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Adaptation of Arterial Wall Viscosity to the 
Short-Term Reduction of Heart Rate: Impact 
of Aging
Frédéric Roca , MD, PhD; Michèle Iacob, MD; Thomas Duflot, PharmD, PhD; Nathalie Donnadieu, PharmD; 
Caroline Thill, MSc; Jérémy Bellien, PharmD, PhD; Robinson Joannides, MD, PhD

BACKGROUND: Changes in arterial wall viscosity, which dissipates the energy stored within the arterial wall, may contribute to 
the beneficial effect of heart rate (HR) reduction on arterial stiffness and cardiovascular coupling. However, it has never been 
assessed in humans and could be altered by aging. We evaluated the effect of a selective HR-lowering agent on carotid arterial 
wall viscosity and the impact of aging on this effect.

METHODS AND RESULTS: This randomized, placebo-controlled, double-blind, crossover study performed in 19 healthy volun-
teers evaluated the effects of ivabradine (5 mg BID, 1-week) on carotid arterial wall viscosity, mechanics, hemodynamics, and 
cardiovascular coupling. Arterial wall viscosity was evaluated by the area of the hysteresis loop of the pressure-lumen cross-
sectional area relationship, representing the energy dissipated (WV), and by the relative viscosity (WV/WE), with WE representing 
the elastic energy stored.
HR reduction by ivabradine increased WV and WE whereas WV/WE remained stable. In middle-aged subjects (n=11), baseline 
arterial stiffness and cardiovascular coupling were less favorable, and WE was similar but WV and therefore WV/WE were lower 
than in youth (n=8). HR reduction increased WV/WE in middle-aged but not in young subjects, owing to a larger increase in WV 
than WE. These results were supported by the age-related linear increase in WV/WE after HR reduction (P=0.009), explained 
by a linear increase in WV.

CONCLUSION: HR reduction increases arterial wall energy dissipation proportionally to the increase in WE, suggesting an adap-
tive process to bradycardia. This mechanism is altered during aging resulting in a larger than expected energy dissipation, the 
impact of which should be assessed.

REGISTRATION: URL: https://www.clini​caltr​ials.gov; Unique identifier: 2015/077/HP. URL: https://www. eudract.ema.europa.eu; 
Unique identifier: 2015-002060-17.
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High resting heart rate (HR) is increasingly recog-
nized as a cardiovascular risk factor.1 This may be 
related to the parallel increase in HR and arterial 

stiffness, a major independent predictor of cardiovas-
cular events.2–6 However, benefit of HR reduction on 
arterial stiffness and cardiovascular prognosis is more 
controversial in particular during aging.7–13 Although it 
has not been not evaluated, some authors suggested 

that this lack of benefit is due to unfavorable change in 
arterial wall viscosity (AWV) with HR reduction.3,4,6,14–16

In fact, the mechanical behavior of arteries is vis-
coelastic, but the viscous component, which is time 
dependent, has been less investigated than elasticity. 
At present, the impact of HR on AWV assessed in vitro 
and in animal models remains unclear, putatively be-
cause of differences in the methods used to assess 
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AWV.15,17–20 In a thermodynamic point of view, AWV is 
responsible for the dissipation as heat of a part of the 
mechanical energy stored within the arterial wall during 
each cardiac cycle. Thus, the hysteresis loop result-
ing from the shift between the loading and unloading 
phases of the pressure-lumen cross-sectional area 
curves (P-LCSA) corresponds to the dissipated energy 
(WV), whereas the area under the loading curve reflects 
the elastic energy stored (WE).21,22 Consequently, AWV 
can be expressed as the absolute value of the loop 
area or as a ratio (WV/WE), considering thus one of its 
major determinants.21,22 Some in vitro and animal in 
vivo pacing studies suggested that an increase in HR 
is associated with a decrease in AWV but only 1 animal 
study explored the effect of HR reduction on AWV and 
showed its increase.15,18,23 The mechanism by which 
HR modulates AWV is unknown but could be related to 
a direct effect on intrinsic viscous properties by modify-
ing the time and the magnitude of stretch4,14,24 or an in-
direct effect of HR on the vascular endothelium through 

changes in shear stress.25,26 Moreover, in aging or in 
different pathological conditions, such as hypertension 
and stable coronary artery disease, the positive effect 
of HR reduction on arterial stiffness could be over-
ridden by the increase in energy dissipation and thus 
lead to cardiovascular uncoupling.10,12,27 This may have 
reduced the expected benefit of HR-lowering agents 
such as betablockers or selective If current inhibitor 
without negative inotropic effect, ivabradine, on arterial 
wall mechanics and on cardiovascular outcomes.7–13,28 
Whether HR lowering in healthy volunteers is benefi-
cial on arterial wall mechanics, including AWV, is un-
known. Moreover, how aging could have an impact on 
this effect needs to be evaluated. Our main unexplored 
hypothesis is that HR reduction by ivabradine could 
increase AWV to damp the increase in elastic energy 
stored, but that this response is altered by aging.

In this context, the objectives of the study were to 
assess the effects of bradycardia induced by repeated 
administration of ivabradine on carotid AWV consider-
ing associated changes in arterial mechanics and he-
modynamics in healthy volunteers and to evaluate the 
impact of aging on these effects.

METHODS
Volunteers
Twenty volunteers were included between 2016 and 
2019 with an age between 25 and 65 years old, a rest-
ing HR >70 bpm after 15 minutes of rest, and deemed 
healthy based on interview, clinical examination, and 
electrocardiographic and routine biological evalua-
tion. Detailed exclusion criteria are available in Data 
S1. The study was approved by the local ethics com-
mittee (CPP Nord-Ouest I, n°CPP01/004/2014), and all 
participants gave written informed consent. The study 
was conducted according to the Principles of Good 
Clinical Practice and the Declaration of Helsinki. The 
study was registered at ClinicalTrials.gov Identifier: 
2015/077/HP and EudraCT Number: 2015-002060-17. 
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Study Design
This monocentric, randomized, placebo-controlled, 
double-blind (volunteers and investigators), crossover 
study included 1 inclusion visit (V0), 4 investigation visits 
(V1 to V4), and an end-of-study visit (V5). Inclusion cri-
teria were checked at V0 visit and then randomization 
was performed. Volunteers were randomly allocated 
to ivabradine 5 mg BID and a placebo in a crossover 
design during a period of 8 days: 1 pill at day 1 at the 
end of the V1 or V3 and then 1 pill BID for 6 days and 
a last pill at day 8, before V2 or V4 investigations. V2 

CLINICAL PERSPECTIVE

What Is New?
•	 Heart rate reduction increases energy dissipa-

tion in the carotid artery wall proportionally to 
the increase in elastic energy stored.

•	 Aging affects this adaptative viscous response 
by increasing energy dissipation.

What Are the Clinical Implications?
•	 Arterial wall viscosity should be considered 

when assessing the benefit of heart rate low-
ering strategies because the increased energy 
dissipation with heart rate reduction during 
aging could reduce the energy transmitted to 
the periphery but also could alter cardiovascu-
lar coupling.

Nonstandard Abbreviations and Acronyms

AIx	 augmentation index
AP	 augmentation pressure
AWV	 arterial wall viscosity
cfPWV	 carotidofemoral pulse wave velocity
Einc	 incremental Young’s elastic modulus
P-LCSA	 pressure-lumen cross-sectional area
SBP	 systolic blood pressure
WE	 elastic energy stored
WV	 dissipated energy
WV/WE	 relative viscosity
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and V3 were separated by a 14-day wash-out period 
(Figure S1).

Ivabradine is the only If current inhibitor approved 
in humans. Ivabradine prolongs diastolic depolariza-
tion resulting in a slowing of the sinoatrial node. In fact, 
contrary to digoxin or beta blockers, this treatment 
has mainly a chronotropic effect and no direct effect 
on systemic arterial pressure or cardiac inotropism.29 
Thus, as performed in previous studies, we chose iv-
abradine to pharmacologically manipulate HR and to 
assess the effect of bradycardia on cardiac and vascu-
lar systems.10,30 This dosage and this duration of treat-
ment have been chosen expecting a 10 bpm decrease 
of HR and/or an HR lower than 60 bpm and to reach 
the steady-state concentration of ivabradine according 
to the half-life of the treatment (12 hours).29

General Procedure (V1 to V4)
Each investigation visit was performed according to the 
same design. Measurements were performed in the 
morning while volunteers were in a supine position in a 
quiet air-conditioned room maintained at a stable tem-
perature (22–24 °C). Volunteers were allowed to take a 
light breakfast, without tea, coffee, sugar, or fat. They 
were not allowed to smoke for 12 hours. After 15 min-
utes, resting HR, brachial systolic blood pressure (SBP), 
and brachial diastolic blood pressure were measured 
3 times on the right arm using an oscillometric device 
(Omron® 750IT) and an ECG (Phillips®) was performed.

Common Carotid Geometry and AWV

Assessment of common carotid AWV was developed 
based on previous studies in animal models and radial 
artery in humans.21,22,26,31 P-LCSA relationship was ob-
tained by the continuous and simultaneous measure-
ment of local pressure by aplanation tonometry (Millar 
Instruments® SPT 301B) and local diameter by high-
resolution echotracking (WallTrack System®, Esaote 
Pie Medical) at the level of the right and left common 
carotid arteries respectively.32–34 All measurements 
were performed by the same trained operator pair. 
Localization of the probes was carefully verified at each 
visit, to avoid misalignment related to change in probe 
localization. External diameter and intima-media thick-
ness were measured at the level of carotid posterior 
wall, 1 cm beneath the carotid bifurcation as previously 
described.34 Despite the simultaneous recording of the 
pressure and diameter waveforms at the same level of 
each carotid, we systematically visually checked the 
quality of the acquisition. Our visual check confirmed 
the synchronization of the feet of the waves for each ac-
quisition, so no additional postacquisition resynchroni-
zation was necessary (Figure S2A).22 Thus, the P-LCSA 
relationship was obtained and AWV was estimated 

from the hysteresis loop as previously described.21,22 
WE was assessed for each cardiac cycle by integrating 
the P-LCSA area during the loading phase, that is, from 
diastolic to systolic pressure, and was thus graphically 
bounded by the area under the systolic P-LCSA rela-
tionship, the pulse pressure, and the pulse diameter 
(Figure  S2B). The area of the P-LCSA loop obtained 
during the loading and unloading phases, which has 
a dimension of energy, corresponds to the energy dis-
sipated in viscous work (WV) by the arterial wall during 
1 cardiac cycle. The loop area was measured using 
image analysis software (ImageJ).22 Values of AWV are 
the mean of at least 3 cardiac cycles on 3 different ac-
quisitions. Energies are expressed in joules per meter 
during 1 cycle equivalent to the pressure*area units. 
AWV is expressed either in absolute value of WV or as 
a percentage of the energy stored during the loading 
phase (relative viscosity=WV/WE.100) (Figure S2B).22,26 
The practical precision of this method is given by the 
precision of pressure and diameter measurements 
(2  mm  Hg and 21 μm, respectively) and can be es-
timated as 2.79×10−3 J.m−1.22,35 Detailed methods are 
available in Data S1.

Pulse Wave Analysis

Right radial and carotid artery pressure waveforms 
were recorded noninvasively by applanation tonometry 
and processed with dedicated software (SphygmoCor® 
version 7, AtCor Medical). The pressure at the first 
shoulder of the wave, the augmentation pressure (AP), 
the augmentation index (AIx), and the AIx normalized 
to the HR at 75 bpm, the carotid-to-brachial amplifica-
tion, the reflection time, the duration of ejection, and 
the period were calculated from the carotid artery pres-
sure waveforms with the same dedicated software. 
The Buckberg index was calculated as the ratio of the 
central diastolic to systolic pressure time integral.30 
Carotidofemoral pulse wave velocity (cfPWV) was de-
termined as previously described.2 Detailed methods 
are available in Data S1.

Common Carotid Artery Elastic Properties, 
Blood Flow, and Shear Stress

Circumferential wall stress, arterial compliance, arte-
rial distensibility, and the incremental Young’s elastic 
modulus (Einc) were estimated through the variations 
in arterial LCSA (ΔLCSA) and blood pressure (ΔP).34,36 
The systolic and mean wall shear stress were calcu-
lated based on the systolic and mean carotid blood 
velocity (v) evaluated by Doppler (ArtLab system, 
Esaote Pie Medical®), μ the total blood viscosity, and 
internal diameter. Detailed methods are available in 
Data S1.
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Systemic Hemodynamics and 
Cardiac Parameters

Systemic hemodynamics and cardiac parameters were 
evaluated by impedance cardiography (PhysioFlow® 
PF-05 Lab1TM, software version 2.7.0, Manatec 
Biomedical).37 The following parameters were ob-
tained: cardiac output, stroke volume, ejection fraction, 
and end-diastolic volume. Moreover, total peripheral 
resistance was calculated from the ratio of mean blood 
pressure to cardiac output. Left ventricular end-systolic 
elastance, a measure of cardiac contractility, was cal-
culated as the ratio of end-systolic pressure obtained 
with carotid tonometry and the end-systolic volume 
calculated as end-systolic volume=end-diastolic vol-
ume−stroke volume.13

Sample Size Calculation

The difference in the percent change from baseline of 
carotid relative viscosity between ivabradine and placebo 
was the main outcome. In the absence of previous re-
sults concerning AWV under ivabradine or beta blockers, 
the sample size was obtained according to the crossover 
design of the study and previous results obtained with 
inhibitors of endothelial factors release expecting an ab-
solute difference of 13% between the change in the value 
of WV/WE under ivabradine and placebo with a common 
SD of 10%.22 Thus, a sample of 18 subjects was needed 
with an alpha risk of 5% and a power of 80%.

Statistical Analysis

Results are expressed as mean±SD unless indicated 
otherwise. Statistical analysis was performed in the 
per-protocol population using SAS® and R studio 
Version 1.4.1106 with lme4 package. Randomization 
was performed by the Department of Biostatistics 
using SAS®, accounting for period effect and in ac-
cordance with the crossover design of the study. 
Homogeneity of the groups was checked for each 
parameter investigated by the comparison between 
the 2 treatment sequences (ivabradine/placebo ver-
sus placebo/ivabradine) at baseline using Mann 
Whitney U test and chi-square or Fisher exact test 
as appropriate and by the comparison of baseline 
parameters at V1 and V3 using paired t test. For all 
parameters, changes from baseline were compared 
between treatment and placebo using a repeated 
measure ANCOVA with subjects as the grouping vari-
able. The changes in circumferential wall stress were 
added to the model (as a covariable) to evaluate the 
carotid wall mechanics (arterial compliance, arte-
rial distensibility, and Einc). Moreover, AWV percent 
change from baseline was also compared between 
treatment and placebo using a linear mixed model 
with sex and mean baseline value of the parameter as 

cofactors and subject as random effect. Considering 
the crossover design of the study, all these analyses 
were performed with the evaluation of the interac-
tion between the treatment and period (sequences of 
treatment). Period×treatment interactions were non-
significant in all the analyses performed demonstrat-
ing the absence of significant carryover effect. The 
impact of aging on the treatment effect, a prespecified 
outcome of the study, was evaluated by comparing 2 
age classes, the young (<45 years) and middle-aged 
(>45 years) volunteers. Baseline parameters of these 
2 groups were compared with a general linear model 
according to age class. Circumferential wall stress 
was added to the model for carotid wall mechanics. 
Moreover, changes from mean baselines were com-
pared for all parameters between treatment and pla-
cebo using linear mixed model according to age class 
with sex and mean baseline value of the parameter as 
cofactors and subject as random effect. Finally, ef-
fect of treatment on AWV according to age was evalu-
ated with 2 methods. First, percent changes of AWV 
from baseline were compared between treatment and 
placebo using linear mixed model according to age 
class with sex and the baseline value of the parameter 
(WV, WE, or WV/WE as appropriate) as cofactors and 
subject as random effect. Second, the same analy-
sis was performed according to age (quantitative val-
ues) rather than age class. In addition to this analysis 
based on AWV percent change, the same analysis 
was performed considering absolute changes in AWV 
(available in Data S1). Thus, age class×treatment and 
age×treatment interaction were respectively evalu-
ated. Period×treatment interaction was not included 
in the final models exploring the age effect because it 
was nonsignificant in the whole population. However, 
for exploratory purposes, we also performed a full 
linear mixed model with treatment×age×period in-
teraction, sex and baseline parameter as cofactors, 
and subject as random effect that did not show any 
period×treatment interaction. P<0.05 was considered 
statistically significant.

RESULTS
Baseline Characteristics
Twenty healthy volunteers (14 women, mean age 47 
[26–62] years) were included in the study. Baseline 
characteristics of the volunteers at V0 are presented in 
Table S1. There was no difference for these parameters 
between the treatment sequences (Table S1).

One randomized volunteer was withdrawn from the 
study before treatment administration because of a 
low HR (55 bpm) at V1 despite a HR >70 bpm at V0 
(Figure S3). Thus, 9 volunteers received ivabradine then 
placebo and 10 received placebo then ivabradine.
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There was no difference between V1 and V3 for 
all parameters (Table S2). At baseline, resting HR was 
71.4±7.4 bpm (Table 1). Mean baselines for all cardio-
vascular parameters are presented in Tables 1, 2 and 3.

Effect of Treatment on Cardiac and Systemic 
Hemodynamics

Ivabradine significantly decreased HR compared with pla-
cebo (P<0.001) and did not significantly change brachial 
SBP, brachial diastolic blood pressure, brachial mean blood 
pressure, and brachial pulse pressure. Thus, cyclic stretch, 
the product of HR and brachial pulse pressure, significantly 
decreased (P=0.001) under ivabradine (Table 1).

Ivabradine increased stroke volume and end-
diastolic volume (P<0.001 and P=0.001 versus placebo 
respectively) without change in end-systolic volume, 
cardiac output, and ejection fraction, suggesting an 
increase in preload of the left ventricle without change 
in contractility, as evidenced by a stable left ventricular 
end-systolic elastance. At the same time, total periph-
eral resistance did not change.

Effect of Treatment on Central Pressure and 
Cardiovascular Coupling

Compared with placebo, ivabradine nonsignificantly in-
creased central pulse pressure, because of the opposite 

evolution of central SBP and central diastolic blood pres-
sure. There was no change in the carotid-to-brachial am-
plification under treatment (Table 1). The HR reduction due 
to ivabradine resulted in an increase in the cardiac period 
associated with an increase in ejection duration. However, 
the ejection duration/period ratio decreased related to a 
more pronounced increase in diastolic than systolic time 
with the HR reduction (Table 2). Moreover, reflection time 
decreased but this effect was not significant. In this con-
text, AP increased with ivabradine whereas pressure at the 
first shoulder of the wave remained stable. The marked in-
crease in AP and the slight increase in central pulse pres-
sure resulted in an increase in AIx under ivabradine and, as 
expected, this effect disappeared when adjusting on HR 
at 75 bpm (AIx75). Buckberg index increased with ivabra-
dine compared with placebo owing to the increase in di-
astolic pressure time integral but not in systolic pressure 
time integral. In addition, treatment with ivabradine did not 
modify cfPWV (Table 2).

Effect of Treatment on Carotid Geometry, 
Mechanics, and Hemodynamics

Treatment with ivabradine did not change diastolic in-
ternal diameter but increased carotid distension com-
pared with placebo (P<0.001). Ivabradine did not modify 
circumferential wall stress but arterial compliance and 

Table 1.  Effect of Ivabradine Versus Placebo on Brachial and Central Pressure and Systemic and Cardiac Hemodynamics

Baseline Delta ivabradine Delta placebo P value

Heart rate (ECG), bpm 71±7 −10±7 −2±5 <0.001*

Brachial SBP, mm Hg 117±9 0±6 −2±5 0.216

Brachial DBP, mm Hg 71±6 −1±4 −2±4 0.901

Brachial MBP, mm Hg 87±7 −1±4 −2±5 0.682

Brachial pulse pressure, 
mm Hg

46±7.7 1±4 0±3 0.118

Cyclic stretch, mm Hg×bpm 3408±774 −423±504 −150±344 0.001*

Central SBP, mm Hg 106±9 1±7 −2±5 0.127

Central DBP, mm Hg 72±7 −2±4 −2±4 0.899

Central MBP, mm Hg 87±7 −1±4 −2±4 0.549

Central pulse pressure, 
mm Hg

35±6 2±5 0±3 0.076

Carotid-to-brachial 
amplification, unitless

1.3±0.2 −0.04±0.1 −0.02±0.1 0.581

Stroke volume, 10−3 L 90±10 10±10 0±7 <0.001*

End-diastolic volume, 10−3 L 139±22 12±15 1±13 0.001*

End-systolic volume, 10−3 L 49±19 2±8 2±11 0.843

Cardiac output, L/min 6±1.1 −0.2±0.4 −0.2±0.5 0.674

Ejection fraction, % 65±9 1±3 −1±4 0.142

Total peripheral resistance, 
mm Hg/L per min

14.8±2.3 0.3±1.1 0.3±1.1 0.947

Left ventricular end-systolic 
elastance, mm Hg/10−3 L

2.1±0.8 −0.1±0.2 −0.1±0.4 0.539

Data are mean±SD. DBP indicates diastolic blood pressure; MSP, mean blood pressure; and SBP, systolic blood pressure.
*P<0.05.
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arterial distensibility increased and Einc decreased 
after adjusting on circumferential wall stress (P=0.07; 
P=0.04, and P=0.05 respectively; Table 3).

Mean carotid blood flow and mean wall shear stress 
were stable but carotid systolic blood flow and systolic 
wall shear stress nonsignificantly increased with ivabra-
dine compared with placebo.

Effect of Treatment on AWV

Baseline WV and WE were 1.74±1.28 J.m−1 and 11.07±4.89 J.
m−1. Thus, relative viscosity was 15.1%±6.5%. WV and 
WE increased under ivabradine compared with placebo 

(median[interquartile range 25–75]: 46[−22;122]% versus 
−10[−33;8]%, P=0.039, and 26[16;41]% versus −1[−11;9]%, 
P=0.007, respectively; Figure 1A and 1B, Table 3), leading to 
a stable relative viscosity WV/WE (Figure 1C). The same re-
sults were observed when considering absolute changes 
in AWV rather than percent changes (Figures S4A, S4B 
and S4C, Table 3).

Effect of Aging on Cardiovascular Parameters

Eight volunteers were in the young group 
(age=33[26–42] years, 6 women) and 11 volunteers 
were in the middle-aged group (age=53[47–62] years, 8 

Table 2.  Effect of Ivabradine Versus Placebo on Pressure Wave, Cardiovascular Coupling, and Carotid Hemodynamics

Baseline Delta ivabradine Delta placebo P value

Period, ms 945±119 125±86 24±96 <0.001*

Ejection duration, ms 320±18 12±11 3±11 <0.001*

Ejection duration/period, % 34±4 −3±2 −1±3 <0.001*

Reflexion time, ms 158±32 −6±29 7±20 0.054

P1 height, mm Hg 30±6 2±5 1±3 0.333

Augmentation pressure, mm Hg 3±7 1±3 −1±3 0.011*

AIx, % 6.9±18.8 1.8±6.5 −1.8±7.3 0.045*

AIx75, % 1.8±17.7 −1.9±5.9 −2.7±7 0.648

Buckberg index, % 161±23 20±17 4±18 0.002*

Central systolic pressure time integral, 
mm Hg×s/min

2015±296 −169±178 −85±166 0.095

Central diastolic pressure time integral, 
mm Hg×s/min

3194±251 104±205 −27±201 0.014*

Carotid-to-femoral pulse wave velocity, m/s 7.3±0.9 −0.2±0.6 −0.1±0.5 0.614

Mean blood velocity, cm/s 27.6±4.3 −1.0±3.8 −0.4±3.3 0.426

Systolic blood velocity, cm/s 60.8±11.9 1.4±6.5 −0.4±5.4 0.105

Mean wall shear stress, Pa 0.87±0.18 −0.01±0.14 −0.002±0.12 0.717

Systolic wall shear stress, Pa 1.93±0.50 0.09±0.24 0.01±0.20 0.071

Data are mean±SD. AIx indicates augmentation index; and AIx75, AIx indexed on heart rate (75bpm).
*P<0.05.

Table 3.  Effect of Ivabradine Versus Placebo on Carotid Geometry, Mechanics, and Arterial Wall Viscosity

Mean baseline Delta ivabradine Delta placebo P value

Diastolic diameter, mm 5.548±0.520 −0.086±0.262 −0.07±0.195 0.742

Carotid distension, mm 0.583±0.142 0.076±0.041 0.007±0.048 <0.001*

Intima-media thickness, µm 449±101 5±10 7±13 0.601

Circumferential wall stress, kPa 78±18 −3±6 −4±7 0.435

Cross-sectional compliance coefficient,  
10−8×m2/kPa

122±38 4±15 −1±15 0.113†

Cross-sectional distensibility coefficient,  
10−3/kPa

51±18 4±8 1±7 0.169‡

Elastic modulus, kPa 252±100 −24±47 −16±43 0.306§

WV, J×m−1 1.74±1.28 0.35±1.07 −0.20±0.48 0.035*

WE, J×m−1 11.07±4.89 2.65±2.23 −0.02±1.25 0.013*

WV/WE, % 15.1±6.5 −0.4±7.9 −1.5±4.3 0.52

Data are mean±SD. †P=0.07, ‡P=0.04, and §P=0.05 after adjustment on circumferential wall stress. WE indicates elastic energy stored at each cycle; WV/WE, 
relative viscosity; and WV, viscous energy dissipation.

*P<0.05.



J Am Heart Assoc. 2022;11:e023409. DOI: 10.1161/JAHA.121.023409� 7

Roca et al� Artery Wall Viscosity, Heart Rate Reduction, Aging

Figure 1.  Percent changes in viscous energy dissipation (A, WV), elastic 
energy stored at each cardiac cycle (B, WE), and relative viscosity (C, WV/
WE) after 1-week treatment with placebo (blue dots) or ivabradine (yellow 
dots) in the overall population of 19 healthy volunteers.
WV, WE, or WV/WE percent changes from baseline were compared between 
treatment and placebo using a linear mixed model with sex and mean 
baseline value of the parameter as cofactors and subject as random effect. 
Period*treatment interaction was evaluated in the model and was not significant.

P = 0.039

P = 0.007

P = 0.13

A

B

C



J Am Heart Assoc. 2022;11:e023409. DOI: 10.1161/JAHA.121.023409� 8

Roca et al� Artery Wall Viscosity, Heart Rate Reduction, Aging

women). At baseline, HR, peripheral and central blood 
pressure, and diastolic internal diameter were similar in 
the 2 groups. Conversely, carotid distension was lower 
(P=0.039) and intima-media thickness was higher 
(P=0.001) in the middle-aged group. As expected with 
aging and despite a lower circumferential wall stress 
(P=0.004), the middle-aged group had a lower com-
pliance and distensibility (P=0.03 and P=0.009, re-
spectively) and a higher cfPWV (P=0.001) and elastic 
modulus (P=0.028 after adjusting on circumferential 
wall stress). Increase in arterial stiffness and total pe-
ripheral resistance were associated with a higher re-
flection of the pressure wave, explaining a higher AP 
and AIx and a lower carotid-to-brachial amplification 
(P=0.002, P=0.003, and P=0.12 respectively). Thus, 
cardiovascular coupling was less favorable in the 
middle-aged group compared with the younger one 
(Table S3).

In this context, WE was similar in middle-aged and 
young volunteers, especially after adjustment on cir-
cumferential wall stress (P=0.89). However, WV was 
lower (P=0.017) in the middle-aged group, although this 
association disappeared after adjustment on circum-
ferential wall stress (P=0.13). Thus, relative viscosity 
WV/WE was lower in the middle-aged group even after 
adjustment on circumferential wall stress (P=0.004), 
suggesting that the lower circumferential wall stress 
in the middle-aged group only partially explained the 
lower absolute and relative viscosity.

Effect of Aging on the Impact of HR Reduction 
on Cardiovascular Parameters

In this planned exploratory analysis, ivabradine mark-
edly increased WV in middle-aged but not in young vol-
unteers (Figure 2A, P=0.009 for age class×treatment 
interaction) whereas it similarly increased WE in both 
groups (Figure 2B, P=0.29 for age class×treatment in-
teraction). As a result, ivabradine induced an increase 
in WV/WE in the middle-aged group but not in the young 
group (Figure 2C, P=0.004 for age class×treatment in-
teraction). In parallel, the effect of ivabradine compared 
with placebo according to age class was similar on all 
other parameters (data not shown). In the same way, 
there was a linear relationship between ivabradine and 
the increase in WV according to age in the whole popu-
lation explored (Figure 3A, P=0.004 for age×treatment 
interaction) whereas the effect of ivabradine on the in-
crease in WE was similar regardless of age (Figure 3B, 

P=0.44 for age×treatment interaction). Consequently, 
there was a linear relationship between ivabradine and 
the increase in WV/WE according to age (Figure  3C, 
P=0.007 for age×treatment interaction). When con-
sidering absolute change in AWV rather than percent 
changes, results followed the same trend in both 
analyses performed according to age class or age 
(Figures S5A, S5B, and S5C and S6A, S6B, and S6C 
respectively).

DISCUSSION
This study demonstrates for the first time in healthy 
humans that HR reduction increases energy dissipa-
tion in the carotid artery wall. This increase is propor-
tional to the increase in elastic energy stored within the 
arterial wall during cardiac cycle, resulting in a stable 
relative viscosity and suggesting an adaptive response. 
However, physiological aging appears to affect the vis-
cous response to HR lowering, the energy dissipation 
being more pronounced than expected from the en-
ergy stored, resulting in an increase in relative viscosity.

We performed a study with a robust design, in 
healthy volunteers, to assess the effect of HR reduction 
on AWV and mechanics of the common carotid artery, 
a large conductance elastic artery close to the aorta 
and that is known to have reduced elastic properties 
with aging.33 Viscous behavior was evaluated by mea-
suring the hysteresis loop of the P-LCSA relationship 
obtained using validated high-resolution echotracking 
method and tonometry.32,34–36 Continuous measure-
ments of local pressure and diameter were performed 
simultaneously allowing for direct synchronization of 
waveforms without need for postprocedure treatment, 
unlike the few noninvasive studies exploring AWV in hu-
mans.38,39 Thus, we evaluated the energy exchanged 
within the arterial wall and expressed the viscous be-
havior as the absolute value of energy dissipation and 
related to the elastic energy stored, one of its major 
determinants.21,22

Moreover, repeated 8-day ivabradine administra-
tion allowed the attainment of steady-state concen-
tration of ivabradine resulting in an expected 10-bpm 
HR decrease, without long-term structural changes, 
which was not expected from the design of the study.

In addition, as opposed to beta blockers, ivabra-
dine has a highly specific chronotropic effect with-
out inotropic effect, allowing a specific assessment 

Figure 2.  Percent changes in viscous energy dissipation (A, WV), elastic energy stored at each cardiac cycle (B, WE), and 
relative viscosity (C, WV/WE) after 1-week treatment with placebo (blue dots) or ivabradine (yellow dots) in 8 young and 11 
middle-aged healthy volunteers.
Percent changes of WV, WE, or WV/WE from baseline were compared between treatment and placebo using linear mixed model 
according to age class with sex and mean baseline value of the parameter as cofactors and subject as random effect. Interaction 
between age class and treatment is shown. *P<0.05 for the comparison of WV, WE, or WV/WE values under ivabradine or placebo vs 
baseline in each age subgroup.
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of the effect of HR reduction.29,40,41 In these condi-
tions, we performed a comprehensive assessment 
of carotid, cardiac, and systemic hemodynamics 

and of the carotid mechanics to interpret the effect 
of HR reduction on carotid AWV and cardiovascular 
coupling.

*

*

*

*Age class*treatment interac�on: P = 0.004**

Age class*treatment interac�on: P = 0.29

Age class*treatment interac�on: P = 0.009**
A

B

C
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Figure 3.  Relationship between aging and the percent changes in viscous 
energy dissipation (A, WV), elastic energy stored at each cardiac cycle (B, 
WE), and relative viscosity (C, WV/WE) under ivabradine (yellow triangles/
line) or placebo (blue dots/line).
Percent changes of WV, WE, or WV/WE from baseline were compared between 
treatment and placebo using linear mixed model according to age (quantitative 
values) with sex and mean baseline value of the parameter as cofactors and subject 
as random effect. Interaction between age and treatment is shown. **P<0.05.

Age*treatment interac�on: P = 0.44

Age*treatment interac�on: P = 0.004**

Age*treatment interac�on: P = 0.007**
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In this context, HR reduction was responsible for an 
increase in stroke volume and in end-diastolic volume 
directly related to the increase in cardiac preload. At 
the same time, the absence of change in end-systolic 
volume, cardiac output, ejection fraction, and left ven-
tricular end-systolic elastance support the absence of 
negative inotropic effect of ivabradine. In parallel no 
change in peripheral blood pressure and total periph-
eral resistance was observed. These effects were in 
accordance with previous studies performed in healthy 
subjects and in coronary artery disease patients.29,30,42

In parallel, AP and AIx increased, confirming the 
unfavorable effect of bradycardic agents on central 
hemodynamics.8–10 Thus, the longer systolic ejection 
time increases the likelihood that the arterial wave re-
flection returns to the proximal aorta relatively earlier 
during systole.9,43 This mechanism is supported by 
the stable AIx75, suggesting more a direct HR effect 
than a change in reflected wave amplitude. The ab-
sence of a large increase in central SBP whereas the 
AP increase could be explained by a nonsignificant de-
crease in the central diastolic blood pressure second-
ary to the lengthening of the diastolic period. Although 
this absence of effect on central blood pressure could 
be related to a small sample size, it has already been 
reported in coronary artery disease patients, for short 
time exposure to ivabradine. In contrast, an increase 
in AIx75 and in central SBP was observed after long-
time treatment, suggesting delayed effects from HR 
decrease related to structural changes.10,30,44 However, 
these differences on the HR-dependent effects of iv-
abradine on AP and AIx could also be explained by 
small differences between studies in baseline HR and 
percentage of patients already receiving beta blockers, 
the impact of bradycardia being more pronounced in 
patients with the higher HR at baseline. Anyway, this 
unfavorable cardiovascular coupling, that may be ac-
companied by a decreased myocardial perfusion 
during proto-diastolic time, was compensated by an 
increase in the length of the coronary perfusion in di-
astole, as suggested from the higher Buckberg index 
with ivabradine.30

Furthermore, cfPWV was not affected by ivabra-
dine. However, modifications in cfPWV with short-term 
HR changes are usually low, resulting in conflicting re-
sults.3,4 Thus, a 10-bpm increase in HR seems to be 
responsible for a 0.17 m/s increase in cfPWV, near to 
that we observed.3 More significant changes in cfPWV 
were usually observed for more prolonged duration of 
treatment.10,45

In contrast, carotid compliance and distensibility in-
creased and Einc decreased confirming the decrease 
in arterial stiffness secondary to HR reduction. Even 
suggested previously,5,6,10,27 this is the first demon-
stration that a selective HR reduction quickly de-
creases local arterial stiffness in human. This suggests 

a nonstructural effect and could be related to change 
in arterial tone noticeable at the carotid level. In fact, 
HR reduction nonsignificantly increase carotid systolic 
blood velocity and therefore systolic wall shear stress, 
which could have affected wall mechanics by potenti-
ating the release of endothelium-derived relaxing fac-
tors.26 Moreover, change in cyclic stretch could explain 
the effect of HR reduction on vascular system by modu-
lating the smooth muscle cells’ phenotype or changing 
the ability of endothelial cells to release endothelial fac-
tors, to remodel extracellular matrix, or to interact with 
smooth muscle cells.46–50 More recently, experimental 
studies showed that ivabradine also has pleiotropic 
effects independent from the HR reduction, including 
antioxidant or anti-inflammatory actions.51,52 Although 
the treatment duration is probably too short, we cannot 
exclude that part of the effects observed in our study 
could be related to these pleiotropic mechanisms.

In this context, WE dramatically increased under iv-
abradine mainly because of the increased distension, 
which reflects the increased elastic energy stored 
within the arterial wall during systole. In parallel, WV in-
creased, reflecting the increase in energy dissipation. 
Hence, relative viscosity remained stable suggesting 
that the increase in WV is proportional to the increase 
in elastic energy stored and not to a direct effect of 
the HR reduction on the viscous component of the ca-
rotid mechanics. This could be a passive mechanism 
but also related to a “smart damping” of the energy 
stored by the system as previously proposed by some 
authors.38

Furthermore, a change in AWV is frequently evoked 
as a major determinant of change in arterial stiffness 
during HR variation,4,14–16 but no study has evaluated 
the magnitude and the direction of this relationship. 
In this context, our results strongly support that the 
decrease in arterial stiffness with HR reduction is not 
explained by a parallel decrease in AWV evaluated 
by a thermodynamic approach. Only 1 previous ani-
mal study evaluated the effect of ivabradine on carotid 
AWV using this approach.15 The authors found in ac-
cordance with our results an increase in arterial disten-
sion, WE, and WV but an increase in relative viscosity.15 
This discrepancy could be related to the experimental 
model used with an acute administration of ivabradine 
in rats that was associated with a large increase in pulse 
pressure and that could result in insufficient time for the 
arterial wall to adapt to these new hemodynamic con-
ditions.15 In addition, some in vitro and animal studies 
assessed the effect of HR modulation on AWV through 
the evaluation of the viscous coefficient η, represent-
ing the intrinsic viscosity of the material and obtained 
with frequency19,20 or time-domain analysis.24,53 In fact, 
η is not equivalent to WV, which corresponds to the 
dissipated energy related to both intrinsic viscosity and 
arterial working conditions and can be approximated 
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by the product of η, HR, and distension.17,38 Thus, the 
decrease in η observed when HR increases is concor-
dant with our result showing an increase in WV when 
HR decreases.17–20,53

Furthermore, we performed a planned exploratory 
analysis to evaluate the impact of aging on the adap-
tation of AWV to HR reduction. At baseline, despite 
similar peripheral blood pressure and HR, middle-aged 
volunteers had a less favorable cardiovascular cou-
pling, as shown by the increased AP and AIx and the 
decrease in the carotid-to-brachialb amplification. This 
increase in pressure wave reflection is related to both 
an increase in cfPWV secondary to the aortic stiffen-
ing and an increase in the magnitude of the reflected 
pulse wave suggested from the increase in peripheral 
reflectivity with aging.54 Moreover, carotid intima-media 
thickness increased with aging without significant in-
crease in diameter, resulting in a decrease in circumfer-
ential wall stress. This result has already been observed 
in healthy middle-aged population,36,39 although ad-
vanced aging is classically associated with an increase 
in carotid diameter, particularly in men. In this context, 
arterial distensibility was lower and Einc was higher 
in the middle-aged group confirming the stiffening of 
large arteries with aging.33 Aging was associated with 
a decrease in systolic carotid flow. Thus, in addition to 
the age-related increase in flow fluctuations previously 
described, these impairments in carotid hemodynam-
ics could decrease the release of endothelium-derived 
relaxing factors.55

In this context, WV, but not WE, was lower in the 
middle-aged group, resulting in a lower relative viscos-
ity. The stable WE could be explained by the decrease in 
pulse diameter and the nonsignificant increase in cen-
tral pulse pressure. Few studies evaluated the impact 
of aging on AWV. In a typical result figure, Giannattasio 
et al showed a smaller hysteresis loop in aging people 
but did not measure the area.56 However, this was in 
accordance with a previous in vitro study.57 Using time-
domain assessment, Kawano et al found an higher η 
in unfit middle-aged people.39 However, in this study, 
brachial mean blood pressure increased with aging 
suggesting a higher circumferential wall stress, a major 
determinant of the viscous properties that we consid-
ered in our study.22 Thus independently from HR, aging 
appears to be associated with an increase in arterial 
stiffness and a decrease in AWV that may be due, de-
spite an increase in intima-media thickness, to struc-
tural changes, such as a reduced vascular muscular 
cell content and replacement by less viscous elements 
such as extracellular matrix.57

Finally, for a similar change in HR and arterial wall 
mechanics, AWV response to HR reduction was differ-
ent between the 2 age groups, even after adjustment on 
sex and baseline AWV values. With similar increase in 

WE, the middle-aged volunteers exhibited an increase in 
WV, and thus in their relative viscosity, compared with the 
younger subjects. These results were confirmed by the 
linear increase of relative viscosity under ivabradine ob-
served during aging in the whole population. Conversely, 
younger volunteers tended to nonsignificantly decrease 
their relative viscosity under ivabradine. This could ex-
plain the neutral effect observed in the overall popula-
tion and suggests that HR reduction is associated with 
an increase in WE but that the change in viscous work 
depends on age. One hypothesis is that HR reduction 
induces an overcompensation of the adaptive process 
maintaining AWV in younger subjects and that the age-
related progressive alteration of endothelial and arterial 
wall integrity and lesser release of endothelium-derived 
relaxing factors could lead to a progressive loss of this 
compensatory mechanism and thus to a progressive 
increase in WV/WE under ivabradine during aging.26 In 
addition, the relative heterogeneity in the response to 
ivabradine in the middle-aged group could be related 
to heterogeneity in vascular aging secondary to lifestyle 
differences. For example, some studies showed that 
physical activities modified AWV.39 In our study, even 
if we did not exhaustively assess physical activity, we 
excluded patients with sports activity >1 hour per day. 
All these results suggest that the change in AWV ob-
served after HR reduction may be rather dependent 
on vascular than chronological aging. This alteration of 
AWV adaptation may minimize the beneficial effect of 
HR reduction on arterial stiffness. Whether this could 
have contributed to reduce the benefit of HR-lowering 
strategies performed in a middle-aged and older popu-
lation in different pathological conditions remains to be 
investigated.7,11,28,58

Limitations
Our study has some limitations. First, our sample size 
was calculated to explore the effect of ivabradine on 
AWV taking into consideration aging and may have 
been too small to detect other effects in particular 
when comparing young and middle-aged groups. 
Second, our age-related results are limited to the range 
25 to 65 years, and we cannot extrapolate the linear 
relationship observed between HR reduction and AWV 
to extreme ages. Third, our study did not explore the 
mechanisms involved in the effect of HR reduction on 
AWV and thus, as discussed previously, we cannot ex-
clude that part of our results are related to pleiotropic 
HR-independent effects of ivabradine on vascular wall. 
However, these effects may be probably more effec-
tive after long-term administration and the magnitude 
of them remain to be discussed in humans.52

Finally, the measurement of AWV with 2 trained op-
erators is complex, which likely limits the assessment 
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of AWV in a very large cohort. Moreover, the tempo-
ral resolution of the LCSA acquisition was low in our 
study. This could limit a detailed analysis of the hys-
teresis loop and contribute to intersubject variability, 
explaining why some comparisons raise significance 
when considering percent but not absolute changes. 
However, our crossover design with a careful verifi-
cation of the location of the probe limited the within-
subject variability.

Perspectives
Our study extends our knowledge about the physiology 
and the physiopathology of AWV, a less investigated as-
pect of the arterial viscoelastic properties, with a particular 
focus on the effects of bradycardia and aging. This may 
be of importance because several bradycardic agents 
are widely used in cardiovascular medicine and in older 
patients. Whether the low arterial damping at baseline 
observed in middle-aged subjects is deleterious or not 
remains to be evaluated. In fact, less energy dissipation 
may be beneficial for cardiovascular coupling but could 
also be associated with an increase in the energy trans-
mitted through the arterial wall to the downstream arterial 
bed and therefore lead to damage peripheral organs, such 
as brain or kidney. Conversely, the increase in energy dis-
sipation with HR reduction during aging could reduce the 
energy transmitted to the periphery but also could alter 
cardiovascular coupling thus participating to the incon-
stant benefit of HR lowering strategies.

Conclusions
In conclusion, this study demonstrates for the first time 
that an adaptive increase in energy dissipation occurs 
in healthy humans during HR reduction with ivabradine 
and compensates for the increase in large artery elas-
ticity and in the energy stored within the arterial wall. 
Aging is associated with a lower energy dissipation 
at baseline but a larger increase in energy dissipation 
after HR reduction. The long-term impact of this age-
related increased energy dissipation secondary to HR 
reduction needs to be investigated.
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Expanded patients and methods 

Volunteers 

Twenty volunteers were recruited by the Centre d’Investigation Clinique–Institut National de 

la Santé et de la Recherche Médicale 1404 and the Department of Pharmacology of Rouen 

University Hospital. Main inclusion criteria were an age between 25 and 65 years old, a resting 

HR upper than 70 bpm after 15 minutes of rest and to be deemed healthy based on interview, 

clinical examination, electrocardiographic and routine biological evaluation. Women had to 

have an effective contraceptive method or to be in menopause. Exclusion criteria included a 

body mass index (BMI) lower than 18 kg/m² or upper than 30 kg/m², hypotension (<90/50 

mmHg) or hypertension (>140/90 mmHg) at rest, active smoking (>5 cigarettes/day), 

hypercholesterolemia, intensive sport activity  (>1 hour/day), chronic kidney disease (creatinine 

clearance ≤60 ml/min/1.73m² with Cockcroft and Gault formula), liver or cardiac failure, 

electrocardiogram (ECG) abnormalities, having a pacemaker and all cardiac or retinal diseases. 

Volunteers had no medications except contraception or casual acetaminophen. The study was 

approved by the local ethics committee (CPP Nord-Ouest I, n°CPP01/004/2014), and all 

participants gave written informed consent. The study was conducted according to the 

Principles of Good Clinical Practice and the Declaration of Helsinki. The study was registered 

at ClinicalTrials.gov Identifier: 2015/077/HP and EudraCT Number: 2015-002060-17. 

Study design 

This was a monocentric, randomized, placebo-controlled, double-blind, cross-over study. Each 

subject had an inclusion visit (V0), 4 investigation visits (V1 to V4) and an end-of-study visit 

(V5). Inclusion criteria were checked at V0 visit and then randomization was performed. 

Volunteers were randomly allocated to ivabradine 5 mg b.i.d and a placebo in a cross-over 

design during a period of 8 days: one pill at day 1 at the end of the V1 or V3 and then a pill 

b.i.d during 6 days and a last pill at day 8, before V2 or V4 investigations. V2 and V3 were 

separated by a 14-days wash-out period (Figure S1). This dosage and this duration of treatment 

have been chosen expecting a 10 bpm decrease of HR and/or a HR lower than 60 bpm and to 



reach the steady-state concentration of ivabradine according to the half-life of the treatment (12 

hours). 

General procedure (V1 to V4) 

Each investigation visits were performed according to the same design. Measurements were 

performed in the morning while volunteers were in a supine position in a quiet air-conditioned 

room maintained at a stable temperature (22°C to 24°C). Volunteers were allowed to take a 

light breakfast, without tea, coffee, sugar or fat. They were not allowed to smoke for 12 hours. 

After 15 minutes, resting HR, systolic and diastolic blood pressure (bSBP and bDBP) were 

measured 3 times on the right arm using an oscillometric device (Omron® 750IT) and an ECG 

(Phillips®) was performed. 

Common carotid geometry and AWV  

Assessment of common carotid AWV was developed based on previous studies in animal 

models and radial artery in humans.21,22,26,31 P-LCSA relationship was obtained by the 

continuous and simultaneous measurement of local pressure by aplanation tonometry (Millar 

Instruments® SPT 301B) and local diameter by high-resolution echotracking (WallTrack 

System®, Esaote Pie Medical) at the level of the right and left common carotid arteries 

respectively.32–34 All measurements were performed by the same trained operator pair. External 

diameter (de) and intima-media thickness (IMT) were measured at the level of carotid posterior 

wall, 1 cm beneath the carotid bifurcation as previously described.34 The pressure signal was 

simultaneously acquired and computerized by the echotracking system at the acquisition 

frequency of 30 Hz. The pressure waveform was calibrated from DBP and mean blood pressure 

(MBP) through a computerized procedure developed in our department. We calculated 

instantaneous IMT (IMT(inst)) and LCSA(inst) from instantaneous external diameter (de(inst)), 

assuming the incompressibility of the wall. Thus, wall cross-sectional area (WCSA), which is 

constant along the cardiac cycle, was calculated as:   

WCSA = re
2 - ri

2, with re = de(mean)/2 and ri = (de(mean) – 2.IMTmean)/2 

Where re
 the external radius of the carotid, ri the internal radius of the carotid, de(mean) the mean 

external diameter and IMTmean the mean IMT measured at each cycle. Then, we have:  

LCSA(inst) =  re
2 - WCSA 



Instantaneous internal diameter di(inst) was: 

di(inst) = 2.√
LCSA(inst)

𝜋
 

and 

IMTinst = de(inst) - di(inst) 

 

Despite the simultaneous recording of the pressure and diameter waveforms at the same level 

of each carotid, we systematically visually checked the synchronization of the feet of the waves 

for each acquisition but no additional post-acquisition resynchronization was necessary (Figure 

S2A).22 

Thus, the pressure-LCSA relationship was obtained and AWV was estimated from the 

hysteresis loop as previously described.21,22 WE was assessed for each cardiac cycle by 

integrating the P-LCSA area during the loading phase i.e., from diastolic to systolic pressure, 

and was thus graphically bounded by the area under the systolic P-LCSA relationship, the pulse 

pressure and the pulse diameter (Figure S2B). The area of the P-LCSA loop obtained during 

the loading and unloading phases, which has a dimension of energy, corresponds to the energy 

dissipated in viscous work (WV) by the arterial wall during one cardiac cycle. The loop area 

was measured using image analysis software (ImageJ).22 Values of AWV are the mean of at 

least 3 cardiac cycles on 3 different acquisitions. Energies are expressed in joules per meter 

during one cycle. AWV is expressed either in absolute value of WV or as a percentage of the 

energy stored during the loading phase (relative viscosity = WV/WE.100) (Figure S2B).22,26 The 

practical precision of this method is given by the precision of pressure and diameter 

measurements (2 mmHg and 21 μm, respectively) and can be estimated as 2.79x10−3 J.m−1.22,35
 

 

Pulse wave analysis  

Radial artery pressure waveforms of the right arm were recorded non-invasively by applanation 

tonometry calibrated using systolic and diastolic brachial pressures and processed with 

dedicated software (SphygmoCor® version 7, AtCor Medical). Right carotid pressure 

waveforms were recorded in the same manner and calibrated from diastolic pressure and the 

mean blood pressure determined by the integration of radial waveform. Carotid pressure 

waveform was subjected to further analysis by the SphygmoCor software to identify the time 

to the shoulder of the first and second pressure wave components during systole. The pressure 

at the shoulder of the first component was identified as P1 height (forward pressure wave), and 



the pressure difference between this point and the maximal pressure during systole 

(augmentation: AP) was identified as the reflected pressure wave. Augmentation index (AIx) 

was defined as the ratio of augmentation to central pulse pressure: AIx=(AP/cPP)×100. The 

AIx normalized to the HR at 75 bpm was also reported. Carotid to brachial amplification (c-b 

amplification) was expressed as the ratio of central to brachial pulse pressure. Moreover, the 

time to return of the reflection wave of the aortic waveform was automatically calculated from 

the beginning of systole to the inflection point, and ejection time from the beginning to the end 

of systole. The Buckberg index was calculated as the ratio of the central diastolic to systolic 

pressure time integral (DPTI/SPTI) and represents the subendocardial viability resulting from 

changes in central hemodynamics i.e., an estimate of the balance between myocardial supply 

(perfusion) and demand (work).30  

Carotid-to-femoral pulse wave velocity (cfPWV), an index of aortic stiffness, was determined 

by successive measurement of pressure waves at the carotid and femoral arteries with the same 

device (Sphygmocor®) as previously described.59 

  

Common carotid artery elastic properties  

Circumferential wall stress (σ) was calculated according to Lamé’s equation as σ = 

(MBP.di)/(2.IMT), where MBP and di are mean blood pressure (obtained by radial tonometry) 

and mean internal diameter respectively. Carotid distension was defined as the difference 

between systolic and diastolic internal diameter. Arterial compliance and distensibility were 

estimated through the variations in arterial cross-sectional area (LCSA) and blood pressure 

(P), assuming the lumen to be circular. The cross-sectional compliance coefficient was 

calculated as CC = LCSA /P and cross-sectional distensibility coefficient as DC = 

LCSA/(LCSAd.P) where LCSAd is the diastolic lumen area. The incremental Young’s 

elastic modulus (Einc), an index of the carotid wall material stiffness, was calculated as Einc =

3(1+
𝐿𝐶𝑆𝐴𝑑
𝑊𝐶𝑆𝐴

)

𝐷𝐶
 .34,36 

 

Carotid blood flow and shear stress 

The systolic and mean carotid blood velocity (v) were evaluated by Doppler (ArtLab system, 

Esaote Pie Medical®) at the same level as geometry. The systolic and mean wall shear stress 

(sWSS and mWSS) were calculated on the basis of a Poiseuillean model as WSS = 2v/ri, with 



 the total blood viscosity measured with a cone-plate viscometer (Ex100 CTB, Brookfield®) 

at a shear rate of 241 s-1 at 37°C. 

Systemic hemodynamics and cardiac parameters  

Systemic hemodynamics and cardiac parameters were evaluated by impedance cardiography 

(PhysioFlow® PF-05 Lab1TM, software version 2.7.0, Manatec Biomedical).37 The following 

parameters were obtained: Cardiac output (CO), stroke volume (SV), ejection fraction (EF), 

end-diastolic volume (EDV). Moreover, total peripheral resistance (TPR) was calculated from 

the ratio of mean blood pressure (MBP) to CO. Left ventricular end-systolic elastance (Ees), a 

measure of cardiac contractility, was calculated as the ratio of end systolic pressure (Pes) 

obtained with carotid tonometry and the end systolic volume (ESV) calculated as ESV = EDV-

SV.13 

 

 

  



Table S1. Baseline characteristics of included volunteers at V0 (before randomization). 

 
Total 

(n=20) 

Ivabradine/ 

Placebo (n=10) 

Placebo/ 

Ivabradine (n=10) 

p 

Female, n(%) 14 (70) 6 (60) 8 (80) 0.63 

Age, years, median [min-max] 47 [26-62] 42 [26-58] 48 [27-63] 0.43 

Smoking habits, n(%)    0.30 

• Past smoking 5 (25) 1 (10) 4 (40)  

• No smoking 15 (75) 9 (90) 6 (60)  

Body Mass Index, kg/m2 23.5±2.9 23.2±3.3 23.7±2.5 0.73 

Leukocytes, G/L 5.8±1.4 6.1±1.7 5.7±1 0.68 

Hemoglobin, g/dL 14±1.2 14.2±1.2 13.8±1.1 0.45 

Hematocrit, % 42.0±3.1 42.5±3.4 41.4±2.8 0.34 

Platelets, G/L 244±52 254±62 234±41 0.24 

Aspartate transaminase, IU/L 22±8 25±20 20±1 0.21 

Alanine transaminase, IU/L 24±14 26±19 22±8 0.54 

Alkaline phosphatase, IU/L 58±25 63±31 54±18 1 

Fasting blood glucose, g/L 0.9±0.1 0.9±0.1 0.9±0.1 1 

Creatinine, mol/L 72±14 72±15 71±13 0.68 

Total cholesterol, g/L 2±0.3 2±0.3 2±0.3 0.82 

Triglycerides, g/L 0.9±0.4 1±0.5 0.9±0.2 0.94 

HDL-cholesterol, g/L 0.7±0.2 0.7±0.2 0.7±0.2 0.88 

LDL-cholesterol, g/L 1.1±0.2 1.2±0.2 1.1±0.3 1 

Total blood viscosity, cP 4.4±0.9 4.3±1 4.5±0.9 0.48 

Data are presented as meanSD unless indicated otherwise. 

 

  



Table S2. Cardiovascular parameters at V1 and V3. 
 V1 V3 

Heart rate (ECG), bpm 72±8 71±7 

bSBP, mmHg 119±9 116±10 

bDBP, mmHg 72±6 70±6 

bMBP, mmHg 88±6 86±7 

bPP, mmHg 46±8 46±8 

Cyclic stretch, mmHg.bpm 3483±801 3332±758 

cSBP, mmHg 107±9 105±9 

cDBP, mmHg 73±6 70±6 

cMBP, mmHg 88±7 86±7 

cPP, mmHg 35±6 35±7 

c-b amplification, unitless 1.4±0.3 1.3±0.2 

   

Stroke volume, 10-3 L 90±9 90±10 

End-diastolic volume, 10-3 L 137±20 141±23 

End-systolic volume, 10-3 L 47±18 52±19 

Cardiac output, L/min 6.2±1.3 5.8±0.9 

Ejection fraction, % 67±9 64±9 

TPR, mmHg/L/min 14.7±2.7 14.9±2.0 

Ees, mmHg/10-3 L 2.28±0.87 2.00±0.70 

   

Period, ms 921±114 969±118 

Ejection duration, ms 317±19 322±16 

Ejection duration/Period, % 35±4 34±3 

Reflexion time, ms 158±35 159±29 

P1 height, mmHg 30±5 31±7 

AP, mmHg 2.9±7.2 2.1±6.9 

AIx, % 7.9±19.6 5.9±17.9 

Aix75, % 3.5±18.3 0.1±16.9 

Buckberg index, % 157±22 165±24 

SPTI, mmHg.s/min 2071±294 1959±287 

DPTI, mmHg.s/min 3206±255 3182±247 

cfPWV, m/s 7.3±0.8 7.3±0.9 



   

Mean blood velocity, cm/s 27.8±4.4 27.3±4.1 

Systolic blood velocity, cm/s 61.5±11.9 60.1±11.8 

mWSS, Pa 0.87±0.17 0.86±0.19 

sWSS, Pa 1.93±0.47 1.92±0.55 

   

Internal diastolic diameter, mm 5.566±0.557 5.530±0.495 

Carotid distension, mm 0.589±0.143 0.578±0.145 

IMT, µm 448±102 450±100 

Circumferential wall stress, kPa 80±19 76±15 

CC, 10-8.m2/kPa 123±41 121±35 

DC, 10-3/kPa 51±18 51±17 

Elastic modulus, kPa 256±98 249±103 

   

WV, J.m-1 1.69±0.95 1.79±1.56 

WE, J.m-1 11.09±4.50 11.05±5.36 

WV/WE, % 15.30±7.40 16.38±9.27 

Data are presented as mean  SD. All comparisons were non-significant. AIx: augmentation 

index, Aix75: augmentation index indexed on heart rate (75 bpm) AP: Augmentation pressure, 

bSBP/MBP/DBP/PP: brachial Systolic/Mean/Diastolic/Pulse blood pressure, 

cSBP/MBP/DBP/PP: central Systolic/Mean/Diastolic/Pulse blood pressure, c-b Amplification: 

carotid to brachial amplification, cfPWV: Carotid to femoral pulse wave velocity, CC: cross-

sectional compliance coefficient, DC: cross-sectional distensibility coefficient, DPTI: central 

diastolic pressure time integral, Ees: Left ventricular end-systolic elastance, IMT: Intima-media 

thickness, mWSS: Mean wall shear stress, sWSS: Systolic wall shear stress, SPTI: central 

systolic pressure time integral, TPR: Total peripheral resistance, WE: elastic energy stored at 

each cycle, WV: viscous energy dissipation, WV/WE: relative viscosity. 

 

  



Table S3. Comparison of baseline cardiovascular parameters according to age group. 

Baseline parameters 
Young group 

(n=8) 

Middle-aged group 

(n=11) 
p 

    

Age, years 33 [26-42] 53 [47-62] <0.0001 

Poids, kg 66.6±14.1 69.5±10.8 0.615 

Heart rate (ECG), bpm 73±7 70±5 0.244 

bSBP, mmHg 118±11 117±77 0.682 

bDBP, mmHg 71±5 72±7 0.754 

bMBP, mmHg 87±5 87±7 0.901 

bPP, mmHg 47±10 45±4 0.458 

Cyclic stretch, mmHg.bpm 3703±994 3193±389 0.137 

cSBP, mmHg 103±6 108±9 0.192 

cDBP, mmHg 71±5 72±7 0.693 

cMBP, mmHg 85±4 88±7 0.406 

cPP, mmHg 32±7 37±5 0.15 

c-b amplification, unitless 1.5±0.2 1.2±0.2 0.012 

    

Stroke volume, 10-3 L 92±7 88±10 0.407 

End-diastolic volume, 10-3 L 134±21 143±22 0.403 

End-systolic volume, 10-3 L 43±20 54±16 0.167 

Cardiac output, L/min 6.5±1.2 5.6±0.8 0.07 

Ejection fraction, % 70±9 62±7 0.065 

TPR, mmHg/L/min 13.6±1.6 15.7±2.2 0.039 

Ees, mmHg/10-3 L 2.47±0.92 1.89±0.58 0.112 

    

Period, ms 910±102 971±105 0.229 

Ejection duration, ms 315±16 324±16 0.241 

Ejection duration/Period, % 34.9±3.1 33.6±3 0.352 

Reflexion time, ms 164±16 154±38 0.512 

P1 height, mmHg 31±8 30±4 0.517 

AP, mmHg -2.7±5.1 6.3±5.4 0.002 

AIx, % -6.4±14.7 16.7±14.4 0.003 

AIx75, % -10.3±12.5 10.6±14.9 0.005 

Buckberg index, % 158±22 164±20 0.551 



SPTI, mmHg.s/min 2008±271 2020±286 0.93 

DPTI, mmHg.s/min 3110±142 3255±242 0.15 

cfPWV, m/s 6.7±0.5 7.8±0.7 0.001 

    

Mean blood velocity, cm/s 29±1.7 26.5±4.1 0.124 

Systolic blood velocity, cm/s 68.5±8.5 55.2±9.5 0.006 

mWSS, Pa 0.91±0.17 0.84±0.16 0.341 

sWSS, Pa 2.16±0.49 1.76±0.44 0.082 

    

Internal diastolic diameter, mm 5.483±0.536 5.595±0.498 0.645 

Carotid distension, mm 0.660±0.146 0.527±0.114 0.039 

IMT, µm 371±26 506±97 0.001 

Circumferential wall stress, kPa 90±10 70±15 0.004 

CC, 10-8.m2/kPa 143±26 107±36 0.03 

DC, 10-3/kPa 62±18 43±10 0.009 

Elastic modulus, kPa 226±68 272±106 0.3a 

    

WV, J.m-1 2.43±1.31 1.25±0.59 0.017b 

WE, J.m-1 12.8±6.66 9.81±2.56 0.189c 

WV/WE, % 18.8±3.4 12.4±4.9 0.006d 

Data are presented as meanSD or median [min-max]. After adjustment on circumferential wall 

stress: a: p=0.028; b: p=0.132; c: p= 0.89; d: p = 0.004. AIx: augmentation index, Aix75: 

augmentation index indexed on heart rate (75 bpm) AP: Augmentation pressure, 

bSBP/MBP/DBP/PP: brachial Systolic/Mean/Diastolic/Pulse blood pressure, 

cSBP/MBP/DBP/PP: central Systolic/Mean/Diastolic/Pulse blood pressure, c-b Amplification: 

carotid to brachial amplification, cfPWV: Carotid to femoral pulse wave velocity, CC: cross-

sectional compliance coefficient, DC: cross-sectional distensibility coefficient, DPTI: central 

diastolic pressure time integral, Ees: Left ventricular end-systolic elastance, IMT: Intima-media 

thickness, mWSS: Mean wall shear stress, sWSS: Systolic wall shear stress, SPTI: central 

systolic pressure time integral, TPR: Total peripheral resistance, WE: elastic energy stored at 

each cycle, WV: viscous energy dissipation, WV/WE: relative viscosity.  



Figure S1. Study design.    

 

 

 

  



Figure S2. Typical pressure (black dashed line) and Lumen-cross sectional area (LCSA, 

grey line) waveforms (A) and resulting mean hysteresis loop (B). WE: elastic energy stored 

at each cycle, WV: viscous energy dissipation. 
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Figure S3. Flow Chart

Analysed  (n=9) 

 Excluded from analysis (per-protocol) (n=1) 

Lost to follow-up (n=0) 
Discontinued intervention (n=0) 

Allocated to Ivabradine/Placebo group (n= 10) 

 Received allocated intervention (n=9) 
 Did not receive allocated intervention (low 

Heart rate at V1) (n=1) 

Lost to follow-up (n=0) 
Discontinued intervention (n=0) 

Allocated to Placebo/Ivabradine (n=10) 

 Received allocated intervention (n= 10) 
 

Analysed  (n=10) 

 Excluded from analysis (n=0) 
 

Allocation 

Analysis 

Follow-Up 

Randomized (n= 20) 



Figure S4. Absolute changes in viscous energy dissipation (A, WV), elastic energy stored 

at each cardiac cycle (B, WE) and relative viscosity (C, WV/WE) after one-week treatment 

with placebo (blue dots) or ivabradine (yellow dots) in the overall population of 19 healthy 

volunteers. Absolute changes of WV, WE or WV/WE from baseline were compared between 

treatment and placebo using a linear mixed model with sex, and mean baseline value of the 

parameter as co-factors and subject as random effect. Period*treatment interaction was 

evaluated in the model and was not significant. 

 

  



Figure S5. Absolute changes in viscous energy dissipation (A, WV), elastic energy stored 

at each cardiac cycle (B, WE) and relative viscosity (C, WV/WE) after one-week treatment 

with placebo (blue dots) or ivabradine (yellow dots) in 8 young and 11 middle-aged 

healthy volunteers. Absolute changes of WV, WE or WV/WE from baseline were compared 

between treatment and placebo using linear mixed model according to age class with sex, and 

mean baseline value of the parameter as co-factors and subject as random effect. Interaction 

between age class and treatment is shown. * indicates p<0.05 for the comparison of WV, WE or 

WV/WE values under ivabradine or placebo vs. baseline in each age subgroups.  

 

 



Figure S6. Relationship between aging and the absolute changes in viscous energy 

dissipation (A, WV), elastic energy stored at each cardiac cycle (B, WE) and relative 

viscosity (C, WV/WE) under ivabradine (yellow triangles/line) or placebo (blue dots/line). 

Absolute changes of WV, WE or WV/WE from baseline were compared between treatment and 

placebo using linear mixed model according to age (quantitative values) with sex, and mean 

baseline value of the parameter as co-factors and subject as random effect. Interaction between 

age and treatment is shown. 
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