EXPERIMENTAL STUDIES

IN VITRO SIMULATION RESEARCH ON THE HOOP STRESS OF MYOCARDIAL BRIDGE — CORONARY

ARTERY

Hao Ding1’2, Kun Shang1’2, Lanhai Lian1, Lingxi Zhao1, Lixing Sheng "

An analog device which can simulate myocardium bridge oppresses mural coronary
artery is designed. The device can be used to research the dynamic changes of the
proximal and distal hoop stresses. Meanwhile, the independent regulation of the hoop
stresses is realized. The “myocardial bridge — coronary artery” analog device is built
to adjust the external pressure of the simulated coronary artery and the oppression
level of the myocardial bridge and to record the changes of the hoop stresses. The In
vitro simulation experiment indicate that the anomaly of hoop stress mainly occurs in
the proximal end. As the oppression level increases, the mean proximal hoop stress
and the oscillatory value (maximum-minimum) increase obviously. The “myocardial
bridge — coronary artery” analog device can provide a method to study the influence
of the hoop stress on the mural coronary artery in vitro.
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IN VITRO UMUTUPYIOLLEE UCCJIEAOBAHUE KOJIbLLEBOIO HANPSXXEHUA MUOKAPAWAJIbHOIO

MOCTA — KOPOHAPHOW APTEPUU
Hao Ding1'2, Kun Shang1'2, Lanhai Lian1, Lingxi Zhao1, Lixing Sheng

MpennoxeHO aHanoroBoe yCTPOMCTBO, KOTOPOE MOXET UMUTMPOBATb YrHETEHWe
MVOKapAnabHbIM MOCTOM CTEHKM KOPOHAPHOI apTepuit. YCTPONCTBO MOXET BbiTb
MCNONb30BAHO A1 UCCNEN0BaHNS AMHAMUYECKUX U3MEHEHU MPOKCUMANbLHOro
W OMUCTaNbHOMO KOMbLIEBLIX HANPSXXEHUIA. Mexay TeM, peanusyeTcsi HE3aBUCMMOE
perynnpoBaHme KONbLEBbIX HAaNpsxkeHnin. “MuokapamanbHblii MOCT — KOPOHapHas
apTepus” aHanoroBoe yCTPOMCTBO CO3LAHO ANS PErYANPOBKM BHELLUHErO AABNEHNS
CMOJENMPOBAHHON KOPOHAPHOIM apTepumn 1 yrHETEHWE YPOBHS MUOKapAWaNbHOro
MOCTa W ANs 3an1cy N3MEHEHWIA KONbLEBLIX HAMPSKEHWIA. I Vitro UMUTALMOHHOMO
3KCMEePUMEHT YKa3blBalOT Ha TO, 4TO aHOMaiMs KOJbLEBbIX CTPECC BO3HMKaeT
B OCHOBHOM B MPOKCKMasnbHOM KOHLe. [1o Mepe Toro, kak ypoBeHb YrHeTeHus
MOBLILLAETCS, CPEAHEE MPOKCUMMAsbHOE KONbLEBOE HanpsixeHue n konebartesb-
HOro 3HaYyeHue (MakCMMyM-MUHUMYM), COOTBETCTBEHHO, yBennynsaetca. “Mwuo-
KapavanbHbIi MOCT — KOpOHapHasi apTepus” aHanoroBoe YCTPOWCTBO MOXET

Introduction

The normal coronary artery and its branches are
usually located under the epicardium. When a section of
the coronary artery covered by the superficial myocardium
is located in the myocardium, the coronary artery is called
mural coronary artery (MC) and the myocardium is called
myocardial bridge (MB).

A patient needs treatment when MC stenosis is over
50%. Sometimes the effect of drug therapy is poor for
some MB patients and a part of MB patients even cannot
tolerate drug therapy, so percutancous transluminal
coronary angioplasty or stent implantation is usually used
for them. Coronary artery stent implantation not only can
correct the abnormal MC hemodynamic, but also can
make the MC blood flow return to normal. However,
10% — 50% of the patients may develop stent restenosis
after receiving coronary artery stent implantation and even
more seriously, the coronary artery rupture may happen in
or after the treatment [1-3].
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The hoop stress is one of the important hemodynamic
factors. It is the stress along the tangential direction of the
artery wall’s cross section and it is mainly related to the
vascular rupture [4—5]. Therefore, the research on MC
hoop stress distribution can help us to prevent the coronary
artery rupture in or after stent implantation.

Now, there are some researches on the numerical
simulation of the normal artery wall residual strain and
stress [6—8].

The strain cavity system can provide tensile stress
environment [9], so the normal blood vessels under
hoop stress can be simulated in vitro. However, the
strain cavity system cannot simulate the hoop stress
environment when the MB exists around the coronary
artery. So a new device is needed. It should be able to
simulate the MB oppressing the coronary artery, acquire
the parameters related to the hoop stress, and have
durable, repeatable and controllable experimental
conditions.
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Methods

1.The structure and function of the device

Figure 1 is the block diagram of the “myocardial
bridge — coronary artery” analog device structure. The air
compressor can inflate and the gas moves into the gasholder
to make the pressure stable. The pressure sensor is set at
the top of the gasholder to measure the internal pressure.
Then the gas flows through proportional pressure valve,
and eventually enters into the closed 3-D flow control
chamber, so it can provide external pressure for tubular
elastic cavity, change the external wall pressure, and
regulate the hoop stress. When the internal pressure of the
gasholder rises to 30kPa, the air compressor will stop
inflating. When the internal pressure of the 3-D flow
control chamber is lower than the set value, the gas stored
in gasholder will keep on entering into the 3-D flow
control chamber through the proportional pressure valve.
When the internal pressure of the 3-D flow control
chamber is higher than the set value, the gasholder will
stop supplying the gas and the proportional pressure valve
will be opened to release the gas so as to realize the
decompression. The drive motor can drive the MB blocks
to oppress the tubular elastic cavity.

Figure 2 is the map of the 3-D flow control chamber.
The chamber is a closed organic glass cube and the internal
situation can be observed clearly. The size of the internal
chamberis 125mmx110mmx55mm (lengthxwidthxheight).
The volume of the 3-D flow control chamber is much
larger than that of the simulated coronary artery. The
device can simulate the coronary artery with 4~5mm inner
diameter and 80mm length. Measuring point 1 is set at the
position where the fluid flows in order to measure the
proximal pressure while measuring point 2 is set at the
position where the fluid flows out to measure the distal
pressure. The MB blocks are set at the both radial sides of
the simulated MC. The blocks, which are driven by a
motor, conduct the straight reciprocating motion along
the guide rail according to the preset depth to oppress the
simulated MC. Bilateral or unilateral compression and
different sizes’ blocks can be chosen to meet the
experimental requirement.

2. Theoretical basis
The hoop stress of the circular tube can be obtained
through the following equation [10]:
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where o,0, is the hoop stress of the wall, q,q, is the
internal wall pressure, q,4, is the external wall pressure, 7, is
the external radius under the load, r; is the internal radius
under the load, and 7 is the radius at any place under the load.
To calculate the internal wall hoop stress, we set #to be
r. In real, the radius r, and r, of the elastic tube are
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Fig. 1. Block diagram of the “myocardial bridge- coronary artery” analog device
structure.
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Fig. 2. The map of three-dimensional flow control chamber.

influenced by the pressure wave. Therefore, to obtain the
geometrical and mechanical characteristics of the silicone
tube flow chamber under the impulse, we use the pressure
sensor and the parallel light camera to measure the
pressure wave and the external radius wave of the silicone
tube flow chamber, respectively. By fitting the pressure
wave and the external radius wave, we find that the external
radius is the monotone function of pressure,

d=a+bxp+cxp’ —dxp +exp' (2)

where d is the external diameter of the silicone tube
under the load, p is the pressure of the silicone tube flow
chamber, and the other parameters are

a4.9153.17x10" ¢ 1.18x10° d 4.81x10" ¢ 2.39x10"°

Denote the internal and external radii of the silicone
tube under the load by r,(2) and r,(?). Denote the initial
internal and external radii of the tube by R,and R,. Due to
the incompressible characteristic of the silicone tube [11],
we have

AR (O =72 (t) =x(R'-R”) (3)

Thus, the relationship between the internal and external
radii of the tube under the load is

n)=f(rn@) = \/ro(rf —%(R(f ~R”) (4)

z

Since the longitudinal stretch ratio A,=1.2

R,/=2.465 mm R=2.165 mm we have

r®)=f(n@) = \/roz(t) —%(2.4652 -2.165%)=

Jr () =1.1575 (5)
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Then, the hoop stress of the silicone tube flow chamber
system under the impulse can be calculated by

2r,> —1.1575 21’

O, = -
¢ 11575 711575

3. Experimental design

According to the clinical parameters of normal human
[12], we set that the systolic blood pressure of coronary
artery is 120 mmHg, the diastolic pressure is 80 mmHg,
the mean flux is 205 mL/min, and the heart rate is
60 min . During systole, the myocardial bridge oppresses
the mural coronary artery [13—16]. Therefore, in the
experiment, the systole has the same frequency with that
MB oppresses MC, and the maximal output pressure and
the maximal deflection of MB keep synchronous. The
fluid in the tube is a mixture of low molecular dextran and
normal saline with a ratio of 3:1, whose viscosity is
3.8x10 Pa'S [17].

1) Contrast the MC proximal and distal pressure waves
of clinical MB patients with the results of the analog
device; 2) In the case that the external pressure of coronary
artery is constant, change the press situation to observe the
changes in the proximal and distal hoop stress; 3) Remove
the oppression of MB, and change the external pressure of
the tube to observe the changes in the proximal and distal
hoop stress.

q, (6)

Results

1. Pressure wave

Figure 3 shows the pressure wave of coronary artery in
human body [18]. Figure 4 shows the pressure wave of the
analog device when the level that MB oppresses MC is
100%. It is seen from the two figures that the simulation
result have the same characteristic with that in human
body, which is called “water hammer” [19].

2. Proximal and distal hoop stress when MB oppresses MC

Under normal atmospheric pressure, the MB oppresses
MC on different levels. Based on the measured data, the
curves of the mean proximal and distal hoop stresses with
different oppression levels are shown in Figure 5. As the
oppression level increases, the mean proximal hoop stress
increases significantly, while the mean distal hoop stress
remains unchanged. The oscillatory value of the proximal
hoop stress (maximum-minimum) is obviously higher
than that of the distal hoop stress. Moreover, an increase in
oppression level leads to an increase in the oscillatory
value of proximal hoop stress. (Figure 6)

3. Independent regulation of hoop stress

The hoop stresses changing with external pressure of
simulated mural coronary artery are shown in Figure 7.
The analog device can maintain constant internal pressure
d, flux, and other parameters. Change the external
pressure g, to adjust the value of internal hoop stress. The
larger q,is, the less the hoop stress is.
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Fig. 3. The proximal and distal pressure wave of mural coronary artery in human
body.
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Fig. 4. The proximal and distal pressure wave of mural coronary artery in the analog
device.
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Fig. 5. The mean hoop stresses of the simulated mural coronary artery.
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Fig. 6. The hoop stresses oscillatory value of the simulated mural coronary artery.
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Fig. 7. The hoop stresses changing with external pressure of the simulated mural
coronary artery.
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Conclusions and discussion

Hoop stress plays an important role in the process of
the reconstruction of the blood vessels. However, most
hemodynamic researches focus on the shear stress at home
and aboard nowadays. The reports about the researches on
hoop stress are relatively less.

The influence of the abnormal MC proximal hoop
stress caused by MB on the coronary artery disease has not
been reported and the influence of MB on the effect of
interventional therapy with severe atherosclerosis at
proximal MB is not clear [20—22].

The physiological parameters such as blood pressure
and blood flow relate to the myocardial bridge coronary
artery. It is hard to study the clinical symptoms which
caused by a single specific hemodynamic parameter.

In fact, we simulate four situations that MB oppresses
MC. The oppression levels are 0%, 50%, 80%, and 100%,
respectively. As the oppression level increases, the proximal
pressure increases gradually, and the distal pressure remains
unchanged. The most representative result, i.e., the
pressure wave of the 100% oppression level is shown in this
paper. Hypertension and atherosclerosis have reciprocal
causation [23—25]. As a result, the increase in the proximal
blood pressure caused by MB is closely related with
atherosclerotic lesions.

The device in this paper simulates and calculates the
proximal and distal hoop stresses of MC. The results
indicate that the proximal pressure is much higher than the
distal pressure. As a result, the anomaly of hoop stress
mainly occurs in the proximal end. As the oppression level
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