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The paper describes the initial results of numeric analgbislane-strain of a model of
the human common carotid artery. The results of computerefivaglwere compared with
the experimental data obtained by means of ultrasonic memsnts of the changes in the
thickness of the common carotid artery wall. The ultras@xiamination was carried out on
a 34 years old healthy male using the VED apparatus designdtetauthors to measure the
elasticity of arteries. The numeric analysis was made bynsieéthe finite element method
(FEM) using the MARC K7 programming of the Analysis Resedtdnporation based on the
operating system UNIX. As a model of the common carotid grtiee authors used a hollow
cylinder made of the isotropic, homogeneous, almost incesgible material (Poisson’s con-
stantr = 0.4999) having the Young’'s modul& = 159.2 kPa and the combined thickness
of the internal and middle laydMT = 0.52 mm. The modeling of plane-strain concerned
the effect of the change in the internal radius and the chantie cylinder wall thickness as
a result of the static change of pressure inside the cylinitéin the values of 0—-45 mmHg.
The study obtained satisfactory results in the computeulsition of the changes in the artery
walls thickness.
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1. Introduction

Considerable interest is observed in a contemporary ultrasound rhdidigaosis
in examining artery walls by means of invasive and non-invasive methidte basis of
assessment of structural changes taking place in the artery wall is tireenent of
its thickness and stiffness. It is assumed that the artery wall consisteeefjthnt axis
layers: the adventitia, the media and the intima (Fig. 1). The elasticity of thy aradi
is determined by elastin and collagen fibers and by smooth muscles. Nubpalrtions
of elastin and collagen fibers and smooth muscles together with their domnEsue
depend on the position of an artery in the vascular system.

There is a lack of quantitative description in literature of the reactions ofiohdal
layers of the artery wall to changes in blood pressure. The studyRoOAEAITANO et
al. [1] describe the dependencies between selected strained and difelastn and



30 Z. TRAWINSKI, T. POWALOWSKI

collagen fibers and smooth muscles together with the correspondings \aflitbeir
Young modulest, = 489 kPa andE,. = 130.6 MPa. Similar values are presented
by DoOBRIN [4] E. = 0.4 MPa andE,. = 100—1000 MPa. The deformation of elastin
fibers has a linear character of approx. 300% of extended length iparison with their
initial length. However, collagen fibers break when they are subjected tteflormation
of 3—-4% in respect to their initial length.

HASEGAWA et al. [2] proposed a method of measurement of the changes in the
artery wall thickness determining the mean elasticity module of the arterybaséd
on non-invasive ultrasound measurements. The Doppler techniquesed for the pur-
pose of assessing the crosswise speed of the two artery wall layetheanthe time
integrating method to obtain information concerning the displacement of yteesla
The studies of KNAI et al.[5, 6] developed the above mentioned method.

Another approach to assessing the stiffness of the artery wall involgassthof an
ultrasonic elastography (IVUS), which allows to obtain a sufficiently gooditodinal
resolution in order to reflect the structure of the artery wall from insigese on the
elastographic studiesEDKORTE et al.[3] determined diversified values of the Young’s
module for different types of atherosclerotic plague components inrteeyavall con-
taining a dominating fibrous build-up = 493 kPa, fiber and fak' = 296 kPa and fat
on its ownE = 222 kPa.

The aim of this study is to compare the results of the computer analysis using th
finite element method (FEM) to establish flat deformities of the model of timeam
common carotid artery and to compare them with the experimental data edbtayn
means of ultrasound measurements of the changes in the human caarotd artery
thickness.

2. Method and equipment

The changes in the common carotid artery thickness were determined MED
ultrasound apparatus designed by the authors in the Department ofouhidsshaving
the frequency of transmitted ultrasound of 6.75 MHz. The VED appsifé&iallows the
examination of a instantaneous artery diameter or a instantaneous tisickiies artery
wall (Fig. 1). Displacements of the artery wall layers are measured vathrigcision of
7 um and the thickness of the artery wall layers with the precision @g tam. The lon-
gitudinal resolution of the VED apparatus determined on the basis of timeimatons
of the model was< 0.33 mm in water (Fig. 2).

The numeric analysis of displacements in the artery wall model was nyade#ns
of the finite element method (FEM) using the MARC K7 programming of thalysis
Research Corporation based on the operating system UNIX. A holldsdlyasymmet-
rical cylinder made of isotropic, homogenous, almost incompressiatenal (Poisson
constanty = 0.4999) was used as a model of the common carotid artery. Geometrical
measurements were assumed on the basis of ultrasound examinatioesadél artery
thickness and the combined thickness of the intima and the media IMT. Tdelimgp
of axially symmetrical deformations concerned the effect of the ohamghe internal
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Fig. 1. Imaging of ultrasound echoes from the artery walhwiie use of the VED apparatus. AMT —
thickness of the adventitia + the media layers of the artexly; W T — thickness of the intima + the media
layers of the artery wall.
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Fig. 2. An example of the longitudinal resolution examioatby the VED apparatus. RF pulses and their

envelope obtained from the surface of two thin (0.105 mm) FRdiGheets immersed in water. The length

between the surfaces reflecting the ultrasound wave impudse0.450 mm. The length measured on the
basis of impulses’ envelope was 0.454 mm.

radiusR; and the change in the wall thickne&# of the cylinder as a result of the static
change of pressure inside the cylinder within the valBe®8—-45 mmHg resulting from
the increase in blood pressure between the systolic and diastolic helad. &dinear
dependency between strain and stress was assumed as the basiddiimgndhe mod-
eling process included an unknown value of the Young’s model andahestgence
criterion was a minimal error in reproducing the changes in the interrtheaternal
radius of the model.
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3. Results and discussion

The ultrasound examination of the change in the internal radius and thgehethe
common carotid artery wall thickness was carried out on a 34 yearsealithly male.
During the examination the range gate (Fig. 1) was placed in the area olup gf
echoes coming from the back surface of the artery wall between theauind echoes
coming from the intima layer and the end of the echoes from the adventitia Teye
artery wall thicknes# for diastolic blood pressure was 1.333 mm. The combined thick-
ness of the IMT layer for the same blood pressure equaled 0.52 muoreR3gdepicts
absolute and relative changes in the internal radiuand the external radiug, of the
artery, the changes in the artery wall thickness based on the calculatidhs and on
the ultrasound measuremeht, for one heart cycle.
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Fig. 3. Absolute and relative changes in the internal radiusnd the external radiuR. of the artery,
changes in the artery wall thickness based on calculatiahi; and on the ultrasound measuremévit,
for one heart cycle.

Figure 4 depicts the modeling results established by means of the finite ¢lemen
method of the changes in the internal radRysand the external radiug,. of the artery
and the changes in the radifts, corresponding to the IMT layer. Figure 4 presents also
the modeling results in the changes of the artery wall thickdgssand the layer IMT
— AIMT. The biggest conformity between the results of measurements antbtialcs
was established for the Young’s modutel 59.2 kPa.

The scope of the changes predicted in the layer thickness IMT pfn obtained on
the basis of computer modeling by means of the finite element method (E&NYrms
to the results of the experimental studies involving groups of people bemaga of
50 presented by MINDERS et al. [7].

The calculations’ results obtained by means of the finite element methdd)(FE
were applied to the calculations’ results established on the basis of dejgr(de ex-
pressing the relation between the relative change in the internal arténg racand the
relative change in the artery wall thickngssaking into account the incompressibility
of the material, from which the artery wall was made.

Ah  R; AR; 2 h/h AR,
- 1 —(=4+2) = 1) —1. 1
h h \/<Ri+)+Ri(Ri+> (Ri+> @)
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Fig. 4. Calculation results obtained by means of the
finite element method (FEM): changésR; in in-
ternal radius, changeSR,,, in the radius connected
with the position ofIMT layer, changes\R. in
the external radius, changeSIMT in thickness

of IMT layer and changedAh; in the artery wall
thickness of the artery model for one heart cycle.
Calculation results obtained by means of the FEM
method conform with the results obtained using the
-0.20 formula (1) to an accuracy of line thickness.
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Described in the formula (1) dependency between the relative chartpe internal
radiusA R;/ R; and the relative change in the artery wall thickn&ds/h is depicted in
Fig. 5.
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Fig. 5. Calculated on the basis of the formula  Fig. 6. The IMT layer thickness and its hypothetical
(1) dependency between the relative change relative changes in the age function.
of the internal artery radius and the relative
change in the artery wall thicknegsR; / R;
— relative artery diameter chandge;- artery
wall thickness,Ah/h — relative change in
the artery wall thickness.

The results obtained by means of the finite element method (FEM) shawmsitie
erable conformity with the calculations’ results obtained by means of tieular(1).

The factor which limited the precision of the examination of the artery wall tiesk
is the longitudinal resolution applied in the measurements of the ultrasoyadzaps.
In non-invasive examinations this resolution does not exceed 0.3 mifoathis reason
as the basis for assessing the artery wall thickness the combined tlickrtes IMT
layer is assumed (Figs. 1 and 6).

Assuming as the basis the IMT examination results and the internal radibe of
common carotid artery [8], the hypothetical value of the relative chaing¢he IMT
layer for healthy persons in the age function was determined using tinelf(1). It is
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expressed by the following formula:

AIMT
IMT

wherex — age of the examined persons.

The value of IMT and its hypothetical relative changes are depicted ir6Fighe
figure shows that the change in the IMT layer thickness increases areddtiee change
in the IMT layer thickness decreases with age as a result of structuaagek taking
place in the artery wall during the ageing process. The above resuléscoafirmed
by the experimental studies of a group of people below the age of 50detat by
MEINDERS et al. [7].

=0.00162 — 0.2611z + 14.372, 2)

4. Conclusions

The results obtained in the study indicate that the use of the finite elementdnetho
(FEM) allows modeling of the radius changes and the changes in the awérthick-
ness during static changes in blood pressure. The differencesyebddmtween the mea-
sured and calculated values of the changes in the artery wall thicknessrnanainly
the shape of their course and can originate from the limited precision of ¢asume-
ment apparatus or may also result from the interference of ultrasshraes in the area
of the back surface of the common carotid artery wall. The highly preeigeduc-
tions of the calculations’ results obtained on the basis of dependencydldrathe
basis of the finite element method (FEM) prove that that the use of the limede! for
reproducing the above changes was fully justified.
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