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RIGIDITE ou COMPLIANCE 
ARTERIELLE



Structure des grosses 
artères

� Artères élastiques
� Riches en élastine et collagène
� Cellules musculaires lisses
� Aorte ascendante>thoracique>>abdominale

� Artères musculaires
� Pauvres en élastine
� Riches en cellules musculaires
� Toutes les autres « grosses » artères:

� Coronaires, 
� Humérale
� Fémorale..

� Attachements cellules musculaires-fibres par 
récepteurs membranaires musculaires 
(fibronectine ..): architecture pariétale

� Géométrie: réduction du calibre du centre à la 
périphérie et embranchements



Determinants of vascular overload  
(afterload) on the heart
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Rigidité segmentaire (de chambre)

Apport de la vitesse de l’onde du
pouls



VOP = AB/ dT (m/sec). 

dT



Determinants of PWV
NON UREMIC

ESRD

Global population

J Blacher et al., Kidney Int. 2003; 63: 1852-1860



La VOP est dépendante de la pression

G London et al., J Hypertens, 1996; 14: 1139-1146



VOP et mortalité: Insuffisant rénal 
Hémodialysé
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VOP et mortalité: hypertension
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VOP et mortalité: Diabète type II

Cruickshank K, et al, 
Circulation 2002

follow-up =10.7 years
(survivors =12.7 [12.6 to 
12.8] years
those who died=6.9 [6.4 
to 7.3] years)



Laurent S, Cockroft J, Van Bortel L, Giannattasio C, Hayoz D, Pannier B, Vlachopoulos C, 
Wilkinson I, Struijker-Boudier H, Expert consensus document on arterial stiffness: 
methodological issues and clinical applications. European Heart Journal. 2006 ;(21):2588-605

CONSENSUS EUROPEEN SUR LA 
RIGIDITE ARTERIELLE
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Laurent S. et al. Stroke, 2003

VOP et mortalité par AVC: 
hypertension essentielle



VOP et évènements coronaires: 
hypertension essentielle

Boutouyrie P et al, Hypertension, 2002; 39: 10-15



VOP et fonction cognitive

Hanon O, et al, Stroke, 2005N=308, 78±8 years, 64% F, 26% had normal cognitive function, 27% had MCI, 41% experienced 
AD, and 6% experienced VaD.



CV Survival curves ESRD
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Aortic PWV Arm PWV

Leg PWV

χχχχ²=72.8
p<0.00001

χχχχ²=1.78
p=0.411

χχχχ²=2.34
p=0.310

1er tertile
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<9.7m/s
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Pannier B et al, Hypertension, 2005



ROC curves for Cardiovascular
mortality ESRD
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Role des traitements



A Guerin, Circulation, 2001; 103: 987-992

HEMODIALYSE: 
Survie et évolution de la VOP aortique



A Guerin, Circulation, 2001; 103: 987-992

HEMODIALYSE: 
Survie et évolution de la VOP aortique



Pas d’étude d’intervention
disponible pour un end-point 
robuste de morbi-mortalité…

Études à end-point fonctionnels :

�Médicaments vasodilatateurs (anti HTA)
�ICE
�ARA2
�Anticalciques
�BB avec propriétés vasculaires
�Certains diurétiques avec propriétés vasculaires
(indapamide)

�Anti TNFα (dans maladies inflammatoires)
�Essai avec AGE breakers…



ESRD: ROC Curve for CV mortality
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Age; AUC 72±5%

Pulse Pressure; AUC 72±5%

Carotid IMT; AUC 68±6%

LVMInd; AUC 72±5%

Calcification score; AUC 82±4%

Aortic PWV; AUC 82±4%

Calcification score: cut-off 390;sensitivity 83%;specificity69%; PPV41%;NPV94%
Aortic PWV: cut-off 10.75 m/s;sensitivity 84%;specificity 73%;PPV72%; NPV93%

A Guerin, Curr Op Nephrol Hypertens, 2006; 15



Appareils de mesure

Complior®, (Artech medical)

Sphygmocor®(Atcor)

Pulse pen® (DiaTecne)

FCP-4731® (Fukuda Denshi)

bPWV (Colin)

…



Pannier B et al, Am J Hypertens, 2002

Appareils de mesure: reproductibilité



Vitesse de l’onde du pouls
Aortique

� Le meilleur index de rigidité artérielle
� Mesure aisée et automatisée
� Période d’entrainement usuellement brève

� Une homogénéisation de mesure nécessaire
� Un nomogramme indispensable…

� Dépendance à la pression de distension  (PAS, PAM) 
à prendre en compte dans l’analyse pharmacologique

� Une seule étude en faveur d’un bénéfice pronostique
en cas de variation

� De futures études pharmacologiques…(?).
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Couplage coeur vaisseaux: 
les ondes de reflexion

Apport de la tonométrie



Pressure wave
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From M O’Rourke

Incident wave

reflected wave

recorded
pressure 
curve



W W Nichols & M O’Rourke, Mc Donald’s blood flow in arteries, Arnold ed,1998



Impact of SBP, DBP and PP on coronary disease

1.24 (1.16-1.33)***0.040.21PP

1.12 (0.99-1.27)0.060.11DBP

1.17 (1.11-1.24)***0.030.16SBP

Age ≥≥≥≥ 50 ys
1.11 (1.02-1.22)*0.050.11PP

1.11 (0.99-1.24)0.060.10DBP

1.08 (1.02-1.15)*0.030.08SBP

Age : 50-59 ys
1.02 (0.89-1.17)0.070.02PP

1.34 (1.18-1.51)***0.060.29DBP

1.14 (1.06-1.24)**0.040.13SBP

Age<50 years

RELATIVE RISK (95% CI)SDββββ Coefficient

Adjusted on age, gender, BMI, tabagisme, diabetes, HDLchol/Total chol., heart rate 

Franklin SS, Larson MG, Khan SA, et al, Does the relation of blood pressure to coronary heart disease risk change with aging ?The Framingham heart study, Circulation, 2001; 103: 1245-1249.



Clinical Impact of high Pulse Pressure



EUROPEAN CONSENSUS on 
ARTERIAL STIFFNESS

Laurent S, Cockroft J, Van Bortel L, Giannattasio C, Hayoz D, Pannier B, Vlachopoulos C, 
Wilkinson I, Struijker-Boudier H, Expert consensus document on arterial stiffness: 
methodological issues and clinical applications. European Heart Journal. 2006 ;(21):2588-605



WAVE REFLECTION



Sketch to illustrate transmission of the pressure 
pulse at 5 m/s along the arterial system

W W Nichols & M O’Rourke, Mc Donald’s blood flow in arteries, Arnold ed,1998
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W W Nichols & M O’Rourke, Mc Donald’s blood flow in arteries, Arnold ed,1998





Aortic wave
reflection: 

Contribution to 
central Pulse 

Pressure

Systole

HYPERTENSIVE

NORMOTENSIVE 

Reflected wave

Reflected wave

Diastole

Coronary artery
Filling

D’après London G,  Circulation 1992

Telesystolic
pressure peak



A.Guerin et al.,J Hum Hypertens, 1992

Augmentation index: ∆p/ PP, (∆p/ Pi)

Augmentation Index= (∆ p/PP)×100



R.Kelly et al.,Circulation, 1989



Aorta characteristics
150150

100100

5050
(m

m
H

g)
(m

m
H

g)
(m

m
H

g)
(m

m
H

g)
(m

m
H

g)
(m

m
H

g)Age Age 
68 68 yearsyears

Age Age 
54 54 yearsyears

Age Age 
24 24 yearsyears

AscendingAscending aortaaorta

ThoracicThoracic
aortaaorta

AbdominalAbdominal AortaAorta

IliacIliac arteryartery

FemoralFemoral
arteryartery

RenalRenal
arteryartery

W W Nichols & M O’Rourke, Mc Donald’s blood flow in arteries, Arnold ed,1998

150150

100100

5050

150150

100100

5050



Pressure Amplification : 
peripheral P / central P 
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DETERMINANTS 

OF WAVE REFLECTION

AND CENTRAL PULSE PRESSURE



� Left ventricular work (ejection strength and
velocity)

� Functional and structural properties of aorta:
� Stiffness
� Length and geometry (change in diameter)
� Visco elastic properties of aortic wall: absorption 

coefficient of wave energy

� Arteriolar resistance
� Site 
� Degree of vasoconstriction



G London et al., Hypertension, 1992

Determinants of augmentation 
index



young old

Conicity of aorta with aging

Ren.

Bif.



G London et al, Hypertension, 1995



CLINICAL IMPACT OF WAVE 
REFLECTION



DPTI: diastolic pressure-time index

DPTI DPTI

Incident wave

Reflected 
wave
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AIX (10%) 

ACE inhibitor

Diastolic BP (mm Hg)

Aortic PWV (m/s)

Age (year)

Cardiovascular mortality
AIX (10%) 

ACE inhibitor

Aortic PWV (m/s)

Prior CVD 

RR (95% CI) p value

0.00008

0.00277

0.00401

0.00131

0.04786

0.00185

0.00641

0.01689

0.00071

Adjusted proportional hazards RR 

analyses in Hemodialyzed patients

G London et al . Hypertension 

2001.
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square=23.11, p<0.0001

Augmentation Index (AIX) and cardiovascular survival

G London et al. Hypertension, 2001. 



THERAPEUTIC IMPLICATIONS



M O’Rourke, Eur Heart J, 1990



C.H.Chen et al.,hypertension, 1995



B Pannier et al., Clin Exp Pharmacol Physiol, 2001

AUC:
p=0.001 vs baseline, 
p=0.001 vs atenolol

Cross-over: 3x 4 weeks



Reason Study : Augmentation Index (Aorta)

*p value: Fischer test of the ANCOVA, adjusted for age, sex and baseline
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(n=65)
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p=0.002

NS

p<0.001*

R Asmar et al., Hypertension, 2001

52 weeks



Reason Study : Left ventricular mass

R Asmar et al., Hypertension, 2001

52 weeks
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The CAFE investigators; Circulation 2006;113:1213-1225
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The CAFE investigators; Circulation 2006;113:1213-1225
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Total CV Events and Procedures + Total CV Events and Procedures + 
Development of Renal ImpairmentDevelopment of Renal Impairment

CAFE investigators; Circulation 2006

The Conduit Artery Functional Evaluation 
(CAFE) Study in ASCOT

Number at risk
Amlodipine 9639 9166 8808 8455 8118 6965
Atenolol 9618 9115 8692 8259 7872 6710

Atenolol/HCTZ

Amlodipine/perindopril
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Clinical Outcomes in the CAFE Study
Multiple regression (Hazard/10 mm Hg)

1.00-1.221.10.0503.83Peripheral PP

1.00-1.231.11.0483.91Central PP

CIHRPX2Factor

Updated Cox proportional hazard model for the composit e endpoint, 
adjusted for baseline variables (305 events)

CAFE investigators; Circulation 2006



1-Pulse pressure is associated to heart work and arterial stiffness together with 

aortic wave reflection. In hypertensives and elderly, main determinants are 

stiffness and wave reflections

2-Pulse pressure exposes the left ventricle to a double constraint: Increased 

systolic pressure (particularly in late period of contraction) and decrease in 

coronary flow (during diastole) with an unbalance between oxygen supply and 

consumption by myocardium

3- The consequences of this double impact are left ventricular hypertrophy and 

decrease in coronary reserve: with clinical consequences of coronary disease and 

heart failure

4- Central pressure is not reflected by brachial blood pressure,  and all the 

pharmacological anti hypertensives families are not equivalent on central 

pressure.

Take Home messages



APPLANATION TONOMETRY



R.Kelly et al.,Circulation, 1989



PWV Medical, Sydney, Aus

Pulse pen® (DiaTecne)



Rigidité intrinsèque (de 
paroi)

Compliance cross-sectionnelle: ∆D/∆P 
Distensibilité cross-sectionnelle: ∆D/(∆P.D) 

Module élastique: Einc: D.Distensib/IMT



Normal

HypertensionAtherosclerosis
From DD Heistad et al., Hypertension, 1995



Functional properties of the arterial 
tissue in essential hypertension

• increased distensibility (at 
the same level of BP)

• Identical Einc (at the same 
level of wall stress) 

�

Adaptation of mechanical 
properties at elevated 

wall stress
Laurent, Arterioscler Thromb 1994

Ra A

Bussy et al, hypertension 2000

CCA



Carotid artery local  stiffness and all-cause morta lity
in patients with ESRD
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2 D TM RF 
Signal

IMT

Signal averaging 
10-10 000 RF lines

Spatial
resolution

200-400 µm 20-40 µm

Echotracking is 3 to 10 x more precise 
than image based techniques

P Boutouyrie e.al.



Shear stress et vasodilatation 
endothelium dependante



circumferential wall stress:

Mechanical characteristics of  
the   vessels

Cross sectional compliance, distensibility coefficient :

σθσθσθσθ = P x R
h

R

h

σθσθσθσθ
flow (Q)

ττττ = 4 µ Q
ππππ R3

fluid shear stress:

(∆∆∆∆ Diameter/ ∆∆∆∆ Pressure) From P Boutouyrie



Clinical relevance of endothelial
dysfunction

� Coronary heart disease; Acetyl Choline :

� Coronary artery :
� Al Suwaidi et al: Circulation, 2000;101:948 :associated with

cardiovascular events. 

� Schächinger et al : Circulation, 2000 ; 101:899 : associated with
coronary events.

� Forearm :
� Heitzer et al : Circulation, 2000;104:2673 : predictor of cardiovas cular events..

� Chest pain; Forearm Flow mediated vasodilation:
� Neunteufl et al : Am J Cardiol,2000; 86:207 : Prognostic value

� Essential hypertension; Acetyl Choline:
� Perticone et al: Circulation, 2001;104:191 : predictor of cardiovascul ar

complications. 

� ESRD: Forearm Flow mediated vasodilation:
� London GM, et al, Kidney Int, 2004. 65. 700-4: inde pendent predictor of all-

cause and CV mortality
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Wall track system® : 
measurement of flow profiles



15 min 
decubitus

Temperature induced
hyperemia
•diameter
• Flow profilesBaseline

• Diameter
• Flow profiles 

5 min 3 min 5 min20 min

150µg TNT 
sub-lingual

Post TNT
• Diameter
• Flow profiles

Baseline
• Diameter
• Flow profiles

Endothelium dependant
Vasodilatation 

endothelium independent
Vasodilatation 

3 min

Duration 65 minutes

3+2 min 30 min

32°

44°

38°

42°

Temperature induced hyperemia

P Boutouyrie e.al.



Endothelium dependent 
vasodilation

F Verbeke et al



Conclusions: les  gros 
vaisseaux

� Totalement impliqués dans l’hémodynamique 

cardiovasculaire (physiologie et physiopathologie)

� Fonction conduit et amortissement  mettant en jeu 

rigidité segmentaire et locale, et ondes de reflexion

� Un impact pour  la thérapeutique encore sous estimé


