SOFT MATTER

doi: 10.15407/ujpe62.05.0378

L.A. BULAVIN,' YU.F. ZABASHTA,? B.V. BATSAK,* EM. TREMBOVETS’KA ?

! Institute for Safety Problems of Nuclear Power Plants, Nat. Acad. of Sci. of Ukraine
(106 Bld., 12, Lysogirs’ka Str., Kyiv 03028, Ukraine)
2 Taras Shevchenko National University of Kyiv, Laboratory of Medical Physics
(2/1, Academician Glushkov Ave., Kyiv 03680, Ukraine)
3 M.M. Amosov National Institute of Cardiovascular Surgery,
National Academy of Medical Sciences of Ukraine
(6, M.M. Amosov Str., Kyiv 02110, Ukraine; e-mail: dr.batsak@gmail.com)

PACS 87.19.U, 87.63.dk

EVALUATION OF ARTERIAL WALL
ELASTICITY DURING ULTRASOUND DIAGNOSTICS

A strained biological tissue, namely, arterial walls under the propagation of a pulse wave, has
been studied. The artery is considered as a channel in an elastic medium, and blood as an ideal
liquid. The problem is reduced to a system of equations including both the equations for elastic
equilibrium, which describe the behavior of the arterial environment, and the hydrodynamic
FEuler equations, which describe the blood flow in the artery. The obtained solution of the
system relates the shear modulus of the elastic medium with those parameters of a pulse wave
that can be determined, by using the conventional ultrasound method, namely, the velocity of
a blood flow and the deformation of an aortic wall. As an example, the shear modulus of the
carotid artery wall is found.
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1. Introduction

The subject of this paper concerns medical physics, a
branch of science that arose at the interface between
physics and medicine. As is indicated in the title, the
specific problem that we are interested in consists in
the deformation properties of an arterial wall. It is
well known (see, e.g., work [1]) that the deformabil-
ity is an important factor for the functioning of the
cardiovascular system.

In the medical literature (see, e.g., work [2]), vas-
cular wall deformations are conventionally regarded
to be elastic. In particular, they are characterized by
Young’s modulus F, which is determined from the

Eh

formula ¢ = 3Rp"

where ¢ is the propagation ve-
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locity of a pulse wave, h the arterial wall thickness,
R the internal arterial radius, and p the blood den-
sity. Of the quantities entering this formula, the pa-
rameters ¢ and R are determined experimentally. The
value of the parameter R can be found from the M-
echogram, whereas c¢ is determined by the formula
¢ = l/t, where t is the time required for a pulse to
cross the distance [.

In our opinion, this method is not sufficiently cor-
rect in view of its following shortcomings. First, we
have no standard non-invasive methods for the de-
termination of a wall thickness. From practice, this
quantity is known to vary from 0.1 to 1 mm. The-
refore, such measurements cannot be done, by using
the ultrasound (US) diagnostics method, because its
resolution is considerably lower than the indicated
values. Second, there are some restrictions associated
with sound velocity measurements. Really, the time
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moment of the pulse wave passage is registered by an
US sensor. We have to register two time moments:
the time, when the pulse wave enters a spatial element
of the length [ and the time, when it leaves it. So, two
sensors are required. The frequency of pulses gener-
ated by the sensor amounts to 50 Hz, so that the time
scale of measurements equals 0.02 s. If we set that the
pulse propagation velocity equals 5 m/s, the distance
between the sensors has to be substantially longer
than 10 cm. In the literature, distances of about 1 m
are discussed. But both the vascular radius and the
elasticity modulus can change substantially over such
distances. As a result, this method does not allow one
to obtain a local value for Young’s modulus.

Unlike the method described above, we propose an-
other one, which makes it possible to determine the
local value of elasticity modulus, the shear modulus
G. In this work, we consider how the modulus G for
a vascular wall can be determined, when the patient
is examined.

2. Physical Model of Artery

Let us consider a blood vessel as a cylindrical chan-
nel in an elastic medium with the shear modulus G.
When flowing through the channel, blood creates a
pressure on the channel wall. As a result, the elastic
medium around the channel is deformed. As the pres-
sure P, we will consider the pulse arterial pressure,
i.e. the maximum difference between the systolic and
diastolic pressures, assuming that the vessel environ-
ment is in the undeformed state in diastole. Let the
channel diameter be designated as dy = 2b¢ in dias-
tole and as d = 2b in systole, where by and b are the
corresponding radii.

Let us introduce cylindrical coordinates with the
axis Z directed along the channel axis. The problem
is assumed to be axially symmetric. The radial co-
ordinate is 7. The longitudinal and radial shifts are
denoted by wu, and wu,, respectively. For the radial
shift of vessel walls, u,.(r = b), the notation w; is
introduced.

Actually, the solution of the formulated problem
consists of two stages. The first stage includes the cal-
culation of stresses in the medium around the artery
(r > bg). This is a problem of the theory of elastic-
ity. The second stage includes the calculation of the
blood pressure and velocity in the vessel (rr < bg). The
formulation of this problem belongs to hydrodynam-
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ics. A comparison of the results of both indicated
stages will allow us to connect the modulus G with
the parameters characterizing the blood flow.

From the viewpoint of the theory of elasticity (see,
e.g., work [3]), the problem is formulated as fol-
lows. The equation of elastic equilibrium

dive =0, (1)

where o is the strain tensor, has to be solved, provided
the boundary condition

Opr = _Pv (2)

where o, is the radial strain. The solution of this
problem is known (see, e.g., work [3]). In particular,
the formula

Up = - (3)

is obtained for the shift, and the expression
B
o = =26 (4)

for the radial strain. The value of the constant B
is obtained by substituting equality (4) into condi-
tion (2):
Pb?
B=—-. 5
5 (5)

Accordingly, for the vessel wall shift, we have

b
- P
RNTe ©)

This expression can be rewritten in the form
P = auy, (7)

where the notation

2G
= (8)
is used.

As one can see from formula (6), the shear modu-
lus G can be calculated, if the quantities P, u, and
b are known. The values of two first parameters are
governed by the features of a blood flow in the ves-
sel. Therefore, let us consider the propagation of a
pulse wave in the artery.
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3. Pulse Wave in the Artery

The appearance of the arterial pressure P is known
to be associated with the propagation of a pulse wave
in the vessel. Therefore, taking the necessity to de-
termine this quantity into account, let us address the
theory of pulse waves. We will use the variant of this

1 PS 131.21 cm/s|
ED 19.83 cm/s|

Fig. 2. B-echogram for vessel

Fig. 3. M-echogram for vessel
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theory that was expounded in work [4]. Blood will be
considered as an ideal fluid, and the blood flow will
be described with the help of Euler’s equations

ov, 0P

o= a5 ©)
v, OP

o= o (10)

where t is the time, and v, and v, are the axial and
radial velocity components. Expression (7) continues
to be the required boundary condition. The solution
of Eq. (9) is sought in the form

Uz:f<tzz>.

Assuming blood to be an incompressible fluid, we may
write

(11)

ov,  19(rvy)
- =0. 12
0z r Or 0 (12)
By definition,
ou,
L= 2 1
v T (13)

Introducing the notation § = ¢t— £ and taking formula
(2) into accoiunt, we obtain

ov, Ot 1
e 85( ) (14)
ov, ot

= . 1
ot 193 (15)
Comparing those expressions, we have
Ov,  0Ov, 1
0z ot ( c>' (16)

Substituting Egs. (13) and (16) into formula (12), we

obtain

ov, 1 10 ([ Our\ _

ot <c>+r8r<r8t>_0 (17)

Integrating Eq. (17) over r and ¢, we have

up =204 50 90, (18)
2c T T

where S(t) and +(r) are arbitrary functions of ¢ and
r. In the case v, = 0, the radial shift has to be equal
to zero, so that

S(t) =(r) =0.
ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 5

(19)



Evaluation of Arterial Wall Elasticity

Accordingly, formula (18) reads

v,T
2¢c

(20)

Uy =

The propagation velocity of a pulse wave is known to
be determined by the formula

c=4/—. (21)

Substituting equality (21) into formula (20) and tak-
ing expression (8) into account, we obtain

B pv2b?
4

(22)

4. Determination of the Shear
Modulus of an Arterial Wall during
an Ultrasonic Investigation in vivo

As one can see from formula (22), the shear modulus
can be calculated, by knowing the blood flow veloc-
ity v,, vessel radius b, blood density p, and vessel
wall shift u,. Except for the blood density, which can
be considered constant (1.05 x 103 kg/m?), all other
quantities are determined with the help of modern
US devices [5]. In particular, the velocity v, is deter-
mined with the use of Doppler echograms, whereas
the wall shift u, and the vessel radius can be found
from M-echograms.

As an example, we will demonstrate how we mea-
sured the shear modulus of a carotid wall. Figure 1
illustrates the Doppler echogram for this vessel, and
Figs. 2 and 3 the B- and M-echograms, respec-
tively. The arrow in the B-echogram (Fig. 2) points
to a cross-section of the examined artery. The value of
z required for calculations corresponds to the size of
the arrow in Fig. 1. Two arrows in the M-echogram
(Fig. 3) mark the vessel diameters in diastole and
systole.
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The measurements gave the following numerical
data: dy = 6.7 mm, d = 8.7 mm, and v, = 1.35 m/s.
For the blood density, we took the value p =
= 1.05 x 103 kg/m?’. Substituting those data into
formula (22), we obtain G ~ 2.5 x 10* Pa, which
characterizes the elasticity of the researched arterial
wall.
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BUBHAYEHHS ITPY>KHOCTI CTIHOK APTEPI
B ITPOLECI VJIBTPABBYKOBOI'O JOCJILAXKEHH#

Pezmowme

B nmaniit crarTi BUBYAEThCS HANIPY2KEHUI cTaH 6ioJ0rigHOl TKa-
HUHM, a caMe: CTIHKM apTepil IpU HOIIUPEHHI IIyJIbCOBOI XBH-
i. Aprepisi pO3IIIAA€ThCA K KAHAJ B MPYXKHOMY CEPeIOBU-
mi. Mojesunio KpoBi € imeanbHa piguHa. 3agada 3BOAUTHCA 10
PO3B’sI3aHHSI CUCTEMU PiBHSIHB, 1110 CKJIJIAETHCS 3 PIBHSIHD IIPY-
JKHOI PIBHOBAI'W Ta €WJIEpOBUX PIBHAHD TigpomuHamMiku. [lepri
OIIMCYIOTh IIOBEJiHKY OTOYEeHHsI apTepil, Apyri — Tediro KpoBi
B aprepil. B pe3ysibraTi po3B’s3aHHS CHCTEMH PiBHSIHb, OTPH-
MaHO (GOPMYJLy, IO IIOB’sI3y€ 3CYBHUI MOJYJIb IIPYKHOT'O Cepe-
JOBHUINA 13 XapaKTEPUCTHUKAMU IIYJIbCOBOI XBUJII — MIBUIAKICTIO
KpPOBi Ta jedopMalli€io CTIHKI a0OPTH, sIKi MOXKHa BU3HAYATH 33
JOIIOMOTOI0 TPAJIUIIHHOIO YJIBTPA3BYKOBOT'O JOCJIiIPKEeHHs. SK
MIPUKJIAJ, BUSHAYEHO 3CYBHUN MOMYJIb CTIHKM COHHOI apTepil.
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