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Introduction

Background: Artificial grafts such as polyethylene terephthalate (Dacron) and expanded
polytetrafluoroethylene (ePTFE) are used for various cardiovascular surgical procedures.
The compliance properties of prosthetic grafts could affect hemodynamic energy, which
can be measured using the energy-equivalent pressure (EEP) and surplus hemodynamic
energy (SHE). We investigated changes in the hemodynamic energy of prosthetic grafts.
Methods: In a simulation test, the changes in EEP for these grafts were estimated using
COMSOL MULTIPHYSICS. The Young modulus, Poisson ratio, and density were used to an-
alyze the grafts’ material properties, and pre- and post-graft EEP values were obtained by
computing the product of the pressure and velocity. In an in vivo study, Dacron and ePTFE
grafts were anastomosed in an end-to-side fashion on the descending thoracic aorta of
swine. The pulsatile pump flow was fixed at 2 L/min. Real-time flow and pressure were
measured at the distal part of each graft, while clamping the other graft and the descend-
ing thoracic aorta. EEP and SHE were calculated and compared.

Results: In the simulation test, the mean arterial pressure decreased by 39% for all sim-
ulations. EEP decreased by 42% for both grafts, and by around 55% for the native blood
vessels after grafting. The in vivo test showed no significant difference between both grafts
in terms of EEP and SHE.

Conclusion: The post-graft hemodynamic energy was not different between the Dacron
and ePTFE grafts. Artificial grafts are less compliant than native blood vessels; however,
they can deliver pulsatile blood flow and hemodynamic energy without any significant
energy loss.
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ance and patency of artificial grafts [2]. Dacron and ePTFE
have lower compliance values (1.841.2 and 1.2+0.3 per mm

Prosthetic vessel grafts such as polyethylene terephthal-
ate (Dacron) and expanded polytetrafluoroethylene (ePT-
FE) have been used for various vascular surgical proce-
dures. Artificial blood vessels have been developed and
improved in the last decades, but the patency rates of arti-
ficial grafts are 20%-30% at 4-5 years [1-6]. A mismatch in
elastic or compliance properties between the prosthetic
grafts and the adjacent native artery has been implicated in
the etiology of distal anastomotic myointimal hyperplasia,
a major cause of prosthetic graft failure [1]. Reports have
also described positive correlations between the compli-

Hgx10?, respectively) than arteries (8.0+5.9 per mm Hgx
10”) [1]. The difference in the compliance of the artificial
grafts can affect hemodynamic energy to the distal part of
the bypass graft. To provide help for choosing an artificial
graft in bypass surgery, we evaluated hemodynamic ener-
gy, which can be measured using the energy-equivalent
pressure (EEP) and surplus hemodynamic energy (SHE),
for different kinds of artificial grafts.
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Methods

Computational simulation by COMSOL
MULTIPHYSICS

A simulation study was performed for 2 cases. The ge-
ometry, applied function, and EEP solution form are shown
in Fig. 1. In the first case, the blood vessel was closed and
the graft (Dacron or ePTFE) was open. In the second case,
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the graft was closed and the blood vessel was open.

The changes in EEP were estimated by a simulation in
which each graft (Dacron and ePTFE) replaced the blood
vessel, using COMSOL MULTIPHYSICS as a simulation
program. In terms of geometry, the blood vessel and the
graft were 2-dimensionally modeled in the x-y plane with a
300-mm length, 16-mm inner diameter, and 5-mm wall
thickness for the blood vessel and 0.5-mm wall thickness,
16-mm inner diameter, and 180° curvature for the graft.
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Fig. 1. Geometry for simulation and EEP distribution for graft and blood vessels. The inlet and the outlet were set at y=0 and y=300.
(A, B) The blood vessel is closed by the clip and the graft is open. The blood flows through the graft. (C, D) The graft is closed and the
blood vessel is open. The blood flows through the blood vessel. (E) Square function (SQ) and (F) pressure setting for 30 seconds at the
inlet and outlet. Inlet pressure (red graph) varies from 80 to 120 mm Hg and outlet pressure (black graph) varies from 80 to 100 mm Hg.
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As a physics model, a turbulent flow model and solid
mechanics were selected. The interaction between the fluid
and the wall could be calculated and obtained by setting
the boundary load in the solid mechanics component.

In the kappa-epsilon turbulent flow model, fluid proper-
ties, inlet, outlet, wall, and initial values were set as proper-
ties, and the domain and boundary were then selected for
each property. The pressure was given as a modified sinu-
soidal function, Axsin(wt)*(SQ(wt)+0.5)+80, with a fre-
quency of 2 Hz (A: amplitude, w: angular frequency, SQ
(wt) is a square function with an amplitude of 0.5). The
amplitude was 40 in the inlet and 20 in the outlet. In the
solid mechanics model, the linear elastic material model,
the free and initial values, and boundary load were selected
as properties, and the domain and boundary were selected
for each property. The boundaries contacting the fluid do-
mains were selected as a boundary load to calculate the in-
teraction between the solid mechanics region and turbu-
lent flow region.

Material properties were selected for the blood, vessels,
grafts, and iron. Physical parameters such as the Young
modulus, Poisson ratio, and density were assigned for solid
mechanics as shown in Table 1. The dynamic viscosity and
density, as fluid properties, were set as 5.0 mPa and 1,060
kg/m’ for blood.

The model was studied in time-dependent mode and the
solutions were obtained at every 0.1 seconds from 0 to 30
seconds (Fig. 2). In the solution, the product of the pressure
and the flow speed was calculated to obtain EEP. The EEP
was measured at the point of 216 mm for the pre-position
and 84 mm for the post-position. The EEP was estimated
by summing the values picked from 9 different x-coordi-
nates for each y-coordinate. The 9 x-coordinates were 0, 2,
4,6, 8, 10, 12, 14, and 16 mm.

In vivo study

We received permission from the Institutional Animal
Care and Use Committee for this study (IRB approval no.,

Table 1. Physical parameters of the blood vessels and grafts (ePTFE
and Dacron)

Variable Blood vessels ePTFE Dacron
Young modulus (GPa) 0.002 0.5 3.0
Poisson ratio 0.4 0.3 0.3
Density (kg/m?) 1,130 2,200 1,380

ePTFE, expended polytetrafluoroethylene; Dacron, polyethylene tere-
phthalate.

KUIACUC-2011-206). All experimental animals were
cared for and treated according to the Guide for the Care
and Use of Laboratory Animals issued by the Korea Uni-
versity School of Medicine, Seoul, South Korea.

Ten Yorkshire swine weighing 30 to 40 kg were used. An
intravenous line was established with a 20G catheter, and
electrocardiographic monitoring was done. After an injec-
tion of thiopental sodium (5-10 mg/kg), tracheostomy was
performed and a 6F endotracheal tube was inserted for
mechanical ventilation. Maintenance of general anesthesia
was achieved using 1%-3% isoflurane administered via an
endotracheal tube with a gas mixture of N,O/O, (1:1) at a
flow rate of 2 L/min of each reagent. Mechanical ventila-
tion was maintained with a tidal volume of 10-15 mL/kg
and a respiratory rate of 30-35 breaths/min and a fraction
of inspired oxygen of 0.6. Vecuronium bromide (4 mg) was
added for the prevention of spontaneous breathing. After
the thoracotomy incision, a Dacron graft of 10 mm diame-
ter and 100 mm length was anastomosed in an end-to-side
fashion on the descending thoracic aorta. An ePTFE graft
of 10 mm diameter and 100 mm length was anastomosed
by the same method at a site 10 mm proximal to the anas-
tomosis of the Dacron graft. After anastomosis, a flow me-
ter (TS410 flow meter, ME11PXL probe; Transonic, Ithaca,
NY, USA) and arterial pressure line and transducer
(PS9030; Sensortechnics, Puchheim, Germany) were placed
at the juxtadistal anastomosis site of the descending aorta
for measuring mean arterial flow and mean arterial pres-
sure (MAP) (Fig. 3). The pressure and flow waveforms were
acquired with a data-acquisition board and MATLAB
(Mathworks, Natick, MA, USA) software was used to ana-
lyze the waveforms. Extracorporeal circulation was con-
structed (right atrium to ascending aorta) using a KH-VAD
(Korea Hybrid ventricular assist device; Korea Artificial
Organ Center, Seoul, Korea), which showed an ability to
generate proper hemodynamic energy in our previous
study [7]. The extracorporeal circulation was started with
ventricular fibrillation and pump flow was fixed at 2 L/
min. The hemodynamic energy of the Dacron graft was
measured while blocking the ePTFE graft and descending
thoracic aorta with a clamp. The hemodynamic energy of
the ePTFE graft was measured while blocking the Dacron
graft and descending thoracic aorta with a clamp (Fig. 4).

Hemodynamic energy calculation
We obtained 30-second waveform data of pressure and

flow rate. We measured the data 3 times. The EEP, %EEP,
and SHE were calculated using data from simultaneous
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Blood vessel blocking
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Fig. 2. Deformation of the blood vessel by stress from blood pressure as time passes. Deformations of the blood vessel at 0.5, 3, 5, 10,
20, and 30 seconds are displayed for when (A—F) the blood vessel is closed and (G-L) the graft is closed.

The Mann-Whitney U-test in Statistica ver. 6.0 (StatSoft
Inc., Tulsa, OK, USA) was used to determine intergroup
significances using a p-value of <0.05. All results are ex-
pressed as meantthe standard deviation of the mean value.

tlow (f), pressure (p), and MAP readings for an interval of
time (t,~t,) as follows [8]:

EEP(mm HG)=(| pfdoy/( [ fdt)
%EEP(%)=(EEP-MAP)/MAPx100
SHE (ergs/cm”)=1,332x(EEP-MAP)
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Results

In the simulation test, when pressure was applied, the
blood vessel expanded and fluctuated according to the
pressure, but the graft hardly changed during the whole
process (Fig. 2). When the blood vessel was blocked, the
upper part of the blood vessel expanded and then at 5 sec-
onds, the lower part of the blood vessel started to expand.
When the graft was blocked case, most of the fluctuation
happened on the left-side wall from the beginning to end.

Fig. 3. Flow meter probe and arterial pressure line were placed on
the descending aorta at the juxta-distal anastomosis site to mea-
sure mean arterial flow and mean arterial pressure. % indicates
flow meter and % indicates pressure line.

This occurred because the Young modulus of the blood
vessels was much smaller than those of the grafts. The
fixed constraints were set not to be affected by pressure.
The MAP decreased from 102 mm Hg at the inlet to 95
mm Hg at the outlet and the decay ratio was about 6% for
all grafts. The EEP for the Dacron and ePTFE grafts was
15.96 mm Hg at the pre-position (y=40) and 11.77 mm Hg
at the post-position (y=260), and the decay ratio was about
26%.

When the EEP was measured for blood vessels without a
graft, the EEP was conserved, with a value of 28.7 mm Hg.
This was 76% larger than the EEP when the blood vessel
was closed, and this difference was mainly caused by the
geometrical structure of the bloodstream (Table 2).

In in vivo test, there was no significant difference be-
tween Dacron and ePTFE grafts in terms of EEP and SHE
(EEP: 64.87+11.31 mm Hg for Dacron versus 56.83+13.41
mm Hg for ePTFE, SHE: 7,116.75+3,031.73 ergs/cm’ for
Dacron versus 7,176.46+3,100.76 ergs/cm’ for ePTFE). The
percent changes of EEP were not significantly different
(%EEP: 8.92%+3.01% for Dacron versus 9.54%+3.52% for
ePTFE) (Table 3).

Discussion

Vascular disease has become more common as a result of
changes in dietary and lifestyle habits. Since the rapid de-
velopment of percutaneous transluminal angioplasty (PTA)

Fig. 4. (A) The hemodynamic en-
ergy of the ePTFE graft was mea-
sured with the Dacron graft and
descending thoracic aorta blocked
with a clamp. (B) The hemodynam-
ic energy of the Dacron graft was
measured with the ePTFE graft and
descending thoracic aorta blocked
with a clamp. ePTFE, expended poly-
tetrafluoroethylene; Dacron, poly-

Table 2. MAP and EEP by simulation for 2 grafts and a blood vessel

ethylene terephthalate.

MAP (mm Hg) EEP (mm Hg)
Graft -
Pre Post Pre Post Decay ratio (%)
ePTFE 102.2 93.7 16.0 11.8 26.3
Dacron 102.3 93.7 15.9 11.7 26.4
Blood vessels 102.2 94.5 28.7 283 1.4

Values are presented as means.

MAP, mean arterial pressure; EEP, energy-equivalent pressure; ePTFE, expended polytetrafluoroethylene; Dacron, polyethylene terephthalate.
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Table 3. Comparison of the hemodynamic energy between Dacron and ePTFE at the juxta-distal anastomosis site

Group MAP (mm Hg) Mean flow (L/min) EEP (mm Hg) YoEEP (%) SHE (ergs/cm’)
Dacron 59.53+10.00 1.25+0.35 64.87+11.31 8.92+3.01 7,116.75+3,031.73
ePTFE 56.83+13.41 1.32+0.29 62.21+14.53 9.54+3.52 7,176.46+3,100.76
p-value NS NS NS NS NS

Values are presented as meanzstandard deviation.

Dacron, polyethylene terephthalate; ePTFE, expended polytetrafluoroethylene; MAP, mean arterial pressure; EEP, energy-equivalent pressure; SHE,

surplus hemodynamic energy; NS, not significant.

using medical imaging equipment, PTA has been tried in
cases where vascular disease could not be controlled or im-
proved by medical therapy [9-12]. However, if the patient’s
vascular status is severe and PTA is inappropriate, bypass
surgery becomes inevitable. Autologous blood vessels
(greater saphenous vein or deep femoral vein) have been
used for bypass surgery for peripheral arteries because
their patency is better than that of artificial grafts [3,4].
However, artificial grafts are still used in many bypass sur-
gical procedures. Particularly, in patients with varicose
veins, venous thrombosis, or no appropriate veins after the
use of the saphenous vein in previous coronary artery by-
pass surgery, the use of an artificial graft is necessary [4].
Furthermore, during the bypass surgery for a large vessel
like the aorta, the use of autologous blood vessels has lim-
itations due to the size discrepancy.

When choosing a prosthetic graft, the patency rate is an
important issue. Walden et al. [2] reported a positive cor-
relation between the graft compliance and patency when
grafts were used in infra-inguinal bypass surgery. The pa-
tency rate of Dacron was higher (65% versus 60%) than
that of ePTFE at 1 year after graft surgery and both types
of grafts had a 42% patency rate at 2 years post-graft sur-
gery [2]. Although higher compliance in artificial vessels
has been associated with a higher rate of patency, it has not
been reported which artificial graft is superior from the
viewpoint of hemodynamic energy.

Many articles have shown that pulsatile flow has superi-
or benefits for tissue perfusion than non-pulsatile flow [13-
19]. Undar et al. [20] quantified pulsatile flow using EEP
and SHE. They used those parameters to explain that ex-
cessive energy that was created by pulsatile flow. Pulsatile
flow with higher EEP indicates the presence of extra ener-
gy to perfuse organs or tissue. In our results, the %EEP
was around 8%-9% at the post-graft sites of both Dacron
or ePTFE without a significant difference between the 2
types of artificial vessels. Our previous in vivo study
showed that a normal pulsatile flow state had a %EEP of
8%-10% [21]. The pulsatile hemodynamic energy did not
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change after passing through the grafts. In addition, EEP
was found to be preserved in prosthetic grafts compared to
blood vessels in our simulation. Pressure and EEP in the
cardiopulmonary bypass (CPB) circuit was significantly
higher than in blood vessels, and this could be easily ob-
served in every CPB state.

Due to the acute nature of this study, problems related to
endothelial hyperplasia and subsequent graft failure could
not be investigated, as these are all future events. There-
fore, all expectations of future graft behavior would be
speculative, especially regarding the implications of the
EEP and SHE in the artificial grafts that were studied. Fur-
thermore, the durability of the artificial grafts used as pe-
ripheral grafts applies in a limited capacity in refer-
ence to this paper, which is another limitation of this study.
Therefore, long-term studies related to hemodynamic ener-
gy in artificial grafts, especially those with a small diame-
ter, are planned.

In conclusion, Dacron and ePTFE are less compliant
than native blood vessels; however, they can deliver pulsa-
tile blood flow and hemodynamic energy without any sig-
nificant energy loss. There was no difference in hemody-
namic energy between Dacron and ePTFE.
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