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Abstract Elevated resting heart rate has been linked to poor
outcomes in patients with chronic systolic heart failure. Block-
ade of funny current channel with ivabradine reduces heart
rate without inotropic effects. Ivabradine was recently ap-
proved by US Food and Drug Administration for patients with
stable, symptomatic chronic heart failure (HF) with left ven-
tricular ejection fraction (LVEF) ≤35 %, who are in sinus
rhythm with resting heart rate (HR)≥70 bpm and either are
on maximally tolerated doses of beta-blockers, or have a con-
traindication to beta-blockers. This article will review and
evaluate the data supporting the use of ivabradine in patients
with HF and explore its mechanisms and physiologic effects.
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Introduction

Despite the widespread use of disease-modifying therapies
that have led to increased survival of patients with heart failure
with reduced ejection fraction (HFrEF), there still remain too
many patients who fail to respond [1, 2]. For the last three
decades, the bedrock of current pharmacologic treatment of

HFrEF has been blockade of the renin–angiotensin–aldoste-
rone and sympathetic nervous systems. In addition to the
many proven benefits of this strategy, it has been suggested
that part of the reductions in mortality and hospitalizations
observed with beta-blockade [3, 4] may be attributed to heart
rate (HR) reduction.

Resting HR is a valuable prognosticator of cardiovascular
outcomes, which is easily measured in clinical practice [5]. In a
study of 2798 subjects enrolled in the Copenhagen male study
and followed for 16 years, increasing resting HR was highly
associated with overall mortality in a graded manner indepen-
dent of cardiovascular risk factors and physical fitness. Risk of
mortality increased by 16 % per 10 bpm increase in resting HR
[6]. Patients with stable coronary artery disease (CAD) and left
ventricular dysfunction, and a HR≥70 bpm, have a 34, 53, 46,
and 38 % higher risk of cardiovascular death, chronic heart
failure, acute myocardial infarction, and coronary revasculari-
zation, respectively, compared to those with lower HR [7]. In
HF, HR is often elevated to maintain cardiac output and com-
pensate for low stroke volume (SV). Whereas higher HR in
normal hearts increases contractility, in HF patients, it is asso-
ciated with reduced contractility [8]. The CIBIS [9], COMET
[10], and CIBIS II [9] trials showed that the magnitude of HR
reduction with beta-blockers was an important mediator of
beta-blocker effect. Two recent meta-analyses of beta-blocker
trials confirmed the relationship between magnitude of HR
reduction, survival benefit, and improvement in left ventricular
ejection fraction (LVEF) [11, 12].

It is apparent that HR is not well controlled in HF patients
and that there exists an unmet need for ivabradine. For exam-
ple, in a non-randomized cohort of all-comer outpatient HF
population, 53 % of patients had inadequate HR control
(HR≥75 bpm) despite beta-blocker therapy [13]. Five-year
event-free survival was significantly lower among patients
with HR ≥70 bpm as compared to those with >70 bpm
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(p<0.05) [14]. The clinical need for a HR-lowering drug such
as ivabradine was assessed in a group of Scottish patients
previously hospitalized with Acute decompensated heart fail-
ure (ADHF) [15], of whom 19 % met the indication for
ivabradine. In this population, <15 % of patients achieved
target doses of beta-blockers [15]. In a UK study, the propor-
tion of patients with chronic heart failure who were suitable
for ivabradine was about 14 % at 12 months following titra-
tion of standard medical therapy [16].

Ivabradine (Corlanor®, Amgen, Thousand Oaks, Califor-
nia) was recently approved by US Food and Drug Adminis-
tration for patients with stable, symptomatic chronic HF with
LVEF ≤35 %, who are in sinus rhythm with resting
HR≥70 bpm and either are on maximally tolerated doses of
beta-blockers, or have a contraindication to beta-blockers
[17]. This article will review and evaluate the data supporting
the use of ivabradine in patients with HF.

Mechanisms of Action and Adverse Reactions

Ivabradine is a hyperpolarization-activated cyclic nucleotide-
gated channel blocker that blunts spontaneous pacemaker ac-
tivity of the sinus node by selectively inhibiting the Ifc urrent,
resulting in HR reduction [18] (Fig. 1). At therapeutic doses,
the drug does not act on other cardiac ion currents and has no
direct effects on myocardial contractility or relaxation, cardiac
output, coronary hemodynamics, blood pressure, or peripheral
resistance in humans. HR reduction with ivabradine is approx-
imately 10 bpm at rest and during exercise, and the size of its
effect is dependent on baseline HR. The starting dose is 2.5–
5 mg twice daily up to a maximum of 7.5 mg twice daily. If
symptoms of bradycardia appear or HR<50 bpm, the dose
needs to be decreased by 2.5 mg twice daily or stopped [19].

Most common adverse events are bradycardia 10 %, HTN
8.9%, atrial fibrillation 8.3%, and phosphenes/visual brightness
2.8 % [19]. Ivabradine is contraindicated in patients with resting
HR<60 bpm, acute decompensated HF, hypotension <90/
50 mmHg, sick sinus syndrome, sinoatrial block, third degree
AV block, severe hepatic impairment, pacemaker dependence,
and a concomitant use of strong CYP3A4 inhibitors (azole an-
tifungals, macrolide, clarithromycin, HIV protease inhibitors).

Risk factors for bradycardia include sinus node dysfunction,
conduction abnormalities, and the use of other negative
chronotropes such as verapamil or diltiazem. In pooled data
from BEAUTIFUL and SHIFT, atrial fibrillation (AF) was re-
ported as an adverse event in 8 % of patients on ivabradine and
7 % of patients on placebo (p<0.001) [20••]. More recently, in
2014, a meta-analysis of all ivabradine clinical trial data (includ-
ing SHIFTandBEAUTIFUL) found that ivabradine treatment is
associated with a 15 % increase in the relative risk (RR) of AF:
in other words, 208 patient-years of treatment would be required
to cause one new case of AF [21••]. Interestingly, AF incidence

was greater in patients with higher baseline HR, raising the
possibility that those with the most to gain from ivabradine
HR reduction, also are at highest risk of developing AF [21••].
Figure 2 shows the physiologic impact of ivabradine.

Preclinical Studies

Preclinical studies with ivabradine (known as S-16257 during
development) focused on establishing the direct cellular and
physiologic effects in animal models. In diabetic mice, treat-
ment with ivabradine for 3 months attenuated matrix metallo-
proteinase 2 (MMP2) expression, induced dephosphorylation
of caspase 3, and enhanced phosphorylation of NF-kB,
resulting in improvement in cardiac function via inhibition
of cardiomyocyte apoptotic pathways [22]. Apoptosis was
also inhibited by ivabradine in mice models of HF induced
by angiotensin II injections [23]. Ivabradine also reduced LV
expression of hypoxia-induced factor (HIF), increased endo-
thelial cell proliferation, endothelial NOS expression, and im-
proved coronary vasodilation in HF murine models [24].

Physiologically, treatment with ivabradine improved filling
time, and reduced isovolumic contraction and relaxation times
in conscious pig models [25]. This also led to decreased pro-
duction of immune activation markers (TNF-α and IL-6) [26]
and decreased myocardial fibrosis in murine models of viral
myocarditis [27]. Ivabradine, but not metoprolol, decreased
LV remodeling and hypertrophy in hypertension murine

Fig. 1 a Hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels allow the passage of the funny current. b Current-dependent
block of HCN channels by ivabradine
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models [23]. Ivabradine also attenuates angiotensin pathway
[24], via decrease in protein expression of angiotensin
converting enzyme (ACE) and angiotensin I (AT-1) receptors
leading to decreased remodeling in HF models [28]. In acute
myocardial ischemia models, ivabradine improved reperfu-
sion, decreased LV hypoxic lesion size, but was also associ-
ated with a 2.9-fold increase in threshold for ventricular fibril-
lation [29, 30]. Interestingly, in coronary artery ligation rabbit
models treated with ivabradine or placebo and followed for
28 days, mortality was improved in the treatment group [31].

Taken together, the data suggest that ivabradine has effects
beyond heart rate reduction, by inhibiting apoptotic pathways,
decreasing inflammatory markers, enhancing reperfusion after
myocardial ischemia, and possibly improving mortality. It is
unclear, however, whether these effects are direct effects of
ivabradine or effects resulting from HR reduction.

Early Clinical Studies

The initial promising results of animal studies led to human
investigations in multiple early human trials focusing on safe-
ty and efficacy of the drug. Phase I studies in humans
established that the plasma levels of ivabradine and its active
metabolite (N-desmethylivabradine) were dose dependent in a
linear fashion [32, 33]. For example, in a study of 36 healthy
volunteers treated with ivabradine for 6 days, linear Cmax and
area under the curve of plasma levels showed linear increase
with dose and time. The mean heart rate reduction was 12.5
and 20.5 bpm for the 5 and 20 mg, without changes in blood
pressures [33]. Similarly, in another placebo-controlled trial of
123 patients presenting with STsegment elevation myocardial
infarction (STEMI), intravenous ivabradine reduced heart rate

by 22 bpm and LV volumes, without affecting blood pressure,
cardiac biomarkers or LVEF [34].

Longer-term studies in patients with HF also proved en-
couraging. In a single-arm study of 35 patients with dilated
cardiomyopathy and EF<40 %, HR>70 on OMT, escalating
doses of ivabradine for 3 months reduced HR by 25.9 % with-
out changing BP, reduced PVCs, and was generally well tol-
erated [35]. Studies comparing ivabradine with beta-blockers,
however, showed conflicting results. In a randomized trial of
121 patients with HF assigned to carvedilol, ivabradine, or
combination, ivabradine-treated patients had better 6MWT,
exercise time, peak VO2, and quality of life than those on
carvedilol alone [36]. Similarly, in 221 patients with systolic
HF randomized to 1-month treatment with ivabradine (5 mg
twice daily) of beta-blockers (carvedilol or bisoprolol), the
ivabradine group showed improved physical and emotional
functioning and mental health scales than beta-blockers de-
spite minimal decrease in heart rate (63 in ivabradine vs 67
beta-blockers bpm) [37].

As a consequence of initial preclinical and clinical experi-
ence, larger multicenter randomized trials focusing on major
adverse cardiovascular outcomes have been performed and
will be discussed below. It must be noted, however, that there
still remains a lack of human studies confirming the pleiotro-
pic effects of ivabradine seen in animal models.

Pivotal Clinical Trials

SHIFT (Systolic Heart failure treatment with the If inhibitor
ivabradine Trial) was a randomized, double-blind, placebo-
controlled, international trial that included 6505 patients with
symptomatic chronic HF, New York Heart Association

Fig. 2 Physiologic effects of
ivabradine
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(NYHA) classes II–IV, LVEF≤35 % and in sinus rhythm with
HR≥70 bpm that tested the hypothesis that HR reduction per se
could improve cardiovascular outcomes [38, 39]. This study
showed that for every 1-beat increase in HR, the risk for the
primary composite of cardiovascular mortality and hospital ad-
mission for worsening HF increased by 3 % and for every 5-
bpm increase in HR, the risk increased by 16 % in the placebo
group [38]. Patients with baseline HR≥87 bpm were at more
than twofold increased risk for the primary composite com-
pared with those with HR 70 to 72 bpm (HR=2 · 34, 95 %
CI 1 · 84–2 · 98, p<0 · 0001) and had the greatest reductions
in HR with ivabradine (22.5 bpm) [38]. HR in patients on
ivabradine fell by a mean 15 · 4 bpm at 28 days compared with
pretreatment. Patients with HR<60 bpm at 28 days on treat-
ment had fewer primary composite endpoint events during the
study (event rate 17 · 4 %, 95 % CI 15 · 3–19 · 6) than did pa-
tients with higher HR. The neutralization of the treatment effect
study after adjustment for change in HR at 28 days (HR 0 ·95,
0 · 85–1 · 06, p=0 · 352) showed that the effect of ivabradine
could be accounted for by heart rate reduction [38].

Hospital admissions for worsening HF occurred in 21 % of
patients on placebo versus 16 % of those taking ivabradine
(HR 0 · 74, 95 % CI 0 · 66–0 · 83, p<0 · 0001). HF deaths but
not cardiovascular deaths were significantly reduced in the
ivabradine group (HR 0 · 74, 95 % CI 0 · 58–0 · 94, p=0 ·
014). Although small, there was a significant improvement
in NYHA class, 28 % of patients on ivabradine improved
versus 24 % of patients on placebo (p=0 · 001), Figs. 3 and 4.

Serious adverse events occurred at a lower rate in the
ivabradine group than in the placebo group (p= 0 · 025).
Symptomatic and asymptomatic bradycardia was recorded in
about 10 % of patients, but only in 1 % it did lead to study
withdrawal. There were no difficulties in initiation, uptitration,
or continuation of β-blocker treatment, proving that
ivabradine is well tolerated in HF patients on β-blockers [38].

In BEAUTIFUL (Morbidity–Mortality Evaluation of the If
Inhibitor Ivabradine in Patients with Coronary Artery Disease
and Left Ventricular Systolic Dysfunction), trial ivabradine
treatment did not affect the primary composite outcome cardio-
vascular death, or admission to hospital for new-onset or wors-
ening HF in patients with CAD and LVEF<40 %. These find-
ings were explained by insufficient reductions in HR (6 bpm at
12 months and 5 bpm at 24 months) and/or from low HR at
baseline [40]. In a subset of patients with baseline HR of
70 bpm and LVEF<40 %, ivabradine was associated with a
36 % decrease in hospital admissions secondary to fatal and
nonfatal myocardial infarction and a 30% decrease in coronary
revascularization. These findings suggest that ivabradine can
be given safely in conjunction with β-blockers and can im-
prove outcomes in CAD patients with HR≥70 bpm.

In the INTENSIFY study (PractIcal daily effectiveNess and
TolEraNce of ivabradine in chronic SystolIc heart Failure in
GermanY), over 4 months of treatment, ivabradine effectively

reduced HR and symptoms in CHF patients [41]. The propor-
tion of patients with a LVEF≤35 % decreased from 26.6 to
17.4 %, ADHF declined from 22.7 to 5.4 %, and the propor-
tion of patients with BNP level ≥400 ng/mL decreased from
53.9 to 26.5 % over a 4-month period. The mean value of the
QOL EQ-5D sum score index improved to 0.79±0.21 from
0.64±0.28 at baseline. Lastly, physician investigators rated
effectiveness of ivabradine as Bvery good^ in 54.9 % and
Bgood^ in 41.5 % of patients.

In the INITIATIVE trial (INternatIonal TrIal of the AnTi-
anginal effects of IVabradinE), ivabradine was compared di-
rectly to atenolol in doses selected to achieve similar HR re-
ductions [42]. HR decrement at peak exercise was greater with
atenolol (14 bpm) than with ivabradine (8.6–10.3 bpm). How-
ever, ivabradine was non-inferior to atenolol for all exercise
parameters, showing that it induced similar or greater im-
provement in exercise capacity than atenolol with compara-
tively smaller reductions in rate pressure product and HR [42].
Table 1 summarizes these studies.

Echocardiographic and Hemodynamic Effects

In a dog model of HF produced by intracoronary
microembolizations (LVEF=35 %), ivabradine prevented LV
dilatation, significantly decreased end-systolic volumes and in-
creased stroke volumes, improving LVEF and fractional short-
ening, while also reducing NT-pro BNP and pro-ANP [43]. In
addition, LV diastolic function and SR calcium handling were
improved by increased E’/A’, prolonged deceleration time, and
lower LVend-diastolic circumferential wall stress [43].

These animal results were replicated by a large Echo
substudy of the SHIFT trial that analyzed 208 patients on
ivabradine and 203 on placebo at baseline and after 8 months,
with the primary endpoint of change of left ventricular systolic
volume index (LVESVI) [44]. Ivabradine treatment resulted in
a 7 mL/m2 reduction of LVESVI, as compared with 0.9 mL/
m2 in the placebo group, and an increase in LVEF of 2.4 %,
with no change in the placebo group [44]. A total of 38 % of
patients on ivabradine had a decrease in LVESVI of at least
15 %, and 36 % had an increase of LVEF of at least 5 % after
8 months. Larger decreases in HR were associated with great-
er increases in LVEF (r=−0.17, P=0.0006). No significant
changes in left-atrial end-systolic volume index, RV myocar-
dial performance index, or mitral regurgitation were observed
in either group, although RV s wave peak velocity increased
over with ivabradine and decreased with placebo. LV diastolic
function improved in 22 % of ivabradine patients by at least
one grade, versus only in 10 % of those on placebo (P=0.02).

Still, about 50% of patients taking additional ivabradine on
a very well optimized population (92%were on beta-blockers
and 94 % on a RAS antagonist) experienced no change in
LVESVI. However, in an analysis that used 275 of the 411
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patients of the SHIFT Echo substudy, the significant HR re-
duction in the ivabradine group was accompanied by marked
reduction in effective arterial elastance (p<0.0001)—a pa-
rameter representing the pulsatile and mean load of the left
ventricle [45•]. Ivabradine also improved total arterial compli-
ance defined as the ratio of SVand pulse pressure (p=0.004).
Although contractility remained unchanged, ventricular-
arterial coupling was markedly improved (p = 0.002),
resulting in a higher SV (p < 0.0001) in the ivabradine-
treated patients [45•].

Ivabradine in HFpEF

In addition to other abnormalities, patients with heart failure
with preserved ejection fraction (HFpEF) have excessive

tachycardia during exercise likely due to impaired stroke vol-
ume reserve and overreliance on heart rate to augment cardiac
output [46]. The role of therapeutic bradycardia in HFpEF is
controversial due to inconsistent results of beta-blockers on
LV diastolic function and exercise tolerance in these patients.
Because ivabradine can delay diastolic filling time by HR
reduction, augmenting stroke volume and cardiac output with-
out affecting inotropy, it could be a putative option in HFpEF
patients. Supporting this hypothesis, a recent study of 61 pa-
tients with HFpEF randomly assigned to ivabradine 5 mg
twice daily or placebo for 7 days demonstrated significant
improvement of exercise capacity (4.2 ± 1.8 METs vs 5.7
± 1.9 METs, p = 0.001) and peak oxygen uptake (14.0
±6.1 ml/min/kg vs 17.0±3.3 ml/min/kg, p=0.001), with si-
multaneous reduction in exercise-induced increase in the ratio
of peak early diastolic mitral flow velocity to peak early

Fig. 3 Kaplan-Meier cumulative event curves for a death from heart failure and b all-cause death (reproduced with permission from Swedberg et al. 2010)

Fig. 4 Kaplan-Meier cumulative event curves for a the primary composite endpoint of cardiovascular death or hospital admission for worsening heart
failure and b hospital admission for worsening heart failure (reproduced with permission from Swedberg et al. 2010)
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diastolic mitral annular velocity (3.1 ± 2.7 vs 1.3 ± 2.0,
p=0.004) [46]. While these results are promising, these ob-
servations need to be replicated in larger cohorts of patients.

Ivabradine in Cardiogenic Shock

Several case reports and small observational case series sug-
gest beneficial effects of ivabradine in the management of
cardiogenic shock. For example, in 58 ADHF patients requir-
ing inotropic support with LVEF<35%, ivabradine prevented
dobutamine-induced tachycardia and its untoward effects
[47]. Also, ivabradine successfully reduced HR and improved
cardiogenic shock in a patient with anterior STEMI who had
persistent sinus tachycardia and cardiogenic shock despite re-
vascularization and IABP [48]. Similarly, Zwicker et al. re-
ported a case of cardiogenic shock due to tachycardia-induced
cardiomyopathy after heart transplantation that was treated
effectively with ivabradine [49]. Roubille et al. reported a case
of acute idiopathic heart failure evolving to cardiogenic shock
that also resolved with ivabradine [50]. To verify these anec-
dotal reports, theMODI(f)Y trial is a prospective single-center
open-label randomized controlled phase II-trial that has been
designed to evaluate the effect of ivabradine on patients with
newly diagnosedmulti-organ dysfunction syndrome, whowill
be treated for 4 days and followed for 6 months [51].

Inappropriate Sinus Tachycardia
and Tachyarrhythmia-Induced Cardiomyopathy

Inappropriate sinus tachycardia (IST) is a clinical syndrome
with a relative or absolute increase in sinus rate out of propor-
tion to physiologic need [52] that can occasionally result in
tachyarrhythmia-induced cardiomyopathy. Whereas, beta-
blockers and non-dihydropyridine calcium channel blockers
are considered first-line therapy for isolated IST [52], patients
with heart failure and/or low blood pressure may not tolerate
these drugs. Eighteen symptomatic with inappropriate sinus
tachycardia who underwent 24-h Holter ECG, and exercise
ECG at baseline and at 3 and 6 months, showed a significant
reduction of medium HR (P = 0.001) and maximal HR
(p=0.001, basal vs 3–6 months; p=0.02, 3 vs 6 months)
[53]. Exercise ECG showed a significant decrease of basal
HR and of HR reached at maximal load, suggesting an in-
creased tolerance to physical stress following ivabradine and
confirmed by a progressive increase of maximal load reached
during stress test at 3 and 6 months. Another group of 24 IST
patients treated with ivabradine showed both HR normaliza-
tion and quality-of-life improvement maintained in the long-
term follow-up. Stopping ivabradine after 1 year unexpectedly
showed that HR remained in the normal limits in 80 % of the
patients [54].T
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This drug could represent a second-line therapy in patients
with ISTwho are refractory or intolerant to beta-blockers and
non-dihydropyridine calcium channel blockers.

Ivabradine in Heart Transplant

In 30 patients with heart transplant and marked symptomatic
sinus tachycardia, ivabradine reduced the mean HR from
96.2+/−8.6 bpm at baseline to 80.9+/−8.1 bpm follow-up
(p<0.0001) [55]. A statistically significant effect of HR re-
duction on left ventricular mass index was observed (104.3+/
−22.7 g at baseline vs. 95.9+/−18.5 g at follow-up at
12 months, p=0.04). Ivabradine remained effective and safe
in chronic stable patients after heart transplantation during 36-
month long-term follow-up [56] and after 1.13 years, associ-
ated with improvement in symptoms [57]. Sixteen heart trans-
plant (HTX) recipients with sinus rhythm >90/min were pro-
spectively studied while treated with ivabradine and per-
formed cardiopulmonary exercise testing (CPET), using a cy-
cle ergometer and a modified Naughton protocol after a me-
dian of 6 weeks. A significant reduction in HR was observed
in HTX recipients with ivabradine at rest and at maximum
exercise but the functional parameters in CPET were
unaffected.

Conclusions

In patients with systolic HF and elevated HR>70 bpm despite
being on beta-blockers or intolerant of beta-blockers,
ivabradine can be of value in decreasing heart rate, HF hospi-
talizations and HF death. The magnitude of HR reduction
beyond what is achieved by a beta-blocker, rather than back-
ground beta-blocker dose, primarily determines subsequent
outcome [58]. Also, greater reduction in HR is associated with
greater improvements in LVEF [59, 60]. Whether HR reduc-
tion may serve as a useful surrogate marker for magnitude of
LVEF improvement needs to be explored. The HR reduction
with ivabradine also significantly decreases NT proBNP,
cystatin-C and CA-125 [61].

There is accumulating evidence that HF treatment targeted
to beta-blocker doses may not be sufficient to achieve clinical
outcomes but rather should be aimed at cumulative HR reduc-
tion [11, 12, 58, 62, 63]. A Japanese study showed that the
delta HR decrease from admission to discharge was the stron-
gest predictor of cardiac events in patients with ADHF in
patients receiving beta-blockers [63].

The clear benefit observed with lowering the HR in patients
with HF but not in those with stable CAD may reflect the fact
that an elevated HR is due to different pathophysiological
mechanisms in these two conditions. In HF, the possible ex-
planations for the benefits of lowering HR are decreased

energy expenditure, increased blood supply by prolonging
diastole, and improvement in vivo and in vitro force-
frequency associations, unloading the ventricle, and decreased
mechanical dyssynchrony.

In conclusion, HR plays an important role in the patho-
physiology and progression of HF and should therefore be
considered as a therapeutic target. The addition of ivabradine
to patients whose HR remain above 70 bpm despite being on
maximally tolerated doses of beta-blockers, or in those intol-
erant to them, is associated with favorable echocardiographic,
hemodynamic and clinical outcomes.
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