine 
model of atrial fibrillation. Experimental and Therapeutic Medi-
cine. 2016; 12(1): 433-436. [PMID: 27347074]; [DOI: 10.3892/
etm.2016.3290]

18.	 Li Y.D, Hong Y.F, Yusufuaji Y, Tang B.P, Zhou X.H, Xu G.J, Li 
J.X, Sun L, Zhang J.H, Xin Q, Xiong J, Ji Y.T, Zhang Y, Altered 
expression of hyperpolarization-activated cyclic nucleotide-gated 



Caminiti G et al . Ivabradine in non-paroxysmal atrial fibrillation

675

channels and microRNA-1 and -133 in patients with age-associ-
ated atrial fibrillation. Molecular Medicine Reports. 2015; 12(3): 
3243-3248. [PMID: 26005035]; [DOI: 10.3892/mmr.2015.3831]

19.	 Stillitano F, Lonardo G, Giunti G, Del Lungo M, Coppini R, Spi-
nelli V, Sartiani L, Poggesi C, Mugelli A, Cerbai E, Chronic atrial 
fibrillation alters the functional properties of If in the human 
atrium. J Cardiovasc Electrophysiol. 2013; 24(12): 1391-1400. 
[PMID: 23869794]; [DOI: 10.1111/jce.12212]

20.	 Zorn-Pauly K, Schaffer P, Pelzmann B, Lang P, Mächler H, 
Rigler B, Koidl B, If in left human atrium: a potential contributor 
to atrial ectopy. Cardiovasc Res. 2004; 64(2): 250-259. [PMID: 
15485684]; [DOI: 10.1016/j.cardiores.2004.07.001]

21.	 Zicha S, Fernández-Velasco M, Lonardo G, L’Heureux N, Nattel 
S. Sinus node dysfunction and hyperpolarization-activated (HCN)
channel subunit remodeling in a canine heart failure model. Car-
diovasc Res. 2005; 66(3): 472-481. [PMID: 15914112]; [DOI: 
10.1016/j.cardiores.2005.02.011]

22.	 Li Y.D, Ji Y.T, Zhou X.H, Jiang T, Hong Y.F, Li J.X, Xing Q, 
Xiong J, Yusufuaji Y, Tang B.P, Effects of Ivabradine on Cardiac 
Electrophysiology in Dogs with Age-Related atrial Fibrillation, 
Medical Science Monitor. Internl Med J of Experi Clinl Res 2015; 
21: 1414-420. [PMID: 25982136]; [DOI: 10.12659/MSM.894320]

23.	 Suenari K, Cheng C.C, Chen Y.C, Lin Y.K, Nakano Y, Kihara Y, 
Chen S.A, Chen Y.J, Effects of Ivabradine on the pulmonary vein 
electrical activity and modulation of pacemaker currents and cal-
cium homeostasis. J Cardiovasc Electrophysiol. 2012; 23(2): 200-
6. [PMID: 21914029]; [DOI: 10.1111/j.1540-8167.2011.02173.x]

24.	 El Chemaly A, Magaud C, Patri S, Jayle C, Guinamard R, Bois P, 
The heart rate-lowering agent ivabradine inhibits the pacemaker 
current I(f) in human atrial myocytes, J Cardiovasc Electro-
physiol. 2007; 18(11): 1190-6. [PMID: 17850290]; [DOI: 10.1111/
j.1540-8167.2007.00955.x]

25.	 Liu J, Noble P.J, Xiao G, Abdelrahman M, Dobrzynski H, Boyett 
M.R, Lei M, Noble D, Role of pacemaking current in cardiac 
nodes: insights from a comparative study of sinoatrial node 
and atrioventricular node. Prog Biophys Mol Biol. 2008 Jan-
Apr; 96(1-3): 294-304. [PMID: 17905415]; [DOI: 10.1016/
j.pbiomolbio.2007.07.009]

26.	 Marionneau C, Couette B, Liu J, Li H, Mangoni M.E, Nargeot 
J, Lei M, Escande D, Demolombe S, Specific pattern of ionic 
channel gene expression associated with pacemaker activity in 
the mouse heart. J Physiol. 2005; 562(Pt 1): 223-234. [PMID: 
15498808]; [DOI: 10.1113/jphysiol.2004.074047]

27.	 Chiamvimonvat V, Newman D, Tang A, Green M, Mitchell J, 
Wulffhart Z, Dorian P. A double-blind placebo-controlled evalu-
ation of the human electrophysio-logic effects of zatebradine, a 
sinus node inhibitor. J. Cardiovasc. Pharmacol. 1998; 32: 516-
520. [PMID: 9781918]; [DOI: 10.1097/FJC.0b013e3180547553]

28.	 Yamazaki K, Furukawa Y, Nakano H, Kasama M, Imamura H, 
Chiba S. Inhibition of the subsidiary pacemaker activity by zate-
bradine, an if inhibitor, in the anesthetized dog heart. J. Cardio-

vasc. Pharmacol. 1995; 26(6): 957-964. [PMID: 8606534]
29.	 Verrier RL, Bonatti R, Silva AF, Batatinha JA, Nearing BD,Liu 

G, Rajamani S, Zeng D, Belardinelli L. If inhibition in the atrio-
ventricular node by ivabradine causes rate-dependent slowing of 
conduction and reduces ventricular rate during atrial fibrillation. 
Heart Rhythm. 2014; 11: 2288-2296. [PMID: 25111327]; [DOI: 
10.1016/j.hrthm.2014.08.007]

30.	 Verrier RL, Sobrado MF, Pagotto VP, Kanas AF, Machado AD, 
Varone BB, Sobrado LF, Nearing BD, Zeng D, Belardinelli L. 
Inhibition of i(f) in the atrioventricular node as a mechanism for 
dronedarone’s reduction in ventricular rate during atrial fibrilla-
tion. Heart Rhythm. 2013; 10: 1692-1697. [PMID: 23933296]; 
[DOI: 10.1016/j.hrthm.2013.08.007]

31.	 Verrier RL, Silva AF, Bonatti R, Batatinha JA, Nearing BD, Liu 
G, Rajamani S, Zeng D, Belardinelli L. Combined Actions of 
Ivabradine and Ranolazine Reduce Ventricular Rate During Atrial 
Fibrillation. J Cardiovasc Electrophysiol 2014; 26: 329-335. 
[PMID: 25346368]; [DOI: 10.1111/jce.12569]

32.	 Moubarak G, Logeart D, Cazeau S, Solal AC. Might ivabradine 
be useful in permanent atrial fibrillation? Int J Cardiol 2014; 175: 
87-88. [PMID: 24814540]; [DOI: 10.1016/j.ijcard.2014.04.183]

33.	 Kosiuk J, Sabrina Oebel S, John S, Hilbert S, Hindricks G, Boll-
mann A. Ivabradine for rate control in atrial fibrillation. Int J 
Cardiol. 2015: 179: 27-28. [PMID: 25464400]; [DOI: 10.1016/
j.ijcard.2014.10.062]

34.	 Kosiuk J, Lindermann F, Hindricks G, Bollmann A. Need for fur-
ther studies on ivabradine in patients with persistent atrial fibrilla-
tion. Int J Cardiol 2016; 223: 915-916. [PMID: 27589039]; [DOI: 
10.1016/j.ijcard.2016.08.329]

35.	 Caminiti G, Fossati C, Rosano G, Volterrani M. Corrigendum 
to “Addition of ivabradine to betablockers in patients with atrial 
fibrillation: Effects on heart rate and exercise tolerance”. Int J 
Cardiol 2016; 15(223): 1077. [PMID: 27614572]; [DOI: 10.1016/
j.ijcard.2016.08.331]

36.	 Wongcharoen W, Ruttanaphol A, Gunaparn S, Phrommintikul 
A. Ivabradine Reduced Ventricular Rate in Patients With Non-
Paroxysmal Atrial Fibrillation. Int J Cardiol 2016; 224: 252-255. 
[PMID: 27661415]; [DOI: 10.1016/j.ijcard.2016.09.044] 

37.	 Van Gelde IC, Hagens VE, Bosker HA, Kingma JH, Kamp O, 
Kingma T, Said SA, Darmanata JI, Timmermans AJM, Tijssen 
JGP, Crijns HJGM. A Comparison of Rate Control and Rhythm 
Control in Patients with Recurrent Persistent Atrial Fibrilla-
tion. NEJM. 2002; 347: 1834-1840. [PMID: 12466507]; [DOI: 
10.1056/NEJMoa021375]

38.	 Fauchier L, Grimard C, Pierre B, Nonin E, Gorin L, Rauzy B, 
Cosnay P, Babuty D, Charbonnier B. Comparison of beta blocker 
and digoxin alone and in combination for management of patients 
with atrial fibrillation and heart failure. Am J Cardiol. 2009; 103: 
248-54. [DOI: 10.1016/j.amjcard.2008.09.064]

Peer reviewer: Yujie Zhu


