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Abstract Chronic hypertension is associated with left

ventricular (LV) hypertrophy and LV diastolic dysfunction

with impaired isovolumic relaxation and abnormal LV

filling. Increased heart rate (HR) worsens these alterations.

We investigated whether the If channel blocker ivabradine

exerts beneficial effects on LV filling dynamic. In this

setting, we also evaluated the relationship between LV

filling and isovolumic contraction as a consequence of

contraction-relaxation coupling. Therefore, hypertension

was induced by a continuous infusion of angiotensin II

during 28 days in 10 chronically instrumented pigs. LV

function was investigated after stopping angiotensin II

infusion to offset the changes in loading conditions. In the

normal heart, LV relaxation filling, LV early filling, LV

peak early filling rate were positively correlated to HR. In

contrast, these parameters were significantly reduced at day

28 vs. day 0 (18, 42, and 26 %, respectively) despite the

increase in HR (108 ± 6 beats/min vs. 73 ± 2 beats/min,

respectively). These abnormalities were corrected by acute

administration of ivabradine (1 mg/kg, iv). Ivabradine still

exerted these effects when HR was controlled at 150 beats/

min by atrial pacing. Interestingly, LV relaxation filling,

LV early filling and LV peak early filling were strongly

correlated with both isovolumic contraction and relaxation.

In conclusion, ivabradine improves LV filling during

chronic hypertension. The mechanism involves LV con-

traction-relaxation coupling through normalization of iso-

volumic contraction and relaxation as well as HR-

independent mechanisms.

Keywords Heart rate � Hypertension � Systole � Diastole

Introduction

The left ventricle (LV) mainly fills during early diastole

when the mitral valve opens (accounting for 70–80 % of

stroke volume) and during late diastole when the atrium

contracts [23, 38]. In the normal heart, myocardial relax-

ation is a well known determinant of LV filling. When

heart rate (HR) increases during exercise or adrenergic

stimulation, its acceleration creates a more pronounced

mitral valve inflow to maintain or increase stroke volume

despite reduced LV filling duration [4, 5, 32, 34]. Chronic

hypertension associated with LV hypertrophy and diastolic

dysfunction elicits impaired LV isovolumic relaxation and

subsequent reduced LV early filling which is often com-

pensated by increased atrial filling [10, 16, 36]. In this

setting, an increase in HR worsens LV diastolic dysfunc-

tion as it reduces LV filling duration and it exacerbates

maladaptive LV relaxation and abnormal LV filling [9].

Therefore, reducing HR appears to be an interesting strat-

egy to improve LV relaxation and to correct LV filling

during chronic hypertension.

We previously investigated LV function during chronic

hypertension and LV hypertrophy induced by angiotensin

& Bijan Ghaleh

bijan.ghaleh@inserm.fr

1 Faculté de Médecine, Inserm, U955, Equipe 03, 8 rue du
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II infusion in the instrumented conscious pigs and observed

maladaptive responses of isovolumic relaxation during

tachycardia [30, 31]. Acute reduction in HR with ivabra-

dine, a selective If channel blocker, corrected these

abnormal responses of the cardiac cycle phases by restor-

ing a normal profile for isovolumic relaxation [31]. How-

ever, this previous study rather focused on isovolumic

contraction and relaxation, i.e., it did not investigate in

detail LV filling dynamic with its components, but only a

temporal parameter with its overall duration. Accordingly,

the first aim of this study was to investigate the effects of

HR reduction with ivabradine on LV filling dynamic dur-

ing chronic hypertension. Moreover, we previously repor-

ted that physiological and pathophysiological modifications

of LV isovolumic relaxation were closely linked to LV

isovolumic contraction. Therefore, we also examined the

relationship between LV filling dynamics and both LV

isovolumic contraction, and LV isovolumic relaxation in

response to ivabradine under spontaneous and controlled

heart rate.

Methods

The experiments were conducted in accordance with the

European directive for the protection of vertebrate animals

used for experimental and other scientific purposes and

were agreed by the animal ethical committee ComEth

AFSSA-ENVA-UPEC [#11-0059].

Surgical instrumentation

Ten female pigs (Landrace Large White crossed, 20–30 kg,

Lebeau, Gambais, France) underwent left thoracotomy

under anesthesia. Fluid-filled Tygon catheters were

implanted in the descending thoracic aorta, left atrium and

pulmonary artery for measurement of arterial blood pres-

sures and angiotensin II infusion, respectively. A solid state

pressure transducer (Konigsberg Instruments, Pasadena,

CA, USA) was introduced into the left ventricle. A flow

probe (Transonic Systems Inc, Ithaca, NY, USA) was

implanted around the aortic root. A pair of piezoelectric

crystals was implanted on opposed LV anterior and pos-

terior endocardial surfaces to measure LV internal diame-

ter. Two electrodes were fixed on the left atrial appendage

for pacing in 6 pigs. All catheters and wires were exteri-

orized between the scapulae. For postoperative care, ani-

mals were treated with diazepam (0.2–0.4 mg/kg iv),

buprenorphine (0.3 mg sc during 5 days), enrofloxacine

(2 mg/kg/day during 10 days, im) and long acting amoxi-

cillin (15 mg/kg every 2 days during 10 days, im). The

position of all catheters and crystals was confirmed at

autopsy.

Hemodynamic measurements

Hemodynamic signals were digitized and analyzed using

HEM v4.2 software (Notocord Systems, Croissy sur Seine,

France). Aortic and left atrial pressures were measured

with P23XL pressure transducers (Becton–Dickinson,

Franklin Lakes, NJ, USA). Cardiac output was measured

using a T206 blood flowmeter (Transonic Systems Inc.,

Ithaca, NY, USA). LV pressure was cross-calibrated with

the left atrial and aortic pressures. The change in LV

pressure over time (dP/dt) was computed from the LV

pressure signal. The change in LV internal diameter over

time (dD/dt) was computed from the LV internal diameter

signal. In 2 animals, the signals of LV internal diameter

and aortic flow were lost during the protocol due to

defective crystals and flow probes.

As illustrated in Fig. 1 and previously described [26,

27], LV end-diastole, aortic valve opening and closure,

mitral valve opening were identified by crossing LV, aortic

and atrial pressure waveforms. Diastasis was defined as the

period where LV pressure remains unchanged, i.e., when

dP/dt = 0. Atrial systole was defined as the period between

the upstroke of LV pressure tracing after diastasis and LV

end-diastole.

Cardiac cycle phases

Isovolumic contraction time was calculated as the time

interval between end-diastole and aortic valve opening.

Ejection time was measured by the time interval between

aortic valve opening and closure. Isovolumic relaxation

time was the period between aortic valve closure and mitral

valve opening. Total filling time was defined as the dura-

tion between mitral valve opening and end-diastole.

Early filling was defined as the period between mitral

valve opening and the beginning of diastasis. Early filling

was described using its duration and the internal diameter

course during this time interval. Peak early filling rate was

measured as the maximal dD/dt during early filling.

Within this early phase, relaxation filling was defined as

the period between mitral valve opening and LV minimal

pressure. Relaxation filling was described using its duration

and the internal diameter course during this time interval.

Finally, atrial filling was defined as the difference

between the values of LV internal diameter at the end-

diastole and the end-diastasis. Peak atrial filling rate was

measured as the maximal dD/dt during atrial filling.

Protocol

The experiments were conducted 2–3 weeks after surgery.

Pigs were introduced in a sling in upright position. At day

0, to examine the influence of HR on LV filling parameters,
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we first performed a 2 h recording to observe spontaneous

variations in HR. We defined three ranges, i.e., 70, 90, and

110 beats/min. Once this average value was detected,

parameters were calculated and averaged for a period of

30 s. Then we performed baseline recordings when animals

were kept calm and repeated the measurements after

administration of ivabradine (1 mg/kg, iv bolus). Record-

ings were also performed under controlled heart rate with

short sequences of atrial pacing (150 beats/min) to offset

the HR-reducing properties of ivabradine.

Thereafter, pigs received a continuous infusion of

angiotensin II (30 ng/kg/min) during 4 weeks using

external peristaltic portable pumps to induce chronic

hypertension and LV hypertrophy with an increase in LV

to body weight ratio (3.6 ± 0.1) as compared to control

animals used in previous studies [30]. In the present study,

LV to body weight ratio at day 28, responses to ivabradine

were again evaluated under spontaneous and controlled HR

with atrial pacing. These recordings were performed 1 h

after stopping angiotensin II infusion to minimize the

impact of changes in loading conditions, i.e., to evaluate

the intrinsic LV contractile properties.

Statistical analyses

All results are mean ± SEM. Statistical analysis was per-

formed with StatView (version 5.0, Abacus Concept,

Berkeley, CA) using two-way analyses of variance for

repeated measures. If needed, individual comparisons were

performed by Student’s t test with Bonferroni correction.

Statistical significance was accepted at p\ 0.05.

Results

LV filling maladaptive responses to increased HR

during chronic hypertension

In the normal heart at day 0, the values of LV relaxation

filling, LV early filling and LV peak early filling rate were
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Fig. 1 a Left panel: representative waveforms of left ventricular,

aortic and left atrial pressures used to determine isovolumic

contraction, ejection, isovolumic relaxation and total filling durations.

b Right panel: representative waveforms of left ventricular filling

pressures (bottom) and corresponding left ventricular internal diam-

eter (middle) and LV filling rate (top) during left ventricular filling
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increased with spontaneous increases in HR as illustrated

by Fig. 2 (left panels). These changes in overall LV filling

reflect the normal adaptation of the heart to the rise in HR.

In contrast, as illustrated in Fig. 2 (right panel), parameters

describing LV filling were paradoxically decreased after

4 weeks of continuous angiotensin II infusion (day 28) as

compared to day 0 despite a significant increase in HR

(108 ± 6 vs. 73 ± 2, respectively).

Moreover, the time to LV peak early filling rate was

significantly increased (64 ± 3 ms at day 28 vs.

48 ± 3 ms at day 0). This was accompanied by a reduced

contribution of the early phase to LV filling, but an

increased contribution of LV atrial filling as suggested by

the decreased ratio of LV peak early to late filling rates

(2.5 ± 0.3 at day 28 vs. 4.0 ± 0.3 at day 0, p\ 0.05).

These changes reflect a maladaptive diastolic function

during tachycardia after 4 weeks of continuous infusion of

angiotensin II.

Selective heart rate reduction with ivabradine

improves LV filling during chronic hypertension

At day 0, the acute administration of ivabradine reduced HR

by 26 % without significant changes in LV pressure, dP/

dtmax and cardiac output (Table 1). As illustrated in Fig. 3

(upper panel), this bradycardia was accompanied by signif-

icant increases in LV relaxation filling (38 %), LV early

filling (18 %) and little changes in LV peak filling rate.
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Fig. 2 Left panel: relationships

between left ventricular (LV)

relaxation filling (top), LV early

filling (middle), LV peak early

filling rate (bottom) and heart

rate measured during a

prolonged recording that

includes spontaneous changes in

heart rate at day 0. Right panel:

relationship between LV

relaxation filling (top), LV early

filling (middle), LV peak early

filling rate (bottom) and heart

rate observed at day 0 (open

square) and at day 28 (close

square). *p\ 0.05 vs. day 0
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At day 28, administration of ivabradine still reduced HR

by 26 %. The effects on other hemodynamic parameters

were similar to those observed at day 0. As shown in

Fig. 3, ivabradine increased LV relaxation filling, LV early

filling and LV peak early filling rate by 102, 32, and 30 %,

respectively (all p\ 0.05). This led to the normalization of

these parameters to their respective baseline levels. Simi-

larly, LV total filling time was also significantly increased

from 242 ± 14 ms to 462 ± 38 ms at day 28, reaching its

respective baseline value at day 0 (458 ± 22 ms). More-

over, ivabradine significantly reduced the time to LV peak

early filling rate (53 ± 5 ms vs. 64 ± 3 ms without ivab-

radine). This was accompanied by a concomitant increase

in the ratio of LV peak early filling rate over LV peak atrial

filling rate (4.1 ± 0.6 vs. 2.5 ± 0.3 without ivabradine).

Thus, administration of ivabradine corrected the abnormal

LV filling dynamic induced by chronic angiotensin II

infusion.

Heart rate independent beneficial effects

of ivabradine on LV filling during chronic

hypertension

To determine whether the improvement of LV filling by

ivabradine was only due to HR reduction, we analyzed the

effects of ivabradine under controlled HR by atrial pacing

Table 1 Hemodynamic parameters measured at baseline and after ivabradine at days 0 and 28 in angiotensin II-treated pigs

Parameter n Day 0 Day 28

Baseline Ivabradine Baseline Ivabradine

Heart rate (beats/min) 10 73 ± 2 57 ± 2* 108 ± 6� 79 ± 5*�

LV pressure (mmHg) 10 121 ± 3 127 ± 5 130 ± 3 135 ± 4

dP/dt max (mmHg/s) 10 2033 ± 80 2138 ± 142 3271 ± 205� 3089 ± 195�

Cardiac output (L/min) 8 2.3 ± 0.5 2.0 ± 0.3 3.5 ±0.5� 3.3 ± 0.5�

LV end-diastolic internal diameter (mm) 8 39.7 ± 0.8 40.8 ± 0.8* 41.0 ± 1.2 42.7 ± 1.3*

LV end-systolic internal diameter (mm) 8 32.6 ± 0.9 33.2 ± 0.9* 34.8 ± 1.1� 35.5 ± 1.1*�

Values are mean ± SEM
* p\ 0.05 vs. corresponding baseline
� p\ 0.05 vs. corresponding value at day 0
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Fig. 3 Left ventricular (LV)

relaxation filling, LV early

filling and LV peak early filling

rate were evaluated at baseline

(full line bars) and after

ivabradine administration

(dotted line bars) both at day 0

(open symbols) and day 28

(dashed symbols).

Measurements were performed

at spontaneous heart rate (top)

and under controlled heart rate

at 150 beats/min with atrial

pacing (bottom). *p\ 0.05 vs.

day 0. �p\ 0.05 vs. baseline
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at 150 beats/min. At day 0 and day 28, ivabradine still

increased LV relaxation filling, LV early filling and LV

peak filling rate indicating HR-independent effects of

ivabradine (Fig. 3, lower panel).

Involvement of contraction-relaxation coupling

in the modulation of LV filling during chronic

hypertension and heart rate reduction

with ivabradine

Isovolumic relaxation is known to be a determinant of LV

filling. Despite the increase in HR at day 28, we observed

that isovolumic relaxation time failed to reduce at day 28

(70 ± 2 ms and 69 ± 2 ms with HR values at

73 ± 2 beats/min and 108 ± 6 beats/min, respectively at

days 0 and 28). Administration of ivabradine significantly

shortened isovolumic relaxation time both at days 0 and 28

(65 ± 2 ms and 62 ± 4 ms, respectively at days 0 and 28).

Moreover, as illustrated in Fig. 4, all values of LV relax-

ation filling, LV early filling and LV peak early filling rate

measured at baseline and after ivabradine at both day 0 and

28 were negatively correlated to the duration of isovolumic

relaxation.

Considering the concept of contraction-relaxation cou-

pling, we also investigated the relationship between LV

filling and myocardial contraction during its isovolumic

phase. Indeed, as illustrated in Fig. 5, isovolumic con-

traction and relaxation times were tightly coupled. Similar

to isovolumic relaxation, isovolumic contraction failed to

reduce despite the increase in HR at day 28 (52 ± 1 ms

with HR at 108 ± 6 beats/min vs. 53 ± 2 ms with HR at

73 ± 2 at day 0). Administration of ivabradine shortened

isovolumic contraction time (45 ± 3 ms and 43 ± 2 ms at

days 0 and 28, respectively). Interestingly, as illustrated in

Fig. 6, all values of LV relaxation filling, LV early filling

and LV peak filling rate measured at baseline and after

ivabradine both at day 0 and 28 were negatively correlated

to the duration of isovolumic contraction. Thus, as

observed with isovolumic relaxation, reducing isovolumic

contraction time with ivabradine was associated with the

improvement of LV filling.

Discussion

In the present study, chronic hypertension secondary to

angiotensin II infusion induced LV diastolic dysfunction

with abnormal LV isovolumic relaxation and altered LV

filling dynamic. HR reduction with the If channel blocker

ivabradine corrected the abnormal LV filling dynamic in

this experimental setting by improving LV early filling and

reducing the atrial contribution during the late filling phase.

These beneficial effects of ivabradine during chronic

hypertension were related to enhanced LV myocardial

relaxation with a shortened isovolumic period and a greater

LV relaxation filling after mitral valve opening. Experi-

ments with controlled HR by atrial pacing revealed that

HR-independent mechanisms participated to the effects of

ivabradine on LV filling dynamic. Interestingly, examining

contraction-relaxation coupling based on the concept of

cardiac muscular pump [3] revealed that the improvement

in LV filling dynamic was associated with changes in

myocardial contraction.

In our experimental conditions, we observed a con-

comitant alteration in global LV filling characterized by

reduced filling during its early phase and a compensated

increase in atrial contribution during its late phase as

shown by the reduction in LV early filling to atrial filling

ratio. These alterations are well known as hallmarks of LV
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diastolic dysfunction [25, 37]. Within the LV early filling

phase, we also paid a specific attention on LV relaxation

filling that starts at the end of isovolumic relaxation when

mitral valve opens, to examine the impact of LV myocar-

dial relaxation on LV filling. At first during this phase, LV

fills as the myocardium continues to relax. Increased HR

has been demonstrated to be an aggravating factor of LV

dysfunction by impacting LV relaxation, and thereby LV

filling, especially for the hypertrophied heart [9].

In the normal heart, LV myocardial relaxation plays a

key role in LV filling. During an increase in HR, its

acceleration during the isovolumic phase leads to a more

pronounced mitral valve inflow thereby preserving LV

filling and counteracting the reduction in filling duration. In

the hypertrophic heart, abnormal subendocardial blood

flow favors the occurrence of myocardial ischemia and LV

systolic dysfunction with exacerbated postsystolic wall

thickening, contributing to slowed myocardial relaxation

[8, 14]. In this setting, increase in HR aggravates the

unbalance between the cardiac cycle phases by prolonging

LV isovolumic relaxation, and thus, reducing LV early

filling. With all these considerations, HR reduction seemed

to be a valid pharmacological strategy to correct LV filling

abnormalities during chronic hypertension. Indeed at day

28, HR reduction with ivabradine concomitantly normal-

ized LV early filling, LV relaxation filling and LV peak

early filling rate as compared to baseline at day 0. The

contribution of atrial contraction was thereby reduced,

leading to the normalization of the ratio of LV peak early

filling rate to LV peak atrial filling rate. Previous phar-

macological strategies have attempted to correct LV filling

during diastolic dysfunction associated with myocardial

hypertrophy by reducing HR especially with b-blockade

[15] or calcium channel inhibition [2]. Contrasting with

these strategies, ivabradine does not exert significant neg-

ative inotropic or lusitropic effects that could be deleterious

on lusitropism [6, 7].

In our study, we observed maladaptive responses of LV

isovolumic relaxation and LV filling to accelerated HR

after 4 weeks of angiotensin II infusion. It should be

stressed that angiotensin II may not only induce hyper-

tension, but also other biochemical changes, e.g., reactive

oxygen species formation, nitric oxide metabolism through

AT2 receptor [21]. Nevertheless, at day 0, LV isovolumic

relaxation accelerated with tachycardia to enhance LV

early filling with increases in LV relaxation filling and LV

peak early filing rate. In contrast at day 28, LV isovolumic

relaxation failed to reduce its duration with increased HR.

This was associated with reduced LV relaxation filling, LV

early filling and LV peak early filling rate. Interestingly,
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these changes were closely correlated to LV isovolumic

relaxation time, indicating that ivabradine exerted simul-

taneous beneficial effects on both LV filling and isovolu-

mic relaxation. When we examined whether the beneficial

effects of ivabradine on LV filling were also associated to

concomitant changes in the contraction phase, we observed

a strong relationship between isovolumic relaxation and

contraction times. This is in agreement with our previous

report using the same model of chronic hypertension [30].

Here, we further demonstrated that alterations in LV filling

dynamic were tightly coupled to changes in LV isovolumic

contraction time. In the normal heart, isovolumic contrac-

tion was shortened when HR increases, and reducing iso-

volumic contraction with ivabradine was associated with

an improvement in LV filling. Conversely, LV filling

dynamic was altered when isovolumic contraction time

failed to reduce in response to increased HR. This suggests

a close contraction-relaxation coupling from the onset of

isovolumic contraction to an early phase of LV filling that

persists during chronic hypertension.

Contraction-relaxation coupling has been previously

described in the cellular [17], hemodynamic [3] and

echocardiographic studies [27–29]. The balance between

contraction and relaxation in the normal myocardium is

constant and not significantly impacted by the conditions

of length, frequency or isoproterenol. The maximal pos-

itive and negative derivatives of myofilament force are

tightly correlated. This coupling is not affected by chan-

ges in excitation–coupling and the underlying calcium

transient shape does not uncouple this relationship. It

seems rather result from the structural property of the

sarcomere [17, 18]. The processes that affect contraction-

relaxation coupling are solely influenced by the myofila-

ment matrix, e.g., overexpressing or knocking out SERCA

does not alter this coupling [18], and this contraction-

relaxation balance is completely maintained in mdx mice

[19]. This coupling affects cardiac performance including

LV filling both at rest and during adrenergic stimulation

[24]. Chronic hypertension has been demonstrated to be

associated with abnormal isovolumic contraction duration

[22] and with impaired filling [35], especially with altered

restoring forces during isovolumic relaxation and early

phase of diastole [33] when HR increases. Because both

isovolumic contraction and relaxation are closely linked

to LV filling, it is likely that the beneficial effects of

ivabradine on LV filling may be related to its concomitant

effects on isovolumic contraction and relaxation. This

further suggests that ivabradine did not uncouple con-

traction and relaxation.

The effects of ivabradine on LV filling persisted when

HR was maintained constant at 150 beats/min by pacing

to offset HR reduction, suggesting HR-independent

pleiotropic properties of ivabradine [11] similar to those

reported during ischemia–reperfusion in other circum-

stances [12]. It also suggests these HR-independent

effects of ivabradine did not uncouple contraction and

relaxation. Such effects could involve ventricular If-

channels and/or other pleiotropic effects that remain to

be determined. Indeed chronic hypertension in SHR rats

has been associated with ventricular re-expression of

hyperpolarization-activated cyclic nucleotide-gated

channels (which carry the If current) [39] and increased

If-channels HCN-2 and -4 were observed in mice treated

chronically with angiotensin II [1]. This could contribute

to calcium overload [26]. An anti-reactive oxygen spe-

cies (ROS) independent from heart rate reduction by

ivabradine might also been involved [20]. In mitochon-

dria isolated from mouse hearts, ivabradine had no

impact on complex I respiration, but reduced ROS for-

mation and improved ATP production and calcium

retention capacity. Finally, although we did not specifi-

cally investigated this issue, we cannot rule out that the

beneficial effect of ivabradine were related to improved

coronary blood flow as a result of increased diastolic

time with bradycardia. In addition, heart rate reduction

with ivabradine would have reduced myocardial oxygen

demand [7, 11]. Both properties are particularly benefi-

cial in the context of LV hypertrophy which is known to

produce abnormal subendocardial blood flow and limited

coronary reserve [13].

In conclusion, we demonstrated that the alterations in

LV filling dynamic during chronic hypertension were

corrected by the selective If channel inhibitor ivabradine.

Beyond selective HR reduction, the mechanisms involve

HR-independent pleiotropic effects. These beneficial

effects were tightly associated with improvement of both

isovolumic contraction and relaxation. As isovolumic

contraction is an important phase of global LV contraction,

our data suggest that early alteration of the contractile

function, despite preserved global systolic function, is

associated with LV diastolic dysfunction. Correction of

isovolumic contraction duration with ivabradine improved

LV filling dynamic. The close correlation between isovo-

lumic contraction duration and LV relaxation suggests the

existence of a wide contraction-relaxation coupling from

the onset of isovolumic contraction to an early phase of

ventricular filling. Thus, targeting myocardial contraction

might be helpful for improving the LV diastolic

dysfunction.
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