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Heart rate reduction in cardiovascular disease and therapy
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Abstract Heart rate influences myocardial oxygen
demand, coronary blood flow, and myocardial function.
Clinical and experimental studies support an association
between elevated resting heart rate and a broad range of
maladaptive effects on the function and structure of the
cardiovascular system. Heart rate has been shown to be an
important predictor of mortality in cardiovascular disorders
such as coronary artery disease, myocardial infarction, and
chronic heart failure. This review summarizes the specific
influence of heart rate on vascular morphology and function
as well as on myocardial lesions leading from early impact
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on vascular homeostasis to myocardial hemodynamics in
chronic heart failure. Heart rate can be easily determined
during physical examination of the patient and therefore
allows a simple hint on prognosis and efficiency of therapy.
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Clinical background

Heart rate is a major determinant of myocardial oxygen
demand, coronary blood flow, and myocardial performance
and affects nearly all stages of cardiovascular disease
(Fig. 1) [1, 2]. In the past decades an extensive set of
investigations focussed on the predictive value of heart rate
for the general population and individuals affected by car-
diovascular injuries [3]. The recent literature indicates that
an elevated resting heart rate represents a cardiovascular
risk factor, independent of currently accepted risk factors
and other potentially confounding demographic and phys-
iological characteristics [4-7]. Elevated resting heart rate
has been shown to be an important predictor of mortality in
cardiovascular disorders such as coronary artery disease,
myocardial infarction, and chronic heart failure [8—10].
Experimental and clinical evidence suggest that sus-
tained elevations in heart rate—irrespective of the under-
lying trigger—play a direct role in the pathogenesis of
atherosclerosis and myocardial injuries, affect initiation
and progression as well as the severity of the disease, and
contribute to precipitation of vascular and myocardial
events. The following sections summarize the specific role
of heart rate on vascular morphology and function as well
as on myocardial lesions leading from early impact on
vascular homeostasis to myocardial hemodynamics in
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Fig. 1 Heart rate and
cardiovascular continuum
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chronic heart failure. The data suggest that heart rate rep-
resents a link between cardiovascular pathology and ther-
apy in clinical praxis.

Endothelial dysfunction

Endothelial dysfunction has been identified as an inte-
grating pathologic phenomenon of all cardiovascular risk
factors and plays a pivotal role in the development, pro-
gression, and clinical manifestations of atherosclerotic
disease [11]. The clinical relevance of a connection
between heart rate and endothelial integrity becomes evi-
dent in individuals with apparent microalbuminuria.
Microalbuminuria defined as a urinary albumin excretion
(UAE) of 30-300 mg/l delineates generalized endothelial
injury and dysfunction, and several studies suggest that
microalbuminuria can be accepted as an indicator of renal
and cardiovascular end organ damage [12-14]. Data from
the I-SEARCH study showed that heart rate is a strong
predictor for the prevalence of microalbuminuria even after
adjustment for hypertension and risk factors such as pre-
existing cardiac disease, diabetes, age, and gender [15].
Furthermore, the positive association was aggravated in
patients with a history of atrial fibrillation (AF), as prev-
alence of microalbuminuria at the same heart rate was
about 10% higher, when compared with patients without
AF [16].

A significant correlation between heart rate and endo-
thelial function was shown in mice models of lipid-induced
atherosclerosis. Oral treatment with ivabradine, a selective
inhibitor of the I(f)-channel in the sinoatrial node, reduced
heart rate by ~13% which was associated with improved
endothelial-dependent vasorelaxation [17]. In dyslipidaemic
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mice, expressing the human ApoB-100, heart rate reduction
with ivabradine (~ 17%) prevented lipid-induced endothe-
lial dysfunction in renal and cerebral arteries [18]. One of the
major underlying mechanisms that contribute to the resto-
ration of endothelial function by heart rate reduction was
shown to be a decrease of vascular oxidative stress. Con-
sistent with these results, heart rate reduction by ivabradine
improves murine penile endothelial function by reduction
of oxidative stress and penile fibrosis in ApoE-knockout
mice [19].

Atherosclerosis

The role of heart rate for the susceptibility of the vas-
culature to atherosclerosis has been extensively investi-
gated in animal models. Early experimental studies
established the causal connection between heart rate and
lipid-induced atherogenesis in primates. In cynomolgus
monkeys, where heart rate was reduced by ablation of the
sinoatrial node, the extent of coronary and carotid ath-
erosclerosis was reduced in comparison to sham-operated
littermates [20, 21]. Kaplan et al. demonstrated that nat-
urally occurring differences in casual heart rate in mon-
keys were related to coronary atherosclerosis. Monkeys
with higher heart rate exhibited atherosclerotic lesions
more than twice as extensive as low heart rate littermates
[22]. In another study, the same authors reported a sig-
nificant association between the extent of heart rate
response to psychologic stress and the degree of coronary
atherosclerosis in monkeys [23]. Korshunov and Berk
characterized carotid outward remodeling and intima
media thickening (IMT) in different inbred mouse strains.
Vascular remodeling was highly dependent on genetic
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determinants and hemodynamic factors [24]. Among
those specifically heart rate, but not systolic blood pres-
sure, was predictive for increased IMT.

Recently the effect of heart rate reduction by ivabradine
in ApoE—/— mice was characterized. Ivabradine decreased
atherosclerotic plaque size in the aortic root and in the
ascending aorta [17]. In another study, two different
treatment regimens were applied to differentiate between
preventive and curative effects of heart rate reduction on
atherogenesis in ApoE—/— mice. In a preventive approach,
mice were treated with ivabradine simultaneously with a
high-cholesterol diet whereas in a curative intention ani-
mals were fed a high-cholesterol diet for 4 weeks to induce
atherosclerosis. After 4 weeks treatment with ivabradine
was started and maintained for 3 months. In both treatment
regimens heart rate reduction by ivabradine significantly
reduced atherosclerotic lesion formation in the aortic root
[19]. Further experiments characterized potential effectors
sensitive to heart rate that link impairment of endothelial
homeostasis to atherosclerotic lesion formation. Selective
heart rate reduction led to a reduction in monocytes che-
moattractant protein-1 (MCP-1) mRNA expression. How-
ever, heart rate reduction had no effect on the aortic mRNA
expression of vascular cell adhesion molecule-1 (VCAM-
1) and intercellular adhesion molecule-1 (ICAM-1). Fur-
ther research is needed to understand the molecular details
of these observations.

Perski and colleagues [25, 26] studied the progression of
coronary artery lesions in men who survived a myocardial
infarction before the age of 45 years and underwent sub-
sequent coronary angiographies and reported a significant
correlation between heart rate and the severity and pro-
gression of coronary atherosclerosis. However, whereas
animal studies provide evidence for a significant associa-
tion between heart rate and an atherosclerotic phenotype,
clinical data are limited.

Plaque disruption

In addition to the involvement in atherogenesis heart rate
may add to the hemodynamic triggers that affect lesion
texture and stability and facilitate the underlying pathology
initiating coronary vascular events such as coronary plaque
disruption. In a retrospective analysis, Heidland et al.
investigated data from 106 patients who underwent two
coronary angiographies 6 months apart. They analyzed 53
patients with initially smooth stenotic lesions who devel-
oped plaque disruption by the time of the second coronary
angiogram and compared these patients with matched
individuals exhibiting smooth stenoses without angio-
graphic signs of plaque disruption. Logistic regression
analysis identified positive associations between plaque

disruption and a mean HR of more than 80 bpm and a
negative association with the use of f-blocker [27].

The relation between atherosclerosis progression and
HR can be partially explained by a dynamic coronary
geometry and alternating dynamic changes imposed on the
vessel during the cardiac cycle. It is recognized that in
addition to established risk factors hemodynamic and wall
mechanical forces are involved in the initiation and
development of coronary atherosclerosis [28]. The motion
of the coronary arteries during the cardiac cycle—primarily
of the epicardial segments—is characterized by phasic
bending of the curvatures and periodically changing torsion
of the vessel directly affecting hemodynamic properties
[28]. Yang et al. [29] applied computational MRI-based
models to characterize mechanical stress imposed on cor-
onary atherosclerotic plaques and identified cyclic bending
as a relevant stressor in rupture-prone areas. Other types of
mechanical stress affecting plaque morphology are cir-
cumferential wall stress and repetitive tensile stress which
have been shown to facilitate and to trigger coronary pla-
que rupture [30]. Tensile stress was shown to upregulate
matrix metalloproteinases—key players in extracellular
matrix degradation and plaque rupture—in coronary artery
lesions [31]. Lee et al. investigated mechanical properties
of explanted human aortic plaques and related the stiffness
of fibrous caps to histological structure and varying fre-
quencies of radial stresses applied on the plaque. Stiffness
of the plaque caps was strongly related to the frequency of
applied stress and was augmented with increased frequency
[32]. Consistently, all hemodynamic factors that may pre-
cipitate plaque disruption are characterized by pulsatility
and frequency of mechanic stress during the cardiac cycle.
However, further investigations are needed to fully
understand the underlying pathology.

Coronary artery disease and myocardial infarction

The long-term prognosis of patients with stable coronary
artery disease is correlated with the resting heart rate [26].
Diaz et al. [9] found in a study of 24,913 patients that the
total mortality rate, the mortality rate of cardiovascular
diseases as well as the rate of cardiovascular rehospitali-
sations increases with increasing heart rate. Patients with a
resting heart rate of more than 83 bpm had an increased
relative risk of 1,24 and an elevated cardiovascular mor-
tality risk of 1,31 compared with the control group. Myo-
cardial infarction develops when coronary plaques rupture
and thrombosis occludes the vessel. Several trials demon-
strated the relevance of heart rate for the prognosis of
patients after myocardial infarction. According to Hjalm-
arson et al. [8] heart rate of patients with myocardial
infarction was significantly higher than that of the control
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Fig. 2 Relation of between resting heart rate and survival in post-
myocardial infarction patients. Redrawn from Hjalmarson et al. [8]

group. Furthermore, higher heart rates of these patients at
hospital discharge correlate with an increase in mortality
rate after 1 year (Fig. 2). Metaanalyses of the GISSI-2 and
GISSI-3 trials including about 20,000 patients demon-
strated that in hospital mortality rate of patients after
myocardial infarction rises from 3.3 to 10.1% when
patients with heart rates <60 bpm were compared with
those with heart rates >100 bpm on admission [33].

The GISSI-Trials showed that even patients without
heart failure and an elevated heart rate had a worse long-
term survival prognosis [33]. The relevance of heart rate
after myocardial infarction is supported by f-blocker trials.
Heart rate reduction by f-blockers is associated with a
decrease in total mortality and sudden cardiac death
(Fig. 3) [34-37]. In addition, heart rate-reducing verapa-
mil-like calcium antagonists exhibited beneficial effects on
prognosis of patients after myocardial infarction in the
absence of heart failure [38]. In contrast, dihydropyridine-
type calcium antagonists did not confer positive effects on
survival which can be explained by reflex tachycardia.

The first important mortality and morbidity study on
pure heart rate reduction in patients with heart failure and
coronary artery disease was recently published by the

Fig. 3 Relation between

BEAUTIFUL (morBidity- mortality EvAlUaTion of the
I(f)-inhibitor ivabradine in patients with coronary artery
disease and left ventricULar dysfunction) investigators
[11]. This international, multicentric trial was designed as
randomized, double-blind, placebo-controlled investigation
with 10917 patients enrolled who were afflicted with cor-
onary artery disease and left ventricular dysfunction (EF
<40%). The aim of the study was to investigate whether
lowering heart rate with ivabradine reduces cardiovascular
death and morbidity in these patients. The intervention
group was treated with 5 mg b.i.d. of ivabradine with a
target dose of 7.5 mg b.i.d. The patients continued therapy
with ACE-I- and ARB- agents (90% of patients) as well as
p-blockers (87%). The mean heart rate at entry was rather
low (71.6 bpm), the mean ejection fraction of LV (32.4%)
was significantly reduced. The primary endpoint comprised
a composite of cardiovascular death, admission to hospital
for acute myocardial infarction, admission to hospital for
new onset or worsening of heart failure and revasculari-
zation. The patients were investigated by intention to treat
strategy.

The results of the trial confirmed that a resting heart rate
>70 bpm is associated with cardiovascular events [10].
Patients with elevated heart rates (mean 79.2 bpm) bear
higher risks for coronary revascularization (438%),
admission to hospital for myocardial infarction (+46%) or
heart failure (4+53%), and cardiovascular death (+34%)
compared with those with lower heart rates (64.1 bpm)
[10]. However, treatment with ivabradine did not reduce
the primary composite endpoint compared with standard
medical therapy. In the subgroup of patients with baseline
heart rate higher than 70 bpm (mean 79.2 bpm) ivabradine
decreased the risk for fatal and non- fatal acute myocardial
infarction (—36%), and the risk of coronary revasculari-
zation (—30%) compared with placebo. In contrast to these
beneficial results of the subgroup analysis for the vascular
endpoint, ivabradine did not improve the morbidity asso-
ciated with heart failure.

Other studies demonstrated that ivabradine in combi-
nation with f-blocker treatment improved exercise
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tolerance, reduced angina pectoris attacks and nitro con-
sumption in patients with stable angina compared with
single f-blocker treatment [39, 40].

Heart failure

Elevated heart rate at rest is one of the key findings in acute
and chronic heart failure. Heart failure has been charac-
terized as a disorder in which the ventricles fail to provide
a sufficient cardiac output to meet the requirements of the
peripheral organs at normal filling pressures. Recently, it
has been described that this syndrome is more heteroge-
neous and consists of heart failure associated with reduced
ventricular ejection fraction (HFREF, systolic heart failure)
as well as heart failure in combination with preserved
ejection fraction (HFPEF). The hallmark of HFREF is a
loss or dysfunction of myocardial muscle cells resulting in
reduced systolic function. In contrast, HFPEF is often
delineated by concentric left ventricular hypertrophy (wall
thickening) combined with a normal or mildly abnormal
cardiac ejection fraction (>50%). The hemodynamic state
of the latter disease is determined by impaired diastolic
relaxation and compliance sometimes together with an
abnormal ventricular systolic and arterial stiffness [41].
These disorders impair ventricular filling with a concomi-
tant increase in end-diastolic filling pressures.

In HFREF patients, large-scale randomized and con-
trolled mortality and morbidity studies on treatment with -
blockers, ACE inhibitors (ACE-I), angiotensin receptor
blockers (ARB), and aldosterone antagonists (AA) have
demonstrated beneficial effects on mortality and morbidity
by combination of these agents.

The significance of heart rate on mortality was retro-
spectively addressed in subanalyses of CIBIS II (bisopro-
lol; 43), MERIT-HF (metoprolol; 44), and the COMET
trial (carvedilol/metoprolol; 45). These large studies
enrolled together a total of almost 10,000 patients with
advanced systolic heart failure (NYHA class II-IV). The
general trend of these three trials clearly demonstrates that
high heart rate at rest contributes to poor survival. These
experiences are in line with previous studies of f-blockers
and other drugs approved in heart failure therapy, dem-
onstrating greater benefits with higher baseline heart rates
(>80 bpm) as well as markedly reduced heart rates
(>10 bpm) after drug treatment [42]. However, it remains
currently unknown whether or to what extent the benefit
from f-blockers in patients with heart failure is due to heart
rate reduction per se or other beneficial effects derived
from interrupting maladaptive f-signaling pathways
(apoptosis, fetal gene expression, Ca*™ handling, etc.). A
recent metaanalysis aimed at determining whether the
survival benefits of -blockade in heart failure is associated

to the magnitude of heart rate reduction or f-blocker dose
showed a close relation of outcome with the former, but not
the latter [43]. As fS-blockers considerably reduce heart rate
(negative chronotropy) they are most appropriate to be
compared with ivabradine [44, 45].

If ivabradine should decrease mortality and morbidity in
heart failure, baseline rate (>80 bpm) and the extent of
heart rate reduction (—10 to 20 bpm) should probably be in
the same order of magnitude as in the large f-blocker trials
[46-48]. The “Systolic heart failure treatment with the I(f)-
inhibitor ivabradine Trial” (SHIFT) fulfilled these criteria.
The aim of the “SHIFT” was to evaluate the effect of pure
heart rate reduction by ivabradine in addition to guideline-
based treatment on cardiovascular outcomes, symptoms
and quality of life in patients with systolic heart failure
[49]. This international, multicentric trial was designed as
randomized, double-blind, placebo-controlled investigation
with 6,505 patients enrolled who were afflicted with left
ventricular dysfunction (EF < 35%), sinus rhythm and
symptomatic heart failure of more than 4 weeks duration
(mainly NYHA Stadium II-IIT). The intervention group
was treated with an average dose of 6.4 mg b.i.d. of iva-
bradine on top of standard therapy with ACE-I and ARB
agents (about 92% of patients) as well as f-blockers (90%).
Similar to the f-blocker trials, treatment with ivabradine
was associated with an average reduction of heart rate of
15 bpm from a baseline value of 80 bpm, which was
mainly maintained throughout the course of the trial. Heart
rate reduction by ivabradine reduced the risk for the pri-
mary endpoint of cardiovascular death or hospital admis-
sion for worsening of heart failure in the Shift study
population by 18%. Furthermore, patients with heart rates
higher than the mean value (80 bpm) had an increased risk
for adverse effects and received greater benefit from iva-
bradine treatment than those patients with heart rates lower
than the median. A further analysis of the SHIFT data
demonstrated, that in patients with systolic heart failure, a
continuous relationship between baseline heart rate and
adverse outcomes existed. The risk was modified and sig-
nificantly decreased by heart rate reduction via ivabradine
[50]. Therefore, SHIFT demonstrated for the first time
beneficial effects of heart rate reduction alone in patients
with systolic heart failure.

The relatively low baseline heart rate (mean 71.6 bpm)
and the small reduction in heart rate (mean 6 bpm) in the
BEAUTIFUL study by ivabradine may be an explanation
why ivabradine in this study failed to demonstrate
improvement in heart failure-related outcomes in patients
with stable angina and left ventricular dysfunction [11].
These results may indicate that baseline heart rate possibly
due to preexisting f-blockade was too low that I(f)-channel
inhibition was unable to gain further therapeutics impact in
these patients. Another explanation may be that the
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Fig. 4 Hemodynamic effects
induced by lowering heart rate
in a patient with HFPEF a LV
pressure (red pressure curve)
and pulmonary artery pressure
(white pressure curve) at high
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background cardiac conditions differed in both study  decrease in pulmonary pressure. It would therefore be of
populations. interest to test in a clinical study whether heart rate
In heart failure survival of HFREF patients unequivocally ~ reduction by ivabradine would be equal or even superior to
improved with the currently recommended therapy, whereas ~ f-blockers in this special hemodynamic setting. At present,
survival rates of HFPEF patients have remained rather = no data with specific heart rate reducing agents are avail-
unchanged during the past two decades [51]. Current therapy ~ able in HFNEF patients.
is only symptomatic. Apart from prescribing diuretics for Individual experiences with ivabradine medication can
HFPEF patients with pulmonary congestion and edema, be drawn from case reports dealing with special hemody-
therapeutic goals of these disease entities are treatment of ~ namic alterations in cardiovascular disease, in particular in
hypertension and myocardial ischemia, maintenance of  heart failure [53]. A HFREF-patient with acute left ven-
sinus rhythm, optimal treatment of diabetes mellitus, and  tricular decompensation on adequate heart failure medi-
heart rate control. Beside of lowering afterload, heart rate  cation developed sinus tachycardia (120 bpm) with
reduction prolongs diastole and LV filling time providing  dyspnoe under dobutamine infusion in the cardiac care
additional time for diastolic relaxation due to improved  unit. Consequently, ivabradine was carefully titrated orally

Ca-ion reuptake into the sarcoplasmic reticulum. Conse- up to a dose of 15 mg/day to reduce heart rate under
quently, lower heart rate reduces pulmonary pressure and  ongoing dobutamine therapy. Within in 5 days heart rate
extends diastolic coronary perfusion time, thereby prevent-  decreased (—34%) with a striking increase in stroke vol-
ing ischemia-induced diastolic dysfunction [52]. ume (+40%) accompanied by a simultaneously decrease in

A special case of unloading of the left ventricle is ele-  systemic and pulmonary vascular resistance (Fig. 5). After

gantly demonstrated in a patient with HFPEF by heart rate  ivabradine withdrawal hemodynamic values worsened
reduction (Fig. 4). In the upper panel left ventricular and  again, but re-administration of ivabradine led to weaning
pulmonary artery pressure curves at high heart rate  from dobutamine therapy in the next 3 days (Fig. 5) and

(119 bpm) are depicted. After an injection of 5 mg meto-  the patient recovered. This report and previous studies may
prolol the heart rate decreases (96 bpm) at a nearly con-  be helpful to generate hypotheses for future studies on the
stant systemic pressure (aorta) while the pressure of  hemodynamic effects of ivabradine in acute hemodynamic
pulmonary artery considerably declines (lower panel). deterioration [54].

These findings demonstrate that improvement of LV dia- Several questions regarding heart failure therapy remain

stolic filling of this HFPEF patient is associated with a  currently unresolved. It is important to learn to what extent
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Fig. 5 Hemodynamic A B 604
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resting heart rate should be reduced to gain a benefit for
patients with heart failure. It is interesting to elucidate
whether heart rate reduction alone or together with its
specific mode of action (f-blockade, I(f)-channel inhibi-
tion, exercise training, etc.) may lead to improved outcome.
It is of practical importance to realize that despite the high
percentage f-blocker treatment in patients with heart fail-
ure therapy, only about one-third of the treated patients are
on prescribed f-blocker dose and therefore on proper
resting heart rate [55].

Conclusions

Clinical and experimental studies support an association
between elevated resting heart rate and a broad range of
maladaptive vascular effects. Increased heart rate impairs
endothelial function in animal models and may contribute
to reduced vascular function. Heart rate reduction inhibits
formation of atherosclerotic plaque in animal models of
lipid-induced atherosclerosis and may prevent or retard
the final development in chronic heart failure. Whereas
experimental data provide considerable evidence of the
pathophysiological concept, transition from experimental
results to clinical evidence has to be further established. It
needs to be clarified whether a selective pharmacological
heart rate reduction per se might be beneficial for preven-
tion of cardiovascular disease. New clinical studies are
designed and focussed on this specific topic.

Conflicts of interest None.
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