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Theoretical and practical 
questions in the evaluation of 

arterial function



WHY DO WE HAVE TO 
EVALUATE THE ARTERIAL 

FUNCTION?



LIMITATIONS OF CV RISK SCORING

?



Limitations of traditional risk scores
(SCORE, Framingham)

 They do not consider several established risk factors (obesity, 
diabetes, history of premature CHD in first degree relatives, lack of regular 
physical exercise, psychosocial factors, etc.)

 They are mainly focused on fatal and non-fatal CHD, however 
ischemic stroke is also a major cause of deaths and disability

 They do not consider the ethnicity

 More than 80% of the global CVD burden is in low-income 
and middle-income countries where the value of risk factors 
has not yet been established

Simon, A. and Levenson, J.: 
May subclinical arterial disease help to better detect and treat high-risk asymptomatic individuals?
J Hypertens 2005, 23: 1939-1945



„….although traditional risk factors may account for 90% 
of the attributable cardiovascular risk, their prediction of 
CVD is weak probably because the susceptibility to CVD 
varies greatly among individuals.”

„The detection of high CVD risk based on traditional risk 

factors alone probably fails to diagnose a number of 
high-risk conditions and therefore measurement of new 
potential risk factors has been proposed to improve the 
detection of high-risk asymptomatic subjects.”

Simon, A. and Levenson, J.: 
May subclinical arterial disease help to better detect and treat high-risk asymptomatic individuals?                   
J Hypertens 2005, 23: 1939-1945



……studies clearly demonstrate that PWV
and the augmentation index are

associated with the structural changes of 
atherosclerosis”

Davies, J.I., Struthers, A.D.: 
J Hypertens 21:463-472; 2003

„….vascular stiffness precedes 

atherosclerosis and is a risk factor for 
atherosclerosis.



Relation between classical CV risk factors 
and arterial stiffness

Peter M. Nilsson, Pierre Boutouyrie, Stéphane Laurent 

Hypertension. 2009;54:3-10



Additive predictive value of arterial stiffness

Boutouyrie et al: „Aortic Stiffness and Coronary Heart Disease” Hypertension. 2002;39:10-15.



Additive predictive value of arterial stiffness



Aix, SBPao and PWVao; 
independent predictors of CV 

morbidity and mortality



Hypertension 2001;38:434

Relation between Aix and CV survival





Relation between Aix
and CV events in CHD

Corrected 
Relative risk

Variables 
in the model

Age, height, drugs, 
MAP, HR, EF, diabetes, 

smoking, CRP, CHF, 
severity of CHD

Aix
(10% increase)

1,28
(1,09-1,50)

N = 297 CHD, 1182 days follow-up, 
Hypertension 2005;45:980

Aix is a strong and independent risk factor
of adverse cardiovascular outcomes !



Central (aortic) SBP



Increased PWV predicts 
CV mortality (ESRD)

N = 305, 70 months follow up, Hypertension 2005;45:596





Aortic PWV predicts
cardiovascular outcomes 

above and beyond 
traditional risk factors, 

including 24h MAP (ABPM)
Circulation, 2006 Feb 7; 113(5):664-70

STUDY (Denmark):
1678 patients, between 40-70 years, 
9,4 years follow-up
endpoints: CV mortality, fatal and non-fatal CHD



Circulation. 2006;113:664-670



Conclusions - Aortic pulse wave velocity is an independent predictor 

of coronary heart disease and stroke in apparently healthy subjects.

(Circulation, 2006;113:657-663)











WE DID NOT HAVE A SIMPLE, FAST,
USER IDEPENDENT, RELIABLE 

NON-INVASIVE METHOD, WHICH COULD BE 
SUITABLE FOR 

THE EVERYDAY CLINICAL PRACTICE
TO MEASURE Aix, SBPao, PWVao

BECAUSE THE AVAILABLE METHODS ARE

• DIFFICULT, 
• INCONVENIENT, 
• EXPENSIVE, 
• REQUIRE PROPERLY TRAINED STAFF



PWVcf measurement with ECG gated 
pulsed wave Doppler



Late systolic wave 
can not be recognized

Applanation tonometry
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The cuff 
can be 
used as a 
sensitive  
pressure 
sensor…

…if a very high-fidelity oscillometric 
tonometer is applied to receive the weak  
suprasystolic signals from the cuff

ONLY 3 MINUTES EXAMINATION TIME

PWVao, Aix, central (SBPao)    
and peripheral BP 

ARTERIAL FUNCTION (STIFFNESS) EVALUATION 
WITH OSCILLOMETRIC OCCLUSIVE METHOD



1. AUGMENTATION INDEX (Aix)
WHICH REFLECTS TO THE TPR AND ENDOTHEL FUNCTION

2. AORTIC PULSE WAVE VELOCITY (PWVao)
WHICH REFLECTS TO THE STIFFNESS OF THE AORTIC WALL

3. SAI, DAI AND DRA
BY MEASURING THE SYSTOLIC AND DIASTOLIC AREA INDEX AND 
DIASTOLIC REFLECTION AREA THE LEFT CORONARY FILLING 
CONDITION CAN BE ASSESSED

4. SYSTOLIC/DIASTOLIC BP AND HR

5. CENTRAL (AORTIC) SBP

ARTERIOGRAPH MEASURED 
PARAMETERS DESCRIBING 

ARTERIAL FUNCTION



Normal Aix
PWVao and 

SBPao

P2

P1

PP

Augmentation index (Aix)  = (P2 – P1 / PP) x 100

Ejection Duration

Low peripheral 
arterial resistance



Abnormal Aix
PWVao and 

SBPao
P2

P1

PP

Ejection Duration

Augmentation index (Aix)  = (P2 – P1 / PP) x 100

High peripheral 
arterial 

resistance



IS THIS NEW 
OSCILLOMETRIC METHOD 

(ARTERIOGRAPH)

USEFUL FOR SCREENING

PRECLINICAL MACROVASCULAR 
ATHEROSCLEROSIS?



Patients’ characteristics (n = 643)
Mean SD Min Max

Age (ys) 57,2 11,2 20 86

SBP (mmHg) 134,1 17,6 97,0 226,0

DBP (mmHg) 81,6 9,9 53,0 121,0

HR (beat/min) 71,9 10,7 43 115

BMI 27,1 4,3 17,5 44,1

Total chol. (mmol/l) 5,6 1,2 2,0 10,7

Smoker (%) 16,2

PWVao (m/s) 10,0 2,2 5,6 17,1

Carotis positive  (%) 319 (49,6)

Carotis negative (%) 324 (50,4)



Carotis protocol

Both extracranial carotis systems were screened completely. 
The results were considered to be positive 
for asymptomatic atherosclerosis if

– > 1 mm echogenic (calcificated) plaque was seen

and/or

– > 1,3 mm IMT was measured



 A new, validated, oscillometric, user independent device 
(Arteriograph)  was used, which can perform a complete arterial 
function analysis within 3 minutes with a single upper arm cuff. 

 The measurements were independent from the user

 The patients had at least 10 minutes rest before the examination

 Caffeine intake, smoking was not allowed 3 hours before of the 
measurement

 Alcohol intake was not allowed 10 hours before of the examination

 Patients with arrhythmia and nitrate use were excluded

Arterial stiffness (PWVao) protocol
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The optimal threshold of 
PWVao proved to be 9,62 m/s
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Results
Asymptomatic Population

Sensitivity (%) 76,5 68,1 84,9
Specificity (%) 64,5 79,7 55,5
P. pred. value (%) 68,0 73,6 65,2
N. pred. value (%) 73,6 68,5 78,9
Relative Risk* 2,6 2,4 3,1
Odds ratio** 6,0 6,8 7,0

Overall Male Female

*Relative Risk shows that among patients with high (>9,62 m/s) PWVao, how many times more probable   
the disease (e.g. carotis atherosclerosis) than with low PWVao subjects 

**Odds ratio shows that how many times higher the chance to diagnose the disease (e.g. carotis 
atherosclerosis) properly, than improperly

The prevalence of carotid atherosclerosis was 49% in the studied population



Elevated PWV = high CV risk !!!

Enalapril, Hydrochlorothiazide

Low CV risk, according to SCORE 

stratification



Examination:
– Carotid Ultrasound – positive (plaque)

Conclusion:

– By screening an apparently healthy subject 
with Arteriograph asymptomatic arterial 
disease could be detected

– Further examination (carotid US) may confirm 
the diagnosis 

– Active therapy and patient follow-up is 
mandatory to prevent MACE



Bisoprolol

Abnormal Aix, increased peripheral 

vasoconstriction, high central blood 

pressure, increased after-load

Use a β-blocker, with vasodilation effect !!!

β-blocker as antihypertensive drug



Quinapril, Nebivolol, Atorvastatin, Acetylsalicylic Acidβ-blocker with vasodilation effect

Lower Aix, reduced after-load,  

normal central blood pressure !!!

The same subject with modified therapy



TO SCREEN FOR EARLY ATHEROSCLEROSIS AMONG 
ASYMPTOMATIC, APPARENTLY „HEALTHY” SUBJECTS  

FOR IMPROVING CV RISK ASSESSMENT

AND

TO ASSESS THE EFFECT OF THE THERAPY ON 
VASCULAR FUNCTION AMONG PATIENTS WHERE 

ATHEROSCLEROSIS HAS BEEN ESTABLISHED
(CAD, POST MI, STROKE, PAD)

THE METHOD CAN NOT BE USED FOR DETECTING 
LOCAL STENOSIS IN A CERTAIN ARTERY !

INDICATIONS OF MEASURING 
ARTERIAL FUNCTION



The genesis of atherosclerosis

DECADES

ENDOTHEL 
DYSFUNCTION

VASCULAR 
DYSFUNCTION

HYPERTENSION STROKE,
MI, PAD

SUNRISE SUNSET

ATHERO-
SCLEROSIS 

REVERSIBLE IRREVERSIBLE ?
(CAMELOT, REVERSAL, 
ASTEROID)

AIX PWV





THANKS FOR YOUR 
ATTENTION !




