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Introduction 

Arterial compliance is one of the major indices char-
acterizing the arterial stiffness. Changes of arterial compli-
ance indicate degradation of arterial function and associate 
primarily with increased pulse pressure and heart defi-
ciency. 

Several techniques for the non-invasive compliance 
estimation and vessel segmentation are proposed by differ-
ent researchers [3], [6], [1]. Some give information on sys-
temic arterial compliance, while the others – on local com-
pliance of the vessel being studied. 

Most studies apply linear Windkessel model with 
lumped parameters. The main drawback of the linear mod-
els is assumption of constant arterial compliance. 

C. Lu [4] has modified Windkessel model by adding 
a nonlinear capacitor and suggested a non-invasive tech-
nique for the evaluation of pressure-dependent nonlinear 
arterial compliance. Significant shortage of the proposed 
technique is rather approximate indirect evaluation of car-
diac output.  

Actual task is development of techniques, able dis-
ease early stage detection. Supposedly, for this purpose 
more valuable is information on local compliance.  

Direct real time ultrasound measurements of local ar-
terial radius, intima-media (I-M) thickness and blood ve-
locity allow to increase the plausibility of arterial compli-
ance investigations [5].  

The artery compliance depends mainly on the artery 
wall material characteristic and I-M thickness. Therefore 
the estimation of thickness of artery wall and investigation 
its correlation with nonlinear compliance gives a new ap-
proach for disease early stage detection. 

The aim of this study is to evaluate the nonlinear arte-
rial local compliance, employing modern high resolution 
ultrasound visualisation technology.  

Method of the investigation  

Non-invasive ultrasound and sphygmomanometer 
techniques were employed to obtain input parameters for 

the suggested model (Fig. 1). Using local artery internal 
radius, blood velocity and pressure measurements we de-
rive pressure-dependent compliance. A two-element non-
linear Windkessel model was used (Fig. 2). 

 
Fig. 1. Structural representation of the proposed compliance es-
timation technique 

Arterial compliance is represented by a capacitor 
(CP), peripheral resistance - by a resistor (RS).  

 

 
Fig. 2. The non-linear electrical analogy model of artery 

The relationship between pressure dependent compli-
ance and blood pressure P is given by [4] 

)())(( tPb
P eatPC ⋅−⋅= ,   (1) 

where a and b are two parameters that determines the na-
ture of nonlinearity. Peripheral resistance is defined as a 
ratio of mean blood pressure and mean blood flow rate 
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In diastole, when no blood is injected into the arterial 
system (Q(t)=0) model (Fig. 2) differential equation, using 
the relationship (1), takes the following non-linear form 
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Proposed non-linear artery compliance estimation 
methodology is validated comparing pressure-dependent 
and constant compliances. Classical linear Windkessel 
model is employed for the calculation of the constant com-
pliance 
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where PD and PS is the diastolic and systolic pressure, re-
spectively, and tD – is the diastolic period. 

Ultrasound estimation of artery internal radius 
changes gives an opportunity to define mean arterial com-
pliance directly as absolute artery cross-section area 
change ΔA for a given pressure step ΔP [1] 
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where Δr is the artery radius change. 

Model input data acquisition  

Non-invasive high resolution ultrasound technique 
was used to acquire model input parameters - r(t), Δr, v(t). 
Using the M-mode ultrasound artery images (Fig. 3) artery 
internal radius time function r(t) was calculated from the 
estimated blood intima boundaries. For the proposed 
model we assumed that near and far wall radius time 
changes are symmetric.  

For the processing of ultrasound images original 
semi-automatic algorithm was proposed and realized using 
MATLAB. Main algorithm steps are shown below 
1. Reading of DICOM ultrasound images – 

njmifF ij ,1,,1),( === . 
2. Manual selection of initial points belonging to the intima 
and media layer – 

)1,1(),1,1( npmofnlmkf opkl ≤≤≤≤≤≤≤≤ . 

 
Fig. 3. Example of acquired Carotis communis M-mode ultra-
sound image with detected blood-intima and media-adventitia 
boundaries 

3. Detection of the points with maximum intensity in inti-
ma and media. 
4. Intima-media and media-adventitia boundaries detection 
based on finite differences among pixels. 
5. Mean value estimation using sixth order digital filter – 
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6. Detection of intima-media thickness – ][][][ iViZiI −= . 
Ultrasound CW Doppler sonogram (Fig. 4) was used 

for the calculation of blood velocity and flow rate. Pixel 
intensity is proportional to the corresponding harmonic of 
Doppler signal spectrum. Thus the mean blood velocity 
during the cardiac cycle tc 
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where )(tv  and I(t,k) are mean instantaneous values of 
blood velocity and k pixel intensity at the time t respective-
ly, m – number of pixels in vertical direction. 

Blood flow rate can be defined as follows 
2rVSVQ ⋅⋅=⋅= π ,    (7) 

where r  – is mean internal radius of artery. 
 

 
Fig. 4. Example of measured Carotis communis doppler D-mode 
sonogram 

 
Fig. 5. Example of measured artery mean blood velocity (a) and 
radius (b) time functions 

Pressure-dependent compliance estimation 

With sphygmomanometer measured systolic PS and 
diastolic PD blood pressures and measured duration of car-
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diac cycle were used for the calibration of typical blood 
pressure time function (6) (Fig. 6). 

 
Fig. 6. Typical blood pressure time function  

Pressure dependent compliance CP is estimated from 
the equation (3). The equation can be written in the follow-
ing digital form 

0)()]()1([)( =⋅+−+⋅⋅ ⋅− nPTnPnPeaR nPb
S ,   (8) 

where T is the sampling period, t=nT, n=1…N, N - the 
length of the digitized pressure function.  

The aim of digital equation (8) solution is to define 
parameters a and b, characterizing the nature of com-
pliance non-linearity. We can write the following set (N-1) 
of equations for the whole blood pressure time function: 

0)1()]1()2([)1( =⋅+−⋅⋅ ⋅− PTPPeaR Pb
S ,   (9) 

0)2()]2()3([)2( =⋅+−⋅⋅ ⋅− PTPPeaR Pb
S ,   (10) 

… 

0)1()]1()([)( =−⋅+−−⋅⋅ ⋅− NPTNPNPeaR NPb
S . (11) 

To estimate parameters a and b blood pressure curve 
fitting technique is realizable employing least mean root 
square method. Studies have shown that parameter a val-

ues ranges from 0 to 5 and parameter b – from 0 to 0.03 
[2]. MATLAB algorithm was created to find optimal a and 
b values, i.e. the values, which makes the following error 
expression least 
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Experimental investigation 

Experimental investigation of pathological carotis 
communis artery with diagnose arteriosclerosis and hyper-
tension was performed in Clinic of cardiology of Kaunas 
university hospital. All ultrasound M and D images were 
acquired in vivo using a commercial GE Vingmed ultra-
sound system, equipped with high-resolution 10 MHz 
transducer. Artery wall images and blood velocity sono-
grams were observed for all 5 volunteers during earlier 
routine medical examinations. Volunteers were asked to lie 
down and after 5min., their left and right common carotid 
arteries were analyzed at locations about 2 cm proximal to 
the bifurcation. Sphygmomanometer systolic and diastolic 
blood pressures were measured simultaneously. 

The internal radius of artery and I-M thickness were 
detected from M-mode ultrasound image (Fig. 3) using 
above described original semi-automatic algorithm. Blood 
flow rate was calculated from doppler sonogram (Fig. 4) 
using formulas (6), (7). Values of classical constant vol-
ume and area compliances were assessed using formulas 
(4), (5) and measurement data.  

All investigation results are summarized in the table. 
Fig. 7 shows pressure-dependent compliances for all five 
volunteers. 

Pressure dependent compliance at mean pressure is 
compared to classical constant volume compliance. Fre-
quently in clinical practice used I-M thickness is also pre-
sented. I-M thickness gives the initial idea of the artery 
lesion state.  

 
Table 1. Experimental investigation results 

 
Pa- 
tient 

 
No 

Internal 
radius 

r 
mm 

Internal 
radius 
change 

Δr 
mm 

Intima-
media 

thickness 
h 

mm 

Constant compliance  
Coeffi- 
cient 

a 
ml/mmH

g 

 
Coeffi- 
cient 

b 
1/mmHg 

Pressure dependent compliance   ml/ mmHg 

CA 
mm2/ 

mmHg 

C 
ml/ 

mmHg 

CP(Ps) at sys-
tolic pressure 

Ps mmHg 

CP(Pd) at dias-
tolic pressure 

Pd mmHg 

CP(Pmean) at 
mean pressure 
Pmean mmHg 

1 3,62±0,5 0,46±0,1 1,1±0,14 0,174 0,414 2.52 0,017 0,230; 140 0,657; 80 0,411; 108 

2 3,54±0,5 0,31±0,1 0,46±0,1 0,115 0,391 2,44 0,021 0,196; 120 0,692; 60 0,384; 88 

3 4,04±0,5 0,35±0,1 1,26±0,14 0,148 0,818 3,71 0,014 0,523; 140 1,211; 80 0,818; 108 

4 3,46±0,5 0,62±0,1 1,05±0,13 0,270 0,546 3,74 0,017 0,341; 140 0,803; 90 0,542; 113 

5 3,38±0,5 0,54±0,1 0,77±0,12 0,212 0,481 3,29 0,021 0,255; 120 0,807; 66 0,474; 91 
 
Results and conclusions  

 
It is well known that many human physiological 

processes, including those of circulatory system, are 
nonlinear. Thus nonlinear model of artery compliance 

should better reflect real aspects of blood circulation. Two 
parameters (coefficients a and b) characterized artery 
stiffness state and can be further used for diagnostic pur-
poses. It is worth to mention that pressure-dependent 
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compliance also reflects compliance dynamics over the 
whole heart cycle. 

Direct non-invasive ultrasound measurements of lo-
cal artery internal radius changes and blood flow rate in-
crease the plausibility of arterial compliance estimation. 
Locally performed measurements allow us to expect that 
estimated compliance will characterize more local features 
of the artery, than those of the whole arterial tree. Signifi-
cant difference (more 2 times) of parameters of compli-
ance (Fig. 7) may arise due to the data of third patient. 

 

 
Fig. 7. Pressure-dependent compliances for 5 volunteers 

Comparison of constant and pressure-dependent 
compliances acquired in experimental in vivo investiga-
tion showed that proposed non-linear model is suitable for 
the artery local compliance estimation. Correlation (coef-
ficient 0,99) between C and CP(Pmean) is more than obvi-
ous. While comparing CA and CP(Pmean) one can note that 
CA value for the third patient should be considered as a 

error calculation. After the elimination of the third CA 
value, we’ll receive correlation coefficient of 0,98 be-
tween CA and CP(Pmean). Clear correlation values indicate 
that nonlinear compliance is able to reflect local stiffness 
of the investigated artery.  

A lager population in vivo study of not only affected, 
but also presumably healthy human common carotid arter-
ies is necessary before model employment in routine 
medical practice. 
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Siekiant sudaryti ankstyvųjų pokyčių diagnozavimo metodiką, nagrinėjamas netiesinis arterijos standumas. Sukurti ultragarsinių M 
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