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Abstract 
 

Background- Non-invasive evaluation of vessel wall properties in humans is hampered by the 
absence of methods to directly assess local elasticity. Contemporary ultrasound methods 
are capable of assessing end diastolic artery diameter, the local change in artery 
diameter as a function of time and local wall thickness. However, to assess vessel wall 
properties of the carotid artery, for example, the pulse pressure in the brachial artery still 
must be used as a suitable example for local pulse pressure. The assessment of local 
static pressure as described in the present study provides a direct estimate of local vessel 
wall properties. 

Methods- In 30 men, we estimated the static pressure-strain elastic modulus in the right 
common carotid artery (RCCA) under normal and atherosclerotic conditions. The 
detailed variation of the static pressure of RCCA throughout the carotid cycle was 
estimated by using the energy conservation law. The flow velocities during systole and 
diastole were measured using multi-frame image processing method of color Doppler 
ultrasonography. The static pressure-strain elastic modulus was defined as stress to 
strain.  

Results- The results showed that: 1) the variation of the static pressure during the cardiac 
cycle was higher in the severe atherosclerotic group than that in both the mild 
atherosclerotic group and the normal artery group, respectively, 2) the relative increase 
in the vessel diameter during the cardiac cycle was lower in the atherosclerotic group 
than that in the normal, group and 3) the static pressure-strain elastic modulus in the 
atherosclerotic group was significantly different from that in normal individuals.  

Conclusion- We concluded that by applying this method, we can detect the initial symptoms 
and disease process in atherosclerosis. This is an accurate and safe method suited to the 
screening of large populations of young and symptom-free individuals (Iranian Heart 
Journal 2004; 5(1):   ). 
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eformation and stress induced in 
arterial walls by blood pressure are 
extremely important factors in the 

understanding of the physiology and 
pathology of the cardiovascular system. An 
increase in the arterial wall stiffness 
appears to be a common pathological 

pathway for the many factors that lead to 
the initiation and progression of the 
vascular changes associated with 
cardiovascular disease.1-3 Functional 
disturbances of the vascular wall may  
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occur early in the atherosclerotic process 
even before the anatomical changes of 
intima-media thickening become 
perceptible.4-6 Therefore, the study of 
dynamic arterial wall properties in major 
arteries such as the carotid and femoral 
arteries is becoming more common. 
The elastic properties of the carotid artery 
are affected by different physiological 
states and external stimuli.7-10 Changes in 
the ratio of collagen to elastin may be one 
reason for the loss of arterial elasticity.11,12 
Furthermore, the proliferation of smooth 
muscle cells and deposition of lipids in the 
arterial wall may be additional factors.13,14 
An early non-invasive detection of 
atherosclerotic damage would be of great 
significance with regard to risk 
stratification and pre-symptomatic 
treatment of patients with atherosclerotic 
diseases, such as coronary artery disease 
(CAD). 
Fundamental research on the assessment of 
arterial elasticity and on the effect of 
different physiological and pathological 
influences on arterial elasticity was done 
by Hoeks and coworkers.15-19 They 
developed the phase-locked echo tracking 
technique15,16 to quantify arterial elastic 
properties, used in several studies in this 
field.20-22 Other non-invasive methods, 
such as applanation tonometry,23,24 
magnetic resonance imaging25-27 and pulse 
wave velocitometry28-30 were used to 
assess arterial elastic properties, as well. 
However, evidence for a causal 
relationship between arterial wall 
stiffening and atherosclerosis is still 
lacking. 
An assessment of the local static pressure 
as described in the present article provides 
a direct estimate of the properties of the 
local vessel wall. The purpose of this study 
is to examine the differences in elasticity in 
the common carotid artery under normal 
and atherosclerotic conditions by directly 

estimating the static pressure using the 
energy conservation law.  

 
Methods 

 
Cardiovascular diseases present differently 
in men and women. Men have more than 
twice the total incidence of cardiovascular 
morbidity and mortality than women 
between the ages of 35 and 84. Women, on 
the other hand, have a more favorable risk 
profile in some respects: higher HDL 
cholesterol levels, lower triglyceride 
levels, and less upper-body obesity than 
men. But women also have a less favorable 
risk profile in other respects: more obesity, 
higher blood pressure, higher plasma 
cholesterol levels, higher fibrinogen levels, 
and more diabetes. The simplest 
explanation for the sex differential in 
cardiovascular disease is the “cardio-
protective” effect of estrogen, due to the 
improvement of the lipid profile, a direct 
vasodilatory effect, and perhaps other 
factors.31 this study was performed from 
between Nov. 2000 and March 2002. The 
method of research was cross-sectional and 
sampling was random. In light of previous 
studies,32,33 sample size were estimated at 
10 samples with confidence level of 95% 
and power of test of 90% in each group. 
Therefore, 30 men (mean age 65 ± 5 years) 
entered this study, including 10 healthy 
subjects with no history of cardiovascular 
disease, cerebrovascular disease, 
hypertension and diabetes and 20 patients 
with angiographically documented CAD. 
All the subjects underwent color Doppler 
ultrasonography. A complete examination 
including common external and internal 
carotids was performed on every subject. 
More than 40% diameter narrowing in the 
carotid arteries was evaluated as severe 
carotid stenosis.  The subjects were divided 
into 3 groups based on the presence of 
diameter narrowing as follows: 1) normal: 
no diameter narrowing, 2) mild stenosis: 
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less than 40% diameter narrowing (30±7 
percent of stenosis) and 3) severe stenosis: 
more than 40% diameter narrowing (65±10 
percent of stenosis). 
Arterial remodeling during atheroma 
formation represents a frequently over- 
looked but clinically important feature of 
lesion evolution. During the initial phases 
of atheroma development, the plaque 
usually grows in the direction away from 
the lumen (abluminally). Vessels affected 
by atherogenesis tend to increase in 
diameter, a type of vascular remodeling 
known as compensatory enlargement. Not 
until the plauque covers more than about 
40% of the circumference of the internal 
elastic lamina does it begin to encroach on 
the arterial lumen. Thus during much of its 
history, an atheroma will not cause stenosis 
that can limit the blood flow.31 
Ultrasonic examination of the right 
common carotid artery (RCCA) was 
performed after at least 15 minutes' rest in 
a supine position, when the heart rate and 
blood pressure had reached a steady state. 
All the subjects were examined using a 
color Doppler ultrasound machine (GE 
logic 500 MD version 4 with 7.5 MHz 
linear array transducer). With the subject 
supine and the neck in partial extension, 
the transducer was oriented 
perpendicularly to the longitudinal axis of 
the vessel based on the acoustic Doppler 
signal and on the B-mode echo image. The 
transducer was placed with the least 
possible pressure so as not to compress the 
overlying jugular vein and allowing 
expansion of the carotid artery in all 
directions. A data acquisition system 
consisting of a personal computer and 
video-blaster board was used for 
monitoring and grabbing the changes of 
the blood flow velocities and cross 
sectional area of the right common carotid 
artery over two cardiac cycles. Peak 
systolic and end-diastolic velocities were 
determined in the RCCA at a point 

approximately 2 cm proximal to the 
bifurcation. The angle of insonation was 
maintained below 60ºC, and all the 
velocity measurements were taken at the 
mid-lumen. For the measurement of cross 
sectional area, matching longitudinal views 
of the RCCA were located and frames, 
representing a minimum of two cardiac 
cycles, were grabbed throughout two 
cardiac cycles. The maximum and 
minimum cross-sectional areas were 
determined over each cardiac cycle with 
processing of sequence frames. Then 
systolic-diastolic changes (ΔD) and the 
diastolic diameter (Dd) of RCCA were 
calculated from cross-sectional areas. The 
arterial strain was defined as ΔD/Dd.  
Total fluid energy (E) per unit volume of 
blood equals the sum of the pressure, plus 
a factor related to the influence of gravity, 
plus the kinetic energy:  
 

E= P+ ρg h + ½ ρv2          (1) 
 

where P is static pressure, ρ is blood 
density, g is the earth’s gravity acceleration 
constant, h is the height of the fluid above 
or below a reference level and v is flow 
velocity. If all parts of the fluid system are 
at the same level, the gravitational factor 
can be ignored (this is the case in the 
supine but not the erect position). When 
the left ventricle contracts, all the energy 
imparted to the blood does not appear 
immediately as kinetic energy. Some is 
used to stretch the elastic fibers in the 
arterial walls and is stored there as 
potential energy. During systole, when the 
diameter of the vessel widens and velocity 
slows, the kinetic energy term is decreased 
and the static pressure tends to rise due to 
lower velocity. At diastole, the recoil of the 
elastic tissue returns the energy stored in 
the arterial wall to the blood, so the 
velocity of flow increases again and the 
static pressure decreases; this is because in 
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a blood vessel, total energy (E) is constant 
(energy conservation law).34 
The variation of the static pressure in 
arteries is associated with variation in the 
blood flow velocities throughout the 
cardiac cycle. We estimated the detailed 
variation of the static pressure (ΔPs) in the 
RCCA by the equation:  
 

ΔPs = ½×ρ(V1
2 _ V2

2)            (2) 
 
Where V1 and V2 are the peak systolic 
velocity (PSV) and end diastolic velocity 
(EDV) in the RCCA. Blood density is 
1060 kg/m3. On the other hand, blood 
pressure was recorded in the right brachial 
artery with the patient in a supine position 
using a semiautomatic device (Riester 
0124, Germany). The pulse pressure (ΔP) 
was defined as systolic minus diastolic 
blood pressure.  
From the diameter and pulse pressure 
measurements, pressure-strain elastic 
modulus (Ep) was defined based on 
Peterson et al. 35 as:  
 

Dd
D

PEp
∆

∆
=                (3) 

 
where ΔP is the pulse pressure and ΔD/Dd 
is arterial strain. 
We also estimated the static pressure-strain 
elastic modulus (Eps) in the RCCA using 
static pressure change (ΔPs). It was defined 
as: 
 

Dd
D

PsEps
∆

∆
=          (4) 

 
All the observations were performed by the 
same investigator under the same standard 
conditions.  
Results from individual subjects were 
averaged and are shown as mean±1 
standard deviation (SD). 

The statistical significance of the 
differences in mean values was assessed 
with one-way ANOVA. The p-value less 
than 0.05 were taken as the level of 
statistical significance.  
Linear discriminate analysis is a 
conventional statistical procedure for 
testing the extent to which groups such as 
various classes of lesions can be 
discriminated on the basis of their 
quantitative specifications. Therefore, the 
discriminant functions of types of lesions 
based on static pressure-strain modulus are 
formulated. 

 
Results 

 
The data obtained from the examination of 
30 subjects are given in Table I.  
 
Table I. Mean and standard deviation of peak 
systolic velocity (PSV), end diastolic velocity 
(EDV), carotid cross-sectional area, strain and 
arterial pulse pressure and static pressure 
changes.  
 
 
 
 
 
 
 
 
 
 
 
 
The diameter of the RCCA decreased from 
8.4 ± 0.2mm in the normal subjects to 8.2 
± 0.2mm in the mild stenosis group and 7.8 
± 0.3mm in the severe stenosis group, as 
shown in Table I. The arterial strain was 
highest in the normal group and lowest in 
the group of patients with severe stenosis.  
Fig. 1 shows an increase in the blood flow 
velocities in relation to the progression of 
atherosclerosis. The group of patients with 
severe stenosis had higher blood flow 

Group Normal Mild stenosis 
(<40%)  

Severe 
stenosis 
(≥40%) 

Peak systolic 
velocity (cm/s) 51.3 ± 1.8 74.1± 3.3 104.0 ± 17.0 

End diastolic 
velocity (cm/s) 15.6 ± 2.3 27.1 ± 5.3 55.4 ± 2.6 

Diastolic cross 
section area 
(cm2) 

0.56 ± 0.03 0.53 ± 0.03 0.48 ± 0.04 

Strain 0.075 ± 
0.004 0.064 ± 0.005 0.057 ± 0.007 

Pulse pressure 
(Pa) 

1026.4 
±40.0 799.8 ±106.6 1038.7 ± 

239.9 
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velocities than those with mild stenosis and 
the normal group. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. The blood flow velocities, peak systolic 
velocity and end diastolic velocity in RCCA. 
 
In Fig. 2, the values of static pressure 
changes are presented. The static pressure 
change in RCCA is markedly increased 
with progression of atherosclerosis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Static pressure changes (Pa) in RCCA 
throughout the carotid cycle in each group 
 
Fig. 3 (a) and (b)33 present the static 
pressure-strain elastic modulus (Eps) and 
pressure-strain elastic modulus (Ep) of the 
RCCA under normal and atherosclerotic 
conditions. The static pressure-strain 
elastic modulus is significantly (p-
value≤0.05) greater in: 1) the group of 
patients with severe stenosis compared to 
those with mild stenosis, and 2) the group 
of patients with mild stenosis compared to 
the normal group, whereas there is no 

significant difference in pressure-strain 
elastic modulus between the group of 
patients with mild stenosis and the normal 
group. Regarding the influence of 
atherosclerosis on elastic modulus of the 
RCCA, it was found that the static 
pressure-strain elastic modulus was 
influenced by atherosclerosis, whereas 
pressure-strain elastic modulus increased 
only at advanced stages of atherosclerosis. 
The discriminant function of types of 
lesions based on static pressure-strain 
elastic modulus (Eps) in the three groups is 
formulated by discriminant analysis. 
 
Fig.3. Static pressure-strain elastic modulus (a) and 
pressure-strain elastic modulus (b)33 in RCCA. 
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In Table II, the discriminant functions, 
group centroids and canonical correlation 
were calculated in the three groups. 
 
 
 
 
 
 
 
 
 
 
 
 
Static pressure-strain elastic modulus (Pa)  
 
The statistical power of discriminant 
analysis can be tested by canonical 
corelation that must be close to 1. The 
classification results of the groups with 
measurement of static pressure-strain 
elastic modulus were shown in Table III.  
 
Table III. The percentage of classified results 
 

 
It is observed that the correctly classified 
means for the discrimination of all cases is 
100%. The percentage of correctly 
classified groups, and the sensitivity and 
specificity of the normal, mild stenosis and 
severe stenosis groups by static pressure-
strain elastic modulus and pressure-strain 
elastic modulus is shown in Fig. 4. It is 
considerable that the evaluation of elastic 
parameter with arterial pulse pressure has 
60% correct classification, whereas the 

percentage rises to 100% with static 
pressure-strain elastic modulus.  
 
 

 
 
 
 
Fig.4. The percentage of the sensitivity, specificity 
and correctly classified groups with static pressure- 
strain elastic modulus and pressure-strain elastic 
modulus. 
 

Discussion 
 

Although many studies have been done on 
the elastic properties of atherosclerotic 
walls, the results obtained are conflicting 
and inconclusive. Some of them indicate 
that the arterial wall stiffens with the 
development of atherosclerosis. For 
example, Band et al. and Pynadath and 
Mokherjee showed that the dynamic 
Young’s modulus of the rabbit aorta was 
markedly increased by feeding cholesterol 
diet.36,37 Ritcher and Mittermayer reported 
that the modulus of volume elasticity of the 
human aorta was higher in more advanced 
stages of atherosclerosis.38 On the other 
hand, several investigators have reported 
contrary data. Mark et al. and Hudetz et al. 
reported that the incremental elastic 
module of human cerebral arteries was 
lower in the fibrosclerotic walls than in the 
normal ones, although there were no 
differences in the structural stiffness 

Predictive group membership Actual group 
 N

o. of 
C

ases 

N
orm

al 

M
old 

stenosis 

Severe 

stenosis 

Normal (1) 10 100.0% 0.0% 0.0% 

Mild stenosis (2) 10 0.0% 100.0% 0.0% 

Severe stenosis (3) 10 0.0% 0.0% 100.0% 

Table II. The discriminant functions of types of 
groups based on Static-pressure-strain elastic 
modulus 
 

Group centroids Elastic 
modulus 

Discrimina
nt 
functions 
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Canonical correlation 

Static pressure 
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modulus 

110.38Eps*- 
4.67 

-2.80 -0.33 3.14 0.9319 
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between them.39,40 Nakashima and 
Tanikavat showed that the structural 
stiffness of the human aorta increased 
gradually with age, regardless of the stage 
of atherosclerosis.41 Hayashi et al. showed 
that even if atherosclerosis was greatly 
advanced, there were essentially no 
changes in the material stiffness, unless 
there was considerable calcification in the 
wall. At the most severe stages of 
atherosclerosis, the arterial wall has high 
structural and material stiffness due to 
calcification and wall hypertrophy.42  
Young modulus is essentially a measure of 
the intrinsic elastic properties of a given 
material independent of the amount of 
thickness of that material. However, 
pressure-strain elastic modulus, which has 
been used to describe the relationship 
between the pulse pressure and arterial 
diameter change is a measure of Young 
modulus and the amount and configuration 
of the material, and it essentially represents 
overall arterial stiffness limiting the 
pulsatile expansion of the artery. 
There is no consensus on the methodology 
of obtaining the pulse pressure used in the 
calculation of elastic modulus. Various 
ultrasonic methods proposed for the non-
invasive assessment of the local pulse 
pressure are not reliable. Moreover, most 
of the methods designed for direct 
evaluation of arterial elasticity use the 
pulse pressure in the brachial artery instead 
of the local pulse pressure in the actual 
explored artery. Different approaches in 
blood pressure measurements affect the 
precision of elastic modulus estimation.  
In the present study, we estimated local 
static pressure changes in the common 
carotid artery under normal and 
atherosclerotic conditions using energy 
conservation law. It is worth noting that 
the pressure drop in any segment of the 
arterial system is due both to the resistance 
and to the conversion of potential into 
kinetic energy. The pressure drop due to 

energy lost in overcoming resistance is 
irreversible, since the energy is dissipated 
as heat, but the pressure drop due to 
conversion of potential to kinetic energy as 
a vessel stretches during systole is reversed 
when it recoils during diastole. 
Furthermore, vessel resistance is directly 
proportional to the length of the vessel and 
the viscosity of the blood, and inversely 
proportional to the radius to the fourth 
power. Vessel length does not change 
appreciably in vivo and therefore can 
generally be considered as a constant. 
Blood viscosity normally does not change 
very much; however, it can be significantly 
altered by changes in hematocrit, 
temperature and by low-flow states. In 
contrast, the change in the radius will alter 
resistance to the fourth power. Therefore, 
in large vessels, for example the carotid 
artery, vessel resistance is negligible 
because the vessel radius is large.  
In our subjects, a significant increase in 
blood flow velocities and the static 
pressure changes were observed with the 
progression of atherosclerosis. Bernoulli 
principle43,44 has significant application in 
pathophysiology; according to this 
principle, the greater the velocity of the 
flow in a vessel, the lower the static 
pressure distending its walls. 
Atherosclerotic changes in the arteries 
include thickening of the intimal layer, 
lipid deposits, a decrease in elastin and an 
increase in collagen contents. Because the 
elastic modulus of collagen is greater than 
that of elastin, the arterial wall becomes 
stiffer with the progression of 
atherosclerosis.43 The static pressure 
throughout the cardiac cycle rises and falls 
extraordinarily when a vessel becomes 
stiffer by a pathologic process such as 
atherosclerosis. Therefore, the static 
pressure change correspondingly increases 
during the disease process. The decrease in 
diameter and systolic-diastolic diameter 
change in pathological groups compared 
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with that in normal state is associated with 
an increase in the wall thickness. The 
decrease in strain is due to the change of 
collagen/elastin ratio associated with 
atherosclerosis; an increase of this ratio 
decreases the arterial strain.  
We also estimated the pressure-strain 
elastic modulus by using the pulse pressure 
obtained from the brachial artery (ie. where 
pulse pressure magnitude and waveform 
are different from those within the carotid 
artery). The pressure-strain elastic modulus 
in the RCCA was significantly higher in 
the group of patients with severe stenosis 
than that in the normal subjects, whereas 
no significant difference was seen in the 
group of patients with mild stenosis 
compared to the normal group. 
It is known that arterial pressure waves 
undergo transformation, with more 
prominent peaks the further the waves 
travel from the heart, the peak pressure in 
the brachial artery being higher than in the 
CCA.44 This results in an overestimation of 
the systolic blood pressure and pulse 
pressure, and thus in pressure-strain elastic 
modulus when the brachial pressure is used 
in the estimation of pressure-strain elastic 
modulus. This might yield inconclusive 
results.   
This method is based on measuring the 
static pressure change using the energy 
conservation law. There is an important 
relationship between the atherosclerosis 
disease and the characteristics of the blood 
flow in the arteries. In this study, Doppler 
ultrasonographic velocity measurements 
were used to predict the static pressure 
change caused by atherosclerosis.  
We measured the systolic and diastolic 
blood flow velocities in the right common 
carotid artery by color Doppler imaging. 
The energy conservation law having been 
applied, detailed static stress-strain elastic 
modulus was estimated by the equation:  
 

Dd
D

)VV(
2
1

Eps
2

d
2

S

∆

ρ  −
=            (5) 

 
Where Vs and Vd are the peak systolic 
velocity (PSV) and end diastolic velocity 
(EDV) in the RCCA, and ρ is the blood 
density. The static stress-strain elastic 
modulus used to quantify arterial elasticity 
in the RCCA under normal and 
atherosclerotic conditions. The results 
showed that the variation of static pressure 
and static pressure-strain elastic modulus 
in atherosclerotic groups was significantly 
greater than that in the normal groups 
(sensitivity and specificity of 100%).  
We concluded that by estimating the local 
static pressure and static pressure-strain 
elastic modulus, we can detect 
atherosclerosis early in the disease process, 
and that it was an accurate and safe method 
suited to not only the screening of large 
populations of young and symptom free 
individuals, but also the detection of high 
risk cardiovascular patients. 
 

References 
 
1. Ross R: The pathogenesis of atherosclerosis: a 

perspective for the 1990s. Nature 1993; 
362: 801-809.  

 
2. Blankenhorn DH, Kramsch DM: Reversal of 

atherosis and sclerosis: the two 
components of atherosclerosis. 
Circulation 1989; 79: 1-7. 

 
3. Trucksass AS, Grathwohl D, Schmid A, 

Boragk R, Upmeier C, Keul J, Huonker 
M: Assessment of carotid wall motion 
and stiffness with tissue Doppler imaging. 
Ultrasound Med Biol 1998;  24: 639-646. 

 
4. Megnien JL, Simon A, Valensi P, Flaud P, 

Merli I, Levenson J: Comparative effects 
of diabetes mellitus and hypertension on 
physical properties of human large 
arteries. J Am Coll Cardiol 1992; 20: 
1562-1568. 

 

Archive of SID

www.SID.ir



 
 
Non- Invasive Detection of Atherosclerosis                                                                                             N. Nikanjam MD,. et al. 

5. Gronholdt MLM: Ultrasound and lipoproteins 
as predictors of lipid-rich, rupture-prone 
plaques in the carotid artery. Arterioscler 
Thromb Vasc Biol 1999; 19: 2-13. 

 
6. Nagaiy Y, Mutsumoto M, Metter EJ: The 

carotid artery as a non-invasive window 
for cardiovascular risk in apparently 
healthy individuals. Ultrasound Med Biol 
2002; 28: 1231-1238. 

 
7. Basha BJ, Sowers JR: Atherosclerosis: an 

update. Am Heart J 1996; 131: 1192-
1202. 

 
8. Berliner JA, Navab M, Fogelman AM, Frank 

JS, Demer LL, Edwards PA, Watson AD, 
Lusis AJ: Atherosclerosis: basic 
mechanisms, oxidation inflammation and 
genetics. Circulation 1995; 91: 2488-
2496. 

 
9. Benetos A, Waeber B, Izzo J, Mitchell G, 

Resnick L, Asmar R, Safar M: Influence 
of age, risk factors and cardiovascular and 
renal disease on arterial stiffness: clinical 
application. AJH 2002; 15: 1101-1108. 

 
10. Reneman RS, Hoeks AP: Non-invasive 

vascular ultrasound: an asset in vascular 
medicine. Cardiovasc Res 2000; 45: 27-
35. 

 
11. Bilato C, Crow MT: Atherosclerosis and the 

vascular biology of aging. Aging 
(Milano) 1996; 8:  221- 234. 

 
12. Bruel A, Oxlund H: Changes in biomechanical 

properties, composition of collagen and 
elastin, and advanced glycation end 
products of the rat aorta in relation to age. 
Atherosclerosis 1996; 127: 155-165. 

 
13. Stein O, Stein Y: The pathogenesis of 

atherosclerosis. Curr Opin Lipidol 1995; 
6: 269-274. 

 
14. Tonstad S, Jokimsen O, Stensland-Bugge E, 

Leren TP, Ose L, Russell D, Bonaa KH: 
Risk factors related to carotid intima-
media thickness and plaque in children 
with familial hypercholesterolemia and 
control subjects. Atheroscler Thromb 
Vasc Biol 1996; 16: 984-991. 

 

15. Hoeks AP, Brands PJ, Reneman RS: Technical 
aspects of compliance assessment. Arch 
Mal Coeur Vaiss 1991; 84: 77-81. 

 
16. Hoeks AP, Brands PJ, Smeets FA, Reneman 

RS: Assessment of the distensibility of 
superficial arteries. Ultrasound Med Biol 
1990; 16: 121-128. 

 
17. Hoeks AP, Ruissen CJ, Hick P, Reneman RS: 

Transcutaneous detection of relative 
changes in artery diameter. Ultrasound 
Med Biol 1985; 11: 51-59. 

 
18. Reneman RS, Van Merode T, Hick P, Hoeks 

AP: Flow velocity patterns and 
distensibility of the carotid artery bulb in 
subjects of various ages. Circulation 
1985; 71: 500-509. 

 
19. Van Merode T, Hick PJ, Hoek AP, Rahn KH, 

Reneman RS: Carotid artery wall 
properties in normotensive and borderline 
hypertensive subjects of various ages. 
Ultrasound Med Biol: 1988; 14: 563-569. 

 
20. Hansen F, Bergquvist D, Mangell P, Ryden A, 

Sonesson B, Lanne T: Non-invasive 
measurement of pulsatile vessel diameter 
change and elastic properties in human 
arteries - a methodological study. Clin 
Physiol 1993; 13: 631-643. 

 
21. Kawasaki T, Sasayama S, Yagi S, Asakawa T, 

Hirai T: Non-invasive assessment of the 
age-related changes in stiffness of major 
branches of the human arteries. 
Cardiovasc Res 1987; 21: 678-687. 

 
22. Van Merode T, Hoeks AP, Brands PJ: Local 

inhomogeneities in wall distensibility in 
the carotid artery bifurcation in borderline 
hypertensives. J Hypertension 1991; 9: 
S118-S119. 

 
23. Chen Ch, Ting CT, Nussbacher A,  Nevo E, 

Kass DA, Pak P, Wang SP, Chang MS, 
Yin FC: Validation of carotid artery 
tonometry as a means of estimating 
augmentation index of ascending aortic 
pressure. Hypertension 1996; 27:168-175. 

 
24. O’Rourke M Arterial stiffening and 

vascular/ventricular interaction. J Hum 
Hypertens 1994; 8: S9-S15.| 

 

Archive of SID

www.SID.ir



 
 
Non- Invasive Detection of Atherosclerosis                                                                                             N. Nikanjam MD,. et al. 

25.  Adams JN, Brooks M, Redpath TW, Smith 
FW, Dean J, Gray J, Walton S, Trent RJ: 
Aortic distensibility and stiffness index 
measured by magnetic resonance imaging 
in patients with Marfan’s syndrome. Br 
Heart J 1995; 73: 265-269. 

 
26. Matsumoto Y, Honda T, Hamada M, 

Matsuoka H, Hiwada K: Evaluation of 
aortic distensibility in patients with 
coronary artery disease by use of cine 
magnetic resonance. Angiology 1996; 47: 
149-155. 

 
27. Johnson MB, Wilkinson ID, Wattam J, 

Venables GS, Griffiths PD: Comparison 
of Doppler ultrasound, magnetic 
resonance angiographic techniques and 
catheter angiography in evaluation of 
carotid stenosis. Clin Radiol 2000; 55: 
912-920. 

 
28. Asmar R, Benetos A, Topouchian J, Laurent P, 

Pannier B, Brisac AM, Target R, Levy 
BI: Assessment of arterial distensibility 
by automatic pulse wave velocity 
measurement, validation and clonical 
application studies. Hypertension 1995; 
26: 485-490. 

 
29.  Cohn JN, Finkelstein S, McVeigh G, Morgan 

D, LeMay L, Robinson J, Mock J: Non-
invasive pulse wave analysis for the early 
detection of vascular disease. 
Hypertension 1995; 26: 503-508. 

 
30. O’Rourke MF, Gallagher DE: Pulse wave 

analysis. J Hypertension 1996; 14: S147-
S157. 

 
31. Fauci AS: Harrison’s Principles of Internal 

Medicine. New York, McGraw–Hill Co., 
14th  edition, 1998. 

 
32. Hansen F, Mangell P, Sonesson B, Lanne T: 

Diameter and compliance in the human 
common carotid artery-variations with 
age and sex. Ultrasound Med Biol 1995; 
21: 1-9. 

 
33. Mokhtari-Dizaji M, Nikanjam N, Babapoor B: 

Estimation of elastic modulus, stiffness, 
distensibility, compliance and Young 
modulus in atherosclerosis of human 
common carotid artery. Iranian Heart J 
2003; 4: 68-74. 

 

34. Ganong WF: Review of Medical Physiology. 
Prentice Hall, 1991. 

 
35. Peterson LH, Jensen RE, Parnell J: Mechanical 

properties of arteries in vivo. Circ Res 
1960; 8: 622-639. 

 
36. Band W, Goedhard WJA, Knoop AA: 

Comparison of effects of high cholesterol 
intake on viscoelastic properties of the 
thoracic aorta in rats and rabbits. 
Atherosclerosis 1973; 18: 163-171. 

 
37. Pynadath TI, Mokherjee DP: Dynamic 

mechanical properties of atherosclerotic 
aorta, a correlation between the cholesterol 
ester content and the viscoelastic properties 
of atherosclerotic aorta. Atherosclerosis 
1977; 26: 311-318. 

 
38. Richter HA, Mittermayer CH: Volume elasticity, 

modulus of elasticity and compliance of 
normal and atherosclerotic human aorta. 
Biorheology 1984; 21: 723-734. 

 
39. Mark G, Hudetz AG, Kerenyi T, Monos E, 

Kovach AGB: Is the sclerotic vessel wall 
really  more rigid than the normal one? Prog 
Biochem Pharmacol 1977; 13: 292-297. 

 
40. Hudetz AG, Mark G, Kovach AGB, Kerenyi T, 

Fody L, Monos E: Biomechanical 
properties of normal and fibrosclerotic 
human cerebral arteries. Atherosclerosis 
1981; 39: 353-365. 

 
41. Nakashima T, Tanikawa J: A study of human 

aortic distensibility with relation to 
atherosclerosis and aging. Angiology 1971; 
22: 477-490. 

 
42. Hayashi K: Experimental approaches on 

measuring the mechanical properties and 
constitutive laws of arterial walls. J 
Biomech Eng 1993; 115: 481-488. 

 
43. Illiga  KA, Ouriel K, DeWeese JA, Green RM: 

Measurement of carotid bifurcation pressure 
gradients using the Bernoulli principle. 
Cardiovasc Surg 1996; 4: 130-134. 

 
44. Hoskins PR, Fish PJ, McDicken WN, Moran C: 

Developments in cardiovascular ultrasound. 
Part 2: arterial applications. Med Biol Eng 
Comput 1998; 36: 259-269.      

 
    
 
 

Archive of SID

www.SID.ir


