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Świętokrzyska 21, 00-049 Warszawa, Poland

L. HILGERTNER

Department of General and Thoracic Surgery
Medical University of Warsaw

Banacha 1a, 02-097 Warszawa, Poland

Ultrasonic methods were used in this study to examine the association between the com-
mon carotid artery (CCA) wall elasticity and the atherosclerosis stage in the internal carotid
artery (ICA). The degree of stenosis determined ultrasongraphically was used as an indicator
of the atherosclerosis stage in the ICA. The examined persons were 45 to 80 years old. They
had no arterial hypertension, diabetes mellitus and were not smokers. A comparative study
was carried out for cases with ICA atherosclerosis (66 arteries) and without ICA atheroscle-
rosis (61 arteries). In both groups there were persons without and with hypercholesterolemia,
which according to our studies had no significant influence on CCA wall elasticity. The CCA
wall elasticity was determined by the stiffness coefficientα and the distensibility coefficient
DC based on ultrasonic measurements. The influences of age and arterial blood pressure on the
CCA wall elasticity were taken into account in the analysis. The study revealed a significant
decrease of the CCA wall elasticity in the case of patients with atherosclerosis compared with
persons without atherosclerosis, and showed a significant correlation between the increase of
the ICA stenosis degree and the decrease of CCA wall elasticity.

1. Introduction

The atherosclerotic process and its relationship to the changes occurring in the ar-
terial wall is a matter of interest of numerous research and clinical centers. In nonin-
vasive examinations, the change of elastic properties is taken as one of the indicators
of changes occurring in the arterial wall. An increasing number of articles appeared in
recent years on the arterial wall elastic properties determined by ultrasound methods.
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Until now, the results of such studies involving atherosclerotical patients remain contra-
dictory. Changes of arterial wall elasticity were observed mostly in the most advanced
cases of atherosclerosis [14, 20]. Different opinions on the effect of atherosclerosis on
the arterial wall elasticity are caused by the presence of other factors affecting the arte-
rial wall elasticity and masking the influence of atherosclerosis. Such factors include the
age of the examined persons and their arterial blood pressure. There is also an ongoing
search to find the relationship between the risk factors of atherosclerosis and the arterial
wall elasticity.

The aim of this study was to assess, basing on ultrasonic examinations, the associ-
ation between the common carotid artery (CCA) wall elasticity and the atherosclerosis
stage in the internal carotid artery (ICA). The degree of internal carotid artery steno-
sis determined by ultrasound methods was used as an indicator of the atherosclerosis
severity. The effects of age and arterial blood pressure were included in the analysis.
The examinations of the CCA wall elasticity were performed at the Medical University
of Warsaw using the ultrasound device VED designed by the authors.

2. Method and equipment

The CCA wall elasticity was assessed using noninvasive ultrasound measurements
of the maximum diameterDmax and the minimum diameterDmin on the systolic ar-
terial blood pressurePs and the diastolic arterial blood pressurePd, measured by a
sphygmomanometer in the brachial artery. On the basis of these measurements, the
stiffness coefficientα and the distensibility coefficient DC were calculated according to
the formulae:
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The nonlinear relationship between the arterial blood pressure and the cross-sectional
size of the artery causes a dependence of these coefficients, calculated according to for-
mulae (1a), (1b), on the arterial blood pressure. In a comparative analysis of the results,
the effect of arterial blood pressure was eliminated by determining the isobaric value of
the coefficients for infinitely small increases of the arterial blood pressure in relation to
the reference blood pressureP0 [11]. In order to determine the isobaric form of coeffi-
cientsα and DC, we have assumed that the relationship between the CCA diameterD
and the arterial blood pressureP has the following form [15, 16, 17]
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Applying the formula (2), a dependency has been substantiated experimentally by
POWAŁOWSKI et al. [16] in the human CCA for various values of the systolic and
diastolic blood pressure measured by the Korotkoff sounds method in the brachial artery.

On the basis of Eqs. (1a), (1b), (2), the following isobaric relationships of the coef-
ficientsα and DC on the reference blood pressureP0 [4] were determined

αP0 = α + ln
(

P0

Pd

)
, (3a)

DCP0 =
1

P0 αP0

. (3b)

According to the research results published, the age of the examined person is a
crucial factor having a significant effect on the CCA elastic properties [6, 18]. In order
to include the effect of arterial blood pressure and age on the coefficientsα and DC
in the analysis of results, we introduced the following relative values of the isobaric
coefficientsαP0 and DCP0 related to the mean values resulting from the age of the
examined person:

WαP0x =
αP0

αP0x
, (4a)

WDCP0x
=

DCP0

DCP0x
, (4b)

wherex is the age of the examined person andP0 = 100 mmHg.
The values ofαP0x and DCP0x were calculated from regression functions describing

the relationship between each of the isobaric coefficients and the age. These functions
were determined on the basis of examinations of the CCA of healthy persons without
risk factors of atherosclerosis and without carotid atherosclerosis.

The level of significance in the description of differences in the values of the above
presented parameters between the examined groups were calculated with the statisti-
cal non-parametric Mann–Whitney test with a 95% confidence interval. For statistical
analysis, we used the computer software Statistica version 5.

The examinations of the stiffness coefficientα and the distensibility coefficient
DC in the CCA were performed using the ultrasonic apparatus VED (Vascular Echo
Doppler) designed by the authors at the Ultrasonic Department of the Institute of Fun-
damental Technological Research of the Polish Academy of Sciences [17, 18]. The ap-
paratus consisted of an ultrasonic pulse system tracking the displacement of the vascular
wall with a precision of7 · 10−6 m. The inner diameter was determined by digital time
measurements between selected echoes (RF signal) received from the inner vascular
wall layer. The frequency of the transmitted ultrasound was 6.75 MHz. The ultrasonic
wave was focused at 1 to 3 cm below the skin surface. The longitudinal resolution of
the apparatus obtained in model examinations was 0.33 mm in water.

During the examinations, the measurements were displayed on the screen of an IBM
PC connected “on line” with the ultrasound apparatus, and were stored in the computer
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memory (Fig. 1). Apart from the data obtained from ultrasonic measurements, also the
values of the systolic and diastolic blood pressure were transmitted to the computer
memory.

Fig. 1. Data presented in the course of the measurements in the common carotid artery as shown on the
screen of the IBM PC in the VED apparatus [18]: a) echoes from the wall of the artery, b) range gate

imaging the inner vascular diameter; c) artery diameter variations;t0 – time of registering the echoes.

The reproducibility of the measurements of the stiffness coefficientα and of the
distensibility coefficient DC in the CCA by means of the VED apparatus was tested
on a control group of 10 healthy volunteers: 5 women and 5 men aged 23 to 30 [23].
Two examiners experienced in such measurements tested each person independently.
The coefficient of the variation of CV was taken as the criterion of reproducibility. It
was calculated for each parameter investigated as the ratio of the standard deviation
between the two compared groups of results to the mean value of one of the groups
chosen as reference for the comparative evaluation.

The mean value of the coefficient of variation of CV was as follows: 9.61± 0.46 [%]
for the stiffness coefficientα, and 11.98± 1.09 [%] for the measurements of the disten-
sibility coefficient DC.

3. Characteristics of the examined groups

The examinations were carried out in the CCA for persons at the age of 45 to 80
years. These persons had no arterial hypertension, diabetes mellitus and did not smoke.
Comparative examinations were carried out for the control group (K) of healthy per-
sons, for the group (HC) with hypercholesterolemia without carotid atherosclerosis and
for groups with carotid atherosclerosis without hypercholesterolemia (AT) and with hy-
percholesterolemia (AT + HC). The description of the examined groups is presented in
Table 1. Carotid atherosclerosis was diagnosed on the basis of combined ultrasound and
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Table 1. Characteristics of the examined groups.

Examined group K HC AT AT + HC

% women 58 61 32 26

Number of arteries 38 23 19 47

Age [years] 45–75 45–63 45–79 47–80

Mean age [years] 57± 9.5 55± 6 63.5±11.5 63± 9

TC [mg/dl] 163± 23 255± 53 178± 8 245± 37

HDL [mg/dl] 46± 6 62±10 47± 10 47±10

LDL [mg/dl] 99± 18 173± 51 116± 7 173± 37

TG [mg/dl] 89± 34 108± 37 97± 26 128± 45

ICA stenosis≤ 70% 0 0 9 20

ICA stenosis> 70 < 90% 0 0 3 6

ICA stenosis≥ 90% 0 0 7 21

Doppler examinations using the Toshiba ECCOCEE with a linear transducer 7.5 MHz.
For all of the cases, atherosclerotic plaques were located in the origin of the ICA. The
degree of stenosis was estimated using the generally accepted criteria [3]. The lipid
parameters were examined by enzymatic tests after fasting. Hypercholesterolemia was
diagnosed when the total cholesterol (TC)≥ 200 mg/dl, LDL-cholesterol concentration
≥ 135 mg/dl and the triglyceride (TG) concentration< 200 mg/dl [25].

4. Results

The examinations were performed in the CCA, 3–4 cm below its bifurcation. For
none of the examined persons atherosclerotic plaques in the CCA were detected. The
examinations were done in the supine position after 15 minute rest. Earlier examinations
[18] of patients with the unilateral ICA atherosclerosis, carried out by the authors of this
study, revealed that the CCA wall elasticity did not depend significantly on the site of
the measurement.

4.1. Results of examinations of persons without carotid atherosclerosis

The examinations were carried out in 38 CCAs for the control group (K) and in 23
CCAs for the group (HC) with hypercholesterolemia without carotid atherosclerosis.
The results are presented in Table 2 and Figs. 2a and 2c. The examinations did not
reveal any significant differences in the values of the parameters describing the CCA
elastic properties for persons with and without hypercholesterolemia.
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Table 2. Results of examinations of persons without carotid atherosclerosis.

Examined group
K

(A)
HC
(B)

K + HC
(C)

Number of arteries 38 23 61

Ps [mmHg] 128.6±13.6 125.2±18.6 127.4± 15.7

Pd [mmHg] 77.6± 8.3 76.6± 12.4 77.2± 9.9

Dmin [10−3m] 6.91± 0.75 6.64± 1.14 6.81± 0.92

α 4.10± 0.88 4.14± 0.87 4.12± 0.87

αP0 4.36± 0.92 4.42± 0.84 4.38± 0.88

WαP0x 1.01± 0.19 1.05± 0.19 1.03± 0.19

DC [1/MPa] 19.05± 4.15 19.61± 5.13 19.26± 4.51

DCP0 [1/MPa] 17.99± 4.02 17.52± 3.14 17.81± 3.69

WDCP0x 1.03± 0.20 0.98± 0.16 1.01± 0.18

Fig. 2. Results of examinations of the stiffness coefficientα and the distensibility coefficient DC for
persons without carotid atherosclerosis (a, c) and with ICA atherosclerosis (b, d); (•) – results for persons
without hypercholesterolemia; (o) – results for persons with hypercholesterolemia. The solid line shows

the regression function describing the distribution of experimental points.
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4.2. Results of examinations of persons with ICA atherosclerosis

The examinations were performed in the CCA on the side where ICA atheroscle-
rosis was diagnosed. In 47 cases of the 66 examined arteries hypercholesterolemia was
diagnosed. The results are presented in Figs. 2b and 2d. The association between the
CCA wall elasticity and the atherosclerosis stage in the ICA was analyzed. The degree
of ICA stenosis was assumed as the criterion of atherosclerosis severity. The results
are presented in Fig. 3. Despite of the marked variation of the results, a statistically
significant correlation between the stiffness coefficientα and the degree of the ICA
stenosis (r = 0.31; p < 0.01) were observed. For the distensibility coefficient DC,
the correlation is worse, (r = −0.23, p < 0.06), which was caused by the effect of
arterial blood pressure on the results of the measurements. As shown earlier [16], the
values of the stiffness coefficientα did not depend on the arterial systolic blood pres-
sure in contsrats to the distensibility coefficient DC. Introducing both the coefficients
(for P0 = 100 mmHg) in the analysis the results of the study of the isobaric values of
αP0 and DCP0 enabled the achievement of a significant correlation (p < 0.01) with the
degree of the ICA stenosis (Fig. 3).

Fig. 3. The stiffness coefficientα and the distensibility coefficient DC and their isobaric valuesαP0 and
DCP0 (for P0 = 100 mmHg) determined in the CCA for persons with ICA atherosclerosis at different de-
grees of ICA stenosis; (•) – results for persons without hypercholesterolemia; (o) – results for persons with
hypercholesterolemia. The solid line is the regression function describing the distribution of experimental

points;r is the correlation coefficient.

In the further analysis, three groups of arteries were distinguished: group (1) with-
out atherosclerosis (Table 2), group (2) with ICA stenosis≤ 70% (Table 3), and group
(3) with ICA stenosis≥ 90% (Table 4). Each of these groups consisted of arteries in
the case of persons without hypercholesterolemia (subgroup A) and with hypercholes-
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Table 3. Results of examinations of persons with ICA stenosis≤ 70%.

Total
(C)

AT
(A)

AT + HC
(B)

Number of arteries 29 9 20

Mean age [years] 63± 9.5 61± 11.5 64± 9

Ps [mmHg] 142± 19 135± 18 146± 19

Pd [mmHg] 78± 10 72± 11 81± 8

Dmin [10−3m] 8.19± 1.07 7.97± 0.72 8.29± 1.20

α 5.39± 1.64 5.21± 1.20 5.48± 1.84

αP0 5.65± 1.63 5.55± 1.24 5.70± 1.81

WαP0x 1.20± 0.29 1.22± 0.27 1.19± 0.31

DC [1/MPa] 14.48± 4.77 15.52± 4.79 14.01± 4.81

DCP0 [1/MPa] 14.18± 3.45 14.12± 3.14 14.20± 3.66

WDCP0x 0.87± 0.19 0.85± 0.19 0.88± 0.19

terolemia (subgroup B). A statistical analysis revealed that in each of these three groups
the parameters of elasticity did not differ significantly for persons with and without
atherosclerosis. Therefore, in the further analysis, the subgroups A and B were com-
bined into a single group C common for persons with and without hypercholesterolemia.
This analysis showed that for persons with ICA atherosclerosis, the CCA wall elasticity
was significantly lower in the cases without carotid atherosclerosis. The elastic prop-
erties of the CCA wall were also associated with severity of ICA atherosclerosis. For
persons with ICA stenosis≥ 90%, the CCA elasticity was significantly lower than in
the group with ICA stenosis≤ 70%. The statistical analysis of these CCA elasticity
parameters is presented in Fig. 4.

Fig. 4. Mean values of the stiffness coefficientα and the distensibility coefficient DC for the CCA for
persons without ICA atherosclerosis (1) and with ICA atherosclerosis, when ICA stenosis≤ 70% (2)
and≥ 90% (3); A – persons without hypercholesterolemia; B – persons with hypercholesterolemia; C –
combined subgroups A and B (Tables 2–4);p, p∗ – significance of the differences respectively for the
absolute values (formulae (1a), (1b)) and for the relative isobaric values (formulae (4a), (4b)) of examined

coefficients for persons of group C.
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Table 4. Results of examinations of persons with ICA stenosis≥ 90%.

Total
(C)

AT
(A)

AT + HC
(B)

Number of arteries 28 7 21

Mean age [years] 63± 9.5 65± 12 63± 9

Ps [mmHg] 140± 18 137± 13 142± 20

Pd [mmHg] 79± 11 77± 12 79± 11

Dmin [10−3m] 7.71± 1.06 7.34± 0.87 7.84± 1.11

α 6.93± 2.28 7.05± 2.87 6.88± 2.13

αP0 7.18± 2.3 7.32± 2.95 7.13± 2.13

WαP0x 1.54± 0.49 1.51± 0.52 1.55± 0.49

DC [1/MPa] 11.40± 4.20 11.75± 4.21 11.29± 4.30

DCP0 [1/MPa] 11.47± 3.53 11.82± 4.86 11.35± 3.11

WDCP0x 0.71± 0.22 0.74± 0.27 0.71± 0.21

5. Discussion

The influence of atherosclerosis on the elastic properties of the CCA has not been
fully recognized so far. The existence of such an influence was described byPOWAŁOW-
SKI et al. [15] andVAN POPELEet al. [14]. In both of these studies, the carotid stenosis
was diagnosed basing on ultrasound examinations [15]. The results obtained indicate a
decrease of the CCA elasticity in the case of carotid atherosclerosis.

There are also reports showing a decrease of the CCA elasticity in the case of pa-
tients with an advanced coronary atherosclerosis [1, 7] and of patients with an abdomi-
nal aortic aneurysm [12].

Until now, there are no unequivocal criteria to assess the degree of atherosclerosis
severity. Attempts have been made to assess the degree of atherosclerosis by identifying
the number of areas affected by plaques [14] or basing it on the size and homody-
namic effects of plaques and its relation to the degree of changes in the intima-media
thickness of the vessel wall [2]. It has been also suggested to get a measure of the
atherosclerosis severity by summing up the plaque thickness in the CCA, its bifurcation
and the ICA [13]. All of the abovementioned propositions of classifying the degree of
the atherosclerosis severity are based on ultrasound methods.

In the present study, the CCA elasticity was assessed for patients with different
degrees of ICA stenosis. The degree of stenosis determined by duplex scanning ranged
from 30% to 100% .

The main difficulty in the interpretation of most of the studies published to date was
the coexistence of atherosclerosis risk factors, which also affect the arterial wall elastic-
ity. The most important of them were the arterial hypertension and diabetes mellitus.



334 T. POWAŁOWSKI et al.

Age also has an influence on the elasticity of the arterial wall of the examined per-
sons. The increase of the arterial wall stiffness as function of age is explained by an
increase of the collagen fibres included in the arterial wall, which leads to an increase
of the ratio of the collagen fibres to elastin ones [5]. This results in an increase of the
stiffness coefficientα and a decrease of the distensibility coefficient DC as function of
age as observed in this study (Fig. 2). The influence of age on the CCA wall elastic
properties was also observed by other authors [6, 8, 10, 19]. When assessing the in-
fluence of other factors on the elastic properties, the influence of age should be taken
into account. For this purposePOWAŁOWSKI et al. [18, 24] introduced for the anal-
ysis of the CCA elasticity the relative values of elasticity parameters in relation to
their mean values resulting from the age of examined person. In this study, a similar
approach was used in the analysis of the isobaric coefficientsαP0 and DCP0 (formu-
lae (4a), (4b)).

The examinations were carried out for persons with and without hypercholestero-
lemia. The results indicate that hypercholesterolemia had no influence on the elastic
properties of the CCA arterial wall, neither for persons without atherosclerosis nor for
patients with ICA atherosclerosis (Fig. 4, Tables 2–4). Also, no effect of hypercholes-
terolemia on the elastic properties of the CCA was observed by other authors [1, 21].
There was no influence of the total cholesterol concentration on the values of the CCA
distensibility and the compliance [1, 9, 22]. The influence of hypercholesterolemia on
the arterial wall elasticity is still a matter of debate. Hypercholesterolemia is one of the
risk factors of atherosclerosis. The results presented in this study are based on the ex-
aminations of small groups and can be considered to be an argument in the discussion
of the effect of hypercholesterolemia on the CCA elasticity.

The results of examinations of the distensibility coefficient DC and the stiffness co-
efficientα of the CCA wall as function of age (Fig. 2) indicate an increase of its varia-
tions for patients with ICA atherosclerosis in comparison to persons without atheroscle-
rosis. For the 61 examined arteries without atherosclerosis, the value of SD/mean was
21% forα and 23% for DC. For the 66 examined arteries with atherosclerosis, the value
of SD/mean was 37% forα and 38% for DC. This can signify that the process of aging
of the arteries is affected with different intensity by pathological processes associated
with the varied degree of the ICA atherosclerosis.

In the analysis the effects of age and arterial blood pressure were taken into account
by using the isobaric coefficientsαP0 and DCP0 (formulae (3a), (3b)) and their relative
values resulting from the age of the examined persons (formulae (4a), (4b)).

The influence of age and arterial blood pressure on the examined parameters, in-
cluded in the analysis, generally caused an increase of the statistical significance of the
differences between groups of results (Fig. 3 and Fig. 4).

The variations of the isobaric parametersαP0 and DCP0 (for P0 = 100 mmHg),
calculated as SD/mean, were 20% and 21% forαP0 for DCP0 , respectively, for the
patients without atherosclerosis. For the persons with ICA stenosis≤ 70%, they were
respectively 29% forαP0 and 24% for DCP0 , and for the persons with ICA stenosis
≥ 90% they were the highest: 32% forαP0 and 31% for DCP0 .
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An increase of variations of the distensibility coefficient DC for severe atheroscle-
rotic lesions in the CCA was also observed byVAN POPELEet al. [14].

The results obtained indicate a statistically significant increase in the stiffness coef-
ficientα and decrease of the distensibility coefficient DC as function of the ICA stenosis
degree (Figs. 3 and 4). The mean increase of coefficientα was 0.638 per ICA stenosis
increase of 20%. For comparison, the same change of the value of the stiffness coeffi-
cientα is observed for healthy people per 11 years of life [18, 24].

6. Conclusions

The ultrasound examinations performed in the CCA indicate that CCA wall elas-
ticity has a significant association with ICA atherosclerosis. This is expressed by an
increase in the stiffness coefficientα and a decrease of the distensibility coefficient DC
for persons with ICA atherosclerosis in comparison to those without carotid atheroscle-
rosis. The influence of age and arterial blood pressure on the assumed values of the
parametersα and DC was taken into account in the analysis of results of the study. The
CCA elastic properties were also associated with the severity of the ICA atherosclerosis
expressed in our study as the degree of the ICA stenosis.

We found significant correlations between the degree of the ICA stenosis and the
value of theα coefficient (p < 0.01) and the values of the isobaric coefficientsαP0 and
DCP0 (p < 0.01). For persons with ICA stenosis≥ 90%, the CCA wall elasticity was
significantly lower than for those with ICA stenosis≤ 70%. The stiffness coefficientα
for persons with ICA stenosis≤ 70% was5.39± 1.64 and5.65± 1.63 for the isobaric
valueαP0 . For patients with the ICA stenosis≥ 90%, it was:6.93±2.28 and7.18±2.3
for αP0 . The distensibility coefficient DC for persons with ICA stenosis≤ 70% was
14.48±4.77 [1/MPa] and14.18±3.45 [1/MPa] for isobaric the value DCP0 . For patients
with with ICA stenosis≥ 90%, it was:11.40±4.20 [1/MPa] and11.47±3.53 [1/MPa]
for DCP0 .
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