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“A man is as old as his arteries”
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μ.Χ.
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ΑρτηριακήΑρτηριακή
 

σκληρίασκληρία



Systole
LV

Propagation along
the arterial

 
tree

Blood = incompressible fluid
Artery

 
= elastic

 
conduit }

Left ventricular ejection generates a pulse wave which will propLeft ventricular ejection generates a pulse wave which will propagate alongagate along
the arterial walls at certain speedthe arterial walls at certain speed

The propagation velocity is determined by:The propagation velocity is determined by:

The elastic and geometric properties of the arterial wallThe elastic and geometric properties of the arterial wall
The characteristics of the arterial wall structureThe characteristics of the arterial wall structure

ΑρτηριακήΑρτηριακή
 

σκληρίασκληρία
 

––
 

θεωρητικήθεωρητική
 βάσηβάση



distensible aorta

+ =

stiff aorta

+ =

Arterial Stiffness and Wave Reflections

Vlachopoulos C, O’Rourke MF. Curr Probl Cardiol 2000

ΑρτηριακήΑρτηριακή
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 βάσηβάση



stiff aorta

+ =

Vlachopoulos C, O’Rourke MF. Curr Probl Cardiol 2000



 

PP & 
cyclical 
stress

Further 
vessel wall 
damage 
and 

 elasticity

Arterial Stiffness and Wave Reflections

ΑρτηριακήΑρτηριακή
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––
 

θεωρητικήθεωρητική
 βάσηβάση



Υπέρταση
 

-
 

Παθοφυσιολογία

VlachopoulosVlachopoulos, , ΟΟ’’Rourke. Curr Hypertens Rep 2000;2:271Rourke. Curr Hypertens Rep 2000;2:271--99

Ηλικία

ΑυξημένεςΑυξημένες
 

περιφερικέςπεριφερικές
 

αντιστάσειςαντιστάσεις

ΑυξημένηΑυξημένη
 

σκληρότητασκληρότητα
 

τωντων
 

μεγάλωνμεγάλων
 

αρτηριώναρτηριών



ΓενετικήΓενετική
 

βάσηβάση
 

αρτηριακήςαρτηριακής
 

σκληρίαςσκληρίας

Durier S, et al. Circulation 2003

∆ιαφορετική
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ελαστικές
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Arterial Stiffness and Arterial Stiffness and 
wave reflectionswave reflections

CADCAD

DiabetesDiabetes

HeredityHeredity

SmokingSmoking

HypertensionHypertension

HypercholesterolemiaHypercholesterolemia

ObesityObesity
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εκτίμησης
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Consensus:Consensus:

PWV is the gold standard measurement of arterial stiffnessPWV is the gold standard measurement of arterial stiffness
 

since:since:



 

It is an independent predictor of CV morbidity and mortality in It is an independent predictor of CV morbidity and mortality in 
various populationsvarious populations



 

It is a simple and reproducible method to determine arterial stiIt is a simple and reproducible method to determine arterial stiffnessffness

Aortic stiffness –
 

Why PWV ?Aortic stiffness Aortic stiffness ––
 

Why PWV ?Why PWV ?

Eur Heart J 2006;27:2588Eur Heart J 2006;27:2588--26052605



πιεσοϋποδοχέαςπιεσοϋποδοχέας

B

A
πιεσοϋποδοχέας

Μέτρηση
 

καρωτιδομηριαίας
 

ταχύτητας
 

σφυγμικού
 

κύματοςΜέτρησηΜέτρηση
 

καρωτιδομηριαίαςκαρωτιδομηριαίας
 

ταχύτηταςταχύτητας
 

σφυγμικούσφυγμικού
 

κύματοςκύματος

ΤαχύτηταΤαχύτητα
 

σφυγμικούσφυγμικού
 

κύματοςκύματος

L (m)

time (sec)
PWV =



 

ΕύκοληΕύκολη
 

στηστη
 

χρήσηχρήση



 

ΑναπαραγώγιμηΑναπαραγώγιμη



 

ΣχετικάΣχετικά
 

οικονομικήοικονομική



Author, year Population-
Sample size Age (y) Follow-up 

duration Events

Blacher 1999 ESRD (N=241) 51.5±16.3 6 y Deaths and CV deaths

Laurent 2001 Hypertension= (N=1,980) 50±13 9.3 y Deaths and CV deaths

Meaume 2001 Subjects >70 y (N=141) 87.1±6.6 2.5 y Deaths and CV deaths

Shoji 2001 ESRD (N=265) 55.4±10.5 5.3 y Deaths and CV deaths

Boutouyrie 2002 Hypertension (N=1,045) 51±12 5.7 y Coronary and CV events

Cruickshank 2002 Diabetes (N=394) 60±10 10.7 y Deaths

Blacher 2003 ESRD (N=242) 52±16 6.5 y Deaths and CV deaths

Laurent 2003 Hypertension (N=1,715) 51±13 7.9 y Deaths, CV deaths and stroke 
deaths

Pannier 2005 ESRD (N=305) 53.1±16.2 5.8 y CV deaths
Shokawa 2005 Ethnic minority (N=492) 63.7±8.8 10 y Deaths and CV deaths

Sutton-Tyrrell 2005 Community based old adults 
(N=2,488) 73.7±2.9 4.6 y Deaths, CV deaths and CV 

events

Mattace-Raso 2006 Community based adults  
(N=2,835) 71.7±6.7 4-9 y Deaths and CV deaths

Willum-Hansen 2006 General population (N=1,678) 40-70 y 9.4 y Deaths, CV deaths and CV 
events

Choi 2007 chest pain patients  (N=497) 57.7±10.1 2.6 y Deaths, CV deaths and CV 
events

Zoungas 2007 ESRD (N=207) 55±13 3.6 y CV deaths and CV events
Terai  2008 Hypertension (N=676) 62±12 4.8 y Deaths and CV events

Anderson  2009 Non-diabetic general population 
(N=174) 60±10 19.6 y Deaths and CV events

ΑορτικήΑορτική
 

σκληρίασκληρία
 

––
 

προγνωστικήπρογνωστική
 αξίααξία



ΒελτίωσηΒελτίωση
 

τηςτης
 

αρτηριακήςαρτηριακής
 

σκλσκλ$$ηρότηταςηρότητας
 

/ / ΣκοπόςΣκοπόςArterial stiffness & prognosisArterial stiffness & prognosis
 

/ / ESRDESRD

Blacher J, et al.

 

Circulation 1999
Circulation 1998

N=241 pts ESRD/HD, aged 5216 yrs.
Follow-up 7241 mo

OR, all-cause mortality=5.4

PWV 
 

1m/s  all-cause mortality 
 

39%

P<0.0001

London GM, et al.

 

Hypertension 2001;38:434

N=180 pts ESRD/HD, aged 5416 yrs. 
Measurements: PWV (Doppler), 

AIX  (applanation tonometry CA)
Follow-up 5236 mo. 

WAVE REFLECTIONSPWV



1.51

Laurent S, et al.

 

Hypertension 2001;37:1236

Arterial stiffness & prognosisArterial stiffness & prognosis
 

/ / HypertensionHypertension



N=56 pts, CAD undergoing cath, mean age 54 yrs, LVEF 45%, Average 
follow-up: 3 yrs.
Endpoints:CHD events (unstable angina, AMI).

Arterial stiffness & prognosisArterial stiffness & prognosis
 

/ / CAD +/CAD +/--
 

LV dysfunctionLV dysfunction

Stefanadis C et al. Eur Heart J 2000;21:390-6 
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Arterial stiffness & prognosisArterial stiffness & prognosis
 

/ / General population General population ––
 

elderlyelderly

Maume S, et al. ATVB 2001

PWV 
 

1m/s  all-cause mortality 
 

19%

Sutton-Tyrrell K, et al. Circulation 2005

Relative Risk: 1.7



Aortic PWVAortic PWV
 

as predictor of eventsas predictor of events

Vlachopoulos C / Aznaouridis K, and Stefanadis C. JACC 2010 (in press)

12,373 pts / mean FU 7.3 yrs

Relative Risk: 2.23 / 2.19 / 2.08



Aortic PWVAortic PWV
 

as predictor of eventsas predictor of events

Vlachopoulos C / Aznaouridis K, and Stefanadis C. JACC 2010 (in press)

12,373 pts / mean FU 7.3 yrs

For 1 m/sec increase in PWV increase in RR: 11%



ΠαρακολούθησηΠαρακολούθηση
 

τηςτης
 ανταπόκρισηςανταπόκρισης

 
στηστη θεραπείαθεραπεία

Μεταβάλλεται
 

η
 

αορτική
 

σκληρία
 

με
 

τη
 

θεραπεία
 και

 
η

 
μεταβολή

 
αυτή

 
επηρεάζει

 
την

 
πρόγνωση;



Young healthy adults

Effect controlled for BP

Larger effect on blacks

Wildman R, et al.  Hypertension 2005

Weight Loss and Arterial StiffnessWeight Loss and Arterial Stiffness



ΑπώλειαΑπώλεια
 

βάρουςβάρους

Η
 

απώλεια
 

βάρους
 

μετά
 

από
 

εγχείρηση
 γαστρικού

 
bypass συνοδεύτηκε

 
από

 
βελτίωση

 των
 

ελαστικών
 

ιδιοτήτων
 

των
 

αρτηριών

J Hypertens 2007



Vlachopoulos C et al. Am J Hypertens 2005

100 mg dark chocolate, 74% in cocoa
acute study

 

in healthy subjects
no consumption

low consumption

high consumption

no consumption

low consumption

high consumption

no consumption

low consumption

high consumption

Vlachopoulos C, et al. Am J Cardiol 2007

Dark Chocolate and Arterial StiffnessDark Chocolate and Arterial Stiffness
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λειτουργικότηταλειτουργικότητα
 

τωντων
 

αρτηριώναρτηριών



ΛειτουργικότηταΛειτουργικότητα
 

τωντων
 

αρτηριώναρτηριών

2009 
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ESRD pts: Despite similar reduction in MBP, only those who 
survived reduced aortic pulse wave velocity

Guerin AP, et al.

 

Circulation 2001;103:987-992

Prognostic role of PWV Prognostic role of PWV ––
 

changes with therapychanges with therapy

http://circ.ahajournals.org/content/vol103/issue7/images/large/hc0715047003.jpeg




2007
 

ESH/ESC Guidelines for the management of hypertension

ΥποκλινικήΥποκλινική
 

βλάβηβλάβη
 

οργάνωνοργάνων--στόχωνστόχων



PWV:PWV:
 

ΦυσιολογικέςΦυσιολογικές
 

τιμέςτιμές;;

Reference values for Arterial Stiffness 
Collaboration

13 European Centers
24,484 (total)/ 11,092 (PWV) subjects



Reference values for Arterial Stiffness Collaboration
 

Project (under revision)

PWV:PWV:
 

ΦυσιολογικέςΦυσιολογικές
 

τιμέςτιμές;;
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Central Pressures and IndicesCentral Pressures and Indices

July 2007



 amplification

ΚεντρικέςΚεντρικές
 

πιέσειςπιέσεις
 

––
 

θεωρητικόθεωρητικό
 υπόβαθρουπόβαθρο


 

peripheral BP may 
overestimate central SP and PP, 
especially in young subjects





 

Aortic systolic BP=LV systolic P
reflects LV afterload



 

Aortic diastolic BP throughout diastole

determines coronary filling



 

Elastic-type arteries (aorta-carotids)
degenerate with aging and hypertension

Central BPs are physiologically more relevant 
than peripheral BPs to the pathogenesis of CV 
disease

CBPs: theoretical basisCBPs: theoretical basis



ΜέτρησηΜέτρηση
 

κεντρικώνκεντρικών
 

πιέσεωνπιέσεων

Bone

Artery

Sensor 
Sensor 

Bone

Artery

Sphygmocor



ΟιΟι κεντρικέςκεντρικές
 

πιέσειςπιέσεις
 

ωςως
 

δείκτεςδείκτες
 νόσουνόσου

Cross-sectional and longitudinal studies
First author Year, country Population Design Parameter End-point

Saba*† 1993, USA Normotensives Cross-sectional Carotid AIx LVMI, carotid thickness

Boutouyrie*† 1999, France Hypertensives Cross-sectional Carotid PP Carotid thickness

Boutouyrie*† 2000, France Hypertensives Longitudinal (9-month 
FU)

Carotid PP Carotid IMT reduction with 
treatment

Roman 2000, USA Normotensives, 
Hypertensives

Cross-sectional Carotid systolic BP Relative LV wall thickness

Waddell*† 2001, Australia CAD Cross-sectional Carotid BP Extent of CAD

Nishijima* 2001, Japan Suspected CAD Cross-sectional Aortic fractional PP Incident CAD

Nurnberger 2002, Germany Healthy + CVD Cross-sectional Carotid AIx CV risk scores

Philippe* 2002, France CAD Cross-sectional Aortic PP Extent of CAD

Hayashi* 2002, Japan Suspected CAD Cross-sectional Aortic AIx Incident CAD

De Luca

 

† 2004, REASON study Hypertensives Longitudinal (1-year FU) Carotid PP LVMI reduction

Weber 2004, Austria Suspected CAD Cross-sectional Aortic AP, AIx Incident CAD

Jankowski* 2004, Poland CAD Cross-sectional Aortic BP Extent of CAD

Danchin* 2004, France Suspected CAD Cross-sectional Aortic PP Incidence and extent of CAD

Booth 2004, UK Systemic 
vasculitis

Cross-sectional Aortic AIx Disease activity

Roman 2007, USA High-risk pts Cross-sectional Aortic PP Carotid IMT and mass

Hashimoto

 

† 2007, Japan Hypertensives Longitudinal (1-year FU) Aortic AIx LVMI reduction with treatment

Dart 2007, Australia Eledrly 
hypertensives

Longitudinal (4-year FU) Carotid/Brachial BP BP with treatment

Jiang 2007, China Hypertensives Longitudinal (2-mo FU) Central SP BP with treatment

* Measured invasively Incremental value



Author, year Population-
Sample size Age (y) Follow-up duration 

(longitudinal studies) Events Index

Lu  2001* Stable CAD /angioplasty (N=87) 72.5±5.1 6.1±4.1m Restenosis Aortic PP, PPf and PI

London  2001 ESRD (N=180) 54±16 52±36m Deaths  and CV deaths Carotid AIx
Safar 2002 ESRD

(N=180)
54±16 52±36m Deaths and CV deaths carotid SBP, PP, 

brachial-carotid PP 
amplification

Ueda 2004* CAD /  angioplasty
(N=103)

62±9 6m Restenosis Aortic AIx,
Aortic inflection time

Chirinos 2005* CAD or  non-obstructive coronary 
atherosclerosis (N=297)

63.8±10.3 40±14m Deaths and CV events Aortic PP,
AP, AIx

Weber 2005 CAD /  angioplasty
(N=262)

65±10 24m Deaths and CV events HR- corrected aortic 
AIx

Dart 2006 elderly  female hypertensives
(N=484)

72±5 49m (median) CV events carotid SBP, PP
AIx

Covic 2006 ESRD (N=92) 42.6±11.2 61±25m Deaths HR- corrected aortic 
AIx

Roman 2007 American Indians free of CVD 
(N=2,403)

63.5±7.5 58±16m Deaths, CV deaths and CV 
events

Aortic SBP, PP

Jankowski  2008* Subjects undergoing non- 
emergency coronary angiography 

(N=1,109)

52.7±19.2 52.7±19.2m Deaths, CV deaths and CV 
events

Aortic PP
PPf

Pini 2008 Community-dwelling individuals 

 
65 y (N=398)

73±6 94±24m Deaths, CV deaths and CV 
events

Aortic SBP, PP, AIx

Wang 2009 Unselected chinese community 30- 
74 y (N=1272)

51±12 120m All cause deaths, CV 
deaths, LVMI, IMT, eGFR

Aortic SBP, PP, AIx

* Measured invasively Incremental valueNegative value

ΚεντρικέςΚεντρικές
 

πιέσειςπιέσεις
 

καικαι
 πρόγνωσηπρόγνωση



CBPs/indicesCBPs/indices
 

as predictors of eventsas predictors of events

Vlachopoulos C / Aznaouridis K, et al. Eur Heart J 2010

5,648 pts / mean FU 45 months

For 10% increase in AIx increase in RR: 38%
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ASCOT endpointsASCOT endpoints

The area of the yellow square is proportional to the amount of statistical information

Amlodipine 
 

perindopril better Atenolol 
 

thiazide better
0.50 0.70 1.00 1.45

PrimaryPrimary

 
Non-fatal MI (incl silent) + fatal CHD

Secondary

 
Non-fatal MI (exc. Silent) +fatal CHD
Total coronary end point

 
Total CV event and procedures

 
All-cause mortality

 
Cardiovascular mortality

 
Fatal and non-fatal stroke

 
Fatal and non-fatal heart failure

Tertiary

 
Silent MI
Unstable angina

 
Chronic stable angina

 
Peripheral arterial disease

 
Life-threatening arrhythmias

 
New-onset diabetes mellitus

 
New-onset renal impairment

Post hoc
Primary end point+coronary revasc procs
CV death + MI + stroke

2.00

ΣΚ

 

(95% CI)
0.90 (0.79-1.02)

0.87 (0.76-1.00)
0.87 (0.79-0.96)
0.84 (0.78-0.90)
0.89 (0.81-0.99)
0.76 (0.65-0.90)
0.77 (0.66-0.89)
0.84 (0.66-1.05)

1.27 (0.80-2.00)
0.68 (0.51-0.92)
0.98 (0.81-1.19)
0.65 (0.52-0.81)
1.07 (0.62-1.85)
0.70 (0.63-.078)
0.85 (0.75-0.97)

0.86 (0.77-0.96)
0.84 (0.76-0.92)



CAFÉ
 

Study

ΠαρακολούθησηΠαρακολούθηση
 

τηςτης
 ανταπόκρισηςανταπόκρισης

 
στηστη θεραπείαθεραπεία

Williams B, et al. Circulation 2006

•
 

BP-lowering drugs can have substantially different effects on central 
aortic pressures and hemodynamics despite a similar impact on brachial 
BP

• Central aortic pressure is an independent determinant of outcome

• Central aortic pressure may comprise a treatment target



CAFÉ
 

Study

Williams B, et al. Circulation 2006

ΠαρακολούθησηΠαρακολούθηση
 

τηςτης
 ανταπόκρισηςανταπόκρισης

 
στηστη θεραπείαθεραπεία

Peripheral

Central



ΚεντρικέςΚεντρικές
 

πιέσειςπιέσεις
 

––
 

ανακλώμεναανακλώμενα
 κύματακύματα: : φυσιολογικέςφυσιολογικές

 
τιμέςτιμές

Need for reference values/cut-offs

Published:

ACCT 2005

EPOGH 2006

Ongoing:

European Network on Large Artery Investigation

NIA

Framingham



CBPs: Where do we stand today?CBPs: Where do we stand today?

“ Though a wider use of PWV 
and AIx measurements may 
add further precision to the 
assessment of arterial damage, 
the availability of these 
techniques is largely limited to 
research centres.”



CBPs: Where do we stand today?CBPs: Where do we stand today?

July 2007



Arterial StiffnessArterial Stiffness: clinical tool or research toy?: clinical tool or research toy?

Kullo and Malik. JACC 2007



Stiffness in clinical practiceStiffness in clinical practice



 

2007
 

ESH/ESC Guidelines for the management of hypertension



Stiffness in clinical practiceStiffness in clinical practice



 

2007
 

ESH/ESC Guidelines for the management of hypertension
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