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— Abstract —

To evaluate the feasibility and efficacy of a pulsatile aortic aneurysm phantoms for in—vitro study.

The phantoms consisted of a pulsating motor part(heart part) and an aortic aneurysm part, which
mimicked true physiologic conditions. The heart part was created from a high—pressured water pump and
a pulsatile flow solenoid valve for the simulation of aortic flow. The aortic aneurysm part was manufactured
from paper clay, which was placed inside a acrylic plastic square box, where liquid silicone was poured.
After the silicone was formed, the clay was removed, and a silicone tube was used to connect the heart
and aneurysm part. We measured the change in pressure as related to the opening time(pulse rate,
Kruskal-Wallis method) and pressure before and after the stent—graft implantation(n = 5, Wilcoxon's
signed ranks test).

The changes in blood pressures according to pulse rate were all statistically significant(p < 0.05). The
systolic/diastolic pressures at the proximal aorta, the aortic aneurysm, and the distal aorta of the model
were 157.80£1.92/130.2041.92, 159.4041.14/134.0042.92, and 147.2041.480/129.6022.70 mmHg, respectively,
when the pulse rate was 0.5 beat/second. The pressures changed to 161.40%1.34/90.20+1.64,
175.00%1.58/93.00%1.58, and 176.80%1.48/90.80%1.92 mmHg, respectively, when the pulse rate was 1.0
beat/second, and 159.4041.82/127.20%1.48, 166.60£1.67/138.00%1.87, and 161.00%1.22/135.40%1.67
mmlg, respectively, when it was 1.5 beat/second. When pulse rate was set at 1.0 beat/second, the
pressures were 143.60%1.67/90.2011.64, 147.20%1.92/84.6041.82, and 137.40%1.52/88.80+£1.64 mmlg
after stent—graft implantation. The changes of pressure before and after stent—graft implantation were
statistically significant(p < 0.05) except the diastolic pressures at the proximal(p= 1.00) and distal aorta(p=
0.157).

The aortic aneurysm phantoms seems to be useful for the evaluation of the efficacy of stent—graft
before animal or clinical studies because of its easy reproducibility and ability to display a wide range of
pressures.
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I. INTRODUCTION

Aortic aneurysm is a pathological development of
atherosclerosis that involves local enlargement of
the aortic diameter and reduction in wall thickness”.
Surgical repair has been the standard treatment for
abdominal aortic aneurysm(AAA), but it still carries
a 4-6.5% mortality riskZ), even at experienced
centers. Since Parodi et al. reported the first
stent—graft repair of an AAA in 19913), investigators
have become increasingly interested in stent—graft
placement“. Endovascular stent—graft implantation
has been evaluated under various protocols, and
investigators have improved the technique to offer
a safer and less invasive solution for the treatment
of aortic aneurysmB’G).

Recently, various types of endovascular stent—
grafts have been developed and used in clinical
practice for the treatment of the aortic aneurysm.
Before endovascular stent—graft implantation was
implanted into humans, numerous feasibility studies
were conducted in animals and in in—vitro models’ .

However, most animals and in—vitro models to
date have not accurately reflected human aortic
To evaluate the

applicability, safety, and biocompatibility of various

size or physiologic conditions.

types of stent—graft, an ideal flow model reproducing
actual human aortic size and conditions has been
necessary to reduce trial and error in animal and
clinical studies.

We have recently developed an aortic aneurysm
phantom, which could produce a wide range of
aortic blood pressures and pulse rates. The purpose
of this study was to evaluate the feasibility and
efficacy of the aortic aneurysm model for in—vitro

study of stent—graft placement.

II. MATERIALS AND METHODS

1. The Pulsatile Flow Aortic Aneurysm Model

The diameter of a normal aortic segment in the

phantom was derived from the mean cross diameter
of the proximal descending thoracic aorta and the
upper level of the iliac artery bifurcation in 10
normal aortograms and computed tomographic(CT)
images.

The phantoms consists of a pulsating motor
part(heart part) and an aortic aneurysm part, which
mimicked real physiological conditions(Fig. 1). The
heart part consisted of high—pressured water
pumps(Hyupshin Water Design, Seoul, Korea) and a
pulsatile flow solenoid valve(Hanwha Company,
Seoul, Korea) for the simulation of aortic blood
flow. The high—pressured water pump was used to
produce a physiological pulsatile flow, and it was
located inside an acrylic water bath. The pump was
connected to a pulsatile flow solenoid valve.
Simulation of pulse rate was controlled by using a
regulator(COTRON Cooperation, Seoul, Korea) of the
solenoid valve. To closely mimic the real pumping
action of the heart, the waveform of the pulsatile
flow in the model was biphasic with a strong
forward flow phase in systole(opened state of valve)
followed by a slower forward flow phase in diastole
(closed state of valve). As for the circulating fluid,
a 40% glycerin - 60% water mixture fluid, maintained
at 35C, was used to simulate the hydrodynamic

properties of blood(Fig. 2).

Fig. 1. Photograph of the pulsatile flow aortic aneurysm
model. The square box indicates the check valve system
for insertion of the guide wire and stent—graft
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Fig. 2. Schematic diagram of pulsatile flow aortic aneurysm
model. The large arrows indicate the direction of the
circulating fluid
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The aortic aneurysm part was created by a cast—

reducing technique, which utilized a casting mold

developed from paper clay(TODAN Instruction,
Kyung—ki, Korea). The aneurysm phantom included
segments representing the proximal and distal

normal aorta and a segment of widened diameter
representing an aortic aneurysm. The normal aortic
segment was 20mm in diameter and 9cm in length
from the upper and lower ends of the aneurysm,
whereas, the segment representing the aneurysm
was 45mm in diameter and 50 mm in length. The
clay mold was placed in a square box where liquid
silicone(KE—1300, Shin—FEtsu Chemical Co, Ltd.,
Tokyo, Japan) was subsequently poured. The hardening
process of the silicone took approximately two
days. After the silicone was formed, the clay was
completely removed from the formed silicone model.
The total square dimension of the aortic aneurysm
part was 19cm in width, 23 cm in length, and 12 cm
in height. A silicone tube was then used to connect
the heart part and the aortic aneurysm part. For
introduction of a guide wire and a stent—graft
device, a check valve was connected to the distal
normal aortic segments of the aortic aneurysm

part.

2. A Stent—graft and Implantation Technique

A stent—graft(S&G Biotech Inc., Seoul, Korea)
consisted of two parts: a graft stent and an inner
bare stent(Fig. 3). The graft stent consisted of
proximal and distal bare stents and a Dacron graft.
The stent was knitted from a single thread of 0.3 mm
nitinol wire in an Inter locked tubular configuration.
The stent was 22mm in diameter and 3cm in
length. The Dacron graft was 20mm in diameter
and 6cm in length. Two parts of the graft stents
were connected to the Dacron graft using a 4—0
prolene blue monofilament on a tapered needle. The
inner bare stent was knitted from a single thread
of 0.3mm nitinol wire in a non—interlocked tubular
configuration. The stent was 22 mm in diameter and
12cm in length. The inner bare stent was longer
than graft stent for minimizing stent shortening.

Each of the graft stent and the inner bare stent
were preloaded in a 12 Fr. introducer, separately.
Stent—graft introducing system consisted of two
parts: a 12 Fr. outer Teflon sheath and a coil
pusher(3.85mm in outer diameter). Graft stents
were preloaded in the introducing system. A
preloaded graft stent set was advanced into the
proximal aorta over a stiff guide wire. After
deployment, the graft stent was centrally supported
by a coaxial inner bare stent(Fig. 4). More details
of the stent—graft and the implantation technique

were previously described'”.
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Fig. 3. Photograph of the expandable stent—graft
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Fig. 4. Radiographs and a photograph show the technical
steps of separate stent—graft implantation. (a) A exchange
guide wire was inserted through the check valve under
fluoroscopic guidance, (b, c) Preloaded graft stent set was
deployed across the aneurysm. (d, e, f) The graft stent
was centrally supported by a coaxial inner bare stent

3. Evaluation of the Pulsatile Flow Aortic
Aneurysm Model

To evaluate the feasibility and efficacy of the
functional flow of the aortic aneurysm phantom, we
performed two examinations.

First, pressures at the site of aneurysm and
proximal and distal normal aortic segments of the
aortic aneurysm phantom were measured 10 times
with various opening rates of the valve(pulse rates)
to evaluate whether the phantom could reproduce
various blood pressures. The heart rate was divided
into three study groups. Group [ measurements
were performed at a pulse rate of 0.5 beat per
second, the pulse rate of group II at 1 beat per
second, and the pulse rate of group III at 1.5 beats
per second.

Second, in vitro stent graft placement was
performed five times to evaluate the efficacy of the
stent graft and hemodynamic changes of the
aneurysm and proximal and distal aortic segments
of the phantom following stent graft placement.
This examination was performed under group II
conditions.

A 5 TFr. cobra catheter(Cook, Bloomington, IN,
US.A.) was introduced into the proximal aortic
segment over a 260—cm—long, 0.035—inch exchange
Tokyo, through the
check valve under fluoroscopic guidance. Digital

subtraction angiography(DSA) was obtained using

guide wire(Terumo, Japan)

contrast medium to verify the location of the aortic
aneurysm. Then, a stent graft introducing system
was introduced beyond the aneurysm part over a
IN, US.A).
After the graft stent deployment, the coaxial inner

stiff guide wire(Cook, Bloomington,

bare stent was deployed at the same location of the
graft stent to expand and support an interposed
Dacron graft and the graft stent.

Pressures at the aneurysm part and proximal and
distal normal aortic segments were also measured
before and after stent graft placement at a pulse

rate at 1 beat per second.
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4. Statistical Analyses

The results of the pressures are expressed as
standard deviation. The Kruskal—Wallis
method was used to test for differences in blood

mean =

pressures within each subset of pulse rates. The
Wilcoxon's signed rank test was used to evaluate
the change of blood pressure before and after
stent—graft implantation. The SPSS version 11.5
statistical package(SPSS, Chicago, IlI) was used to
perform the analyses. A p—values of less than 0.05
were considered to indicate a statistically significant

difference.

[I. RESULTS

The systolic and diastolic pressures at the
proximal aorta, aortic aneurysm, and distal aorta
were all significantly different according to the
three groups(p<0.05)(Table 1). The pressures
(systolic/diastolic) of the model were 157.80%£1.92/
130.20+1.92,  159.40%1.14/134.00£2.92,  147.20%
1.480/129.60+£2.70 mmHg, at the proximal aorta,
the aortic aneurysm, the distal aorta, respectively,
under group I conditions. The pressures were
161.40+£1.34/90.20£1.64, 175.00£1.58/93.00£1.58,
176.80+1.48/90.80+1.92 for the three respective
aortic segments in group I, and 159.40+1.82/
127.20£1.48, 166.60+1.67/138.00+1.87, 161.00+1.22/
135.40%+1.67 mmHg in group III.

We performed stent—graft implantation under
group II conditions. The stent—graft deployment in
the pulsatile flow aortic aneurysm phantom was
successful and free of problems in all cases. During
deployment of a separating stent—graft, no graft
deformity or stent migration was noted. The changes
of pressure before and after stent—graft implantation
were statistically significant(Wilcoxon's signed ranks
test, p<0.05) except diastolic pressure at proximal
(p=1.000) and distal aorta(p=0.157)(Table 2). The
pressures  after  stent—graft implantation were

obtained at 143.60+1.67/90.204+1.64, 147.20+1.92/

84.60£1.82, 137.40%1.52/88.80+1.64 mmHg, in the
proximal aorta, the aortic aneurysm, and the distal
aorta, respectively. The aortic pressures decreased
after stent—graft implantation(Fig. 5).

We confirmed the resolution of aortic aneurysm
and exclusion of the aortic aneurysm by DSA
imaging(Fig. 6), performed after the deployment of
graft stent through the catheter.
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Fig. 5. Pressure measurement of the model before and
after stent—graft implantation at a pulse rate of 1.0 beat/
second condition

Fig. 6. Digital subtraction angiograms(DSA) before and after
stent—graft implantation

(a) DSA before stent—graft implantation show the aneurysm
part(arrows) in two different aneurysm models. (b) DSA
obtained after implantation of a stent—graft(curved arrows).
There is no evidence of endoleak
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IV. DISCUSSION

In—vitro examinations and experimental studies
are critical in the development of the new design
and function of medical devices or materials, as it
allows detection of any problems or defects prior to
the initiation of clinical studies. The newly developed
stent—graft has been evaluated under various experi-
mental protocols, and investigators are improving
the technique to offer a safer and less invasive
solution for the treatment of aortic aneurysmefg) .
Some investigators have been using canine or ovine
animal models to represent human aortic valves for
the evaluation of newly designed Stent—graftsn'12).
However, most experimental studies of stent—graft
implantation did not accurately simulate actual
human aortic size and shape. The ideal model will
closely simulate the actual size of the aorta in
humans for appropriate evaluation of stent—grafts
under comparable situations. The choice of animal
is also an Iimportant factor in being to able to
overcome limitations in experimental studies focused
on the study of aortic aneurysms.

The primary purpose of in—vitro examinations
was to investigate the effectiveness, feasibility, and
potential complications of newly developed devices
prior to experimental and clinical study. Our
phantom model of aortic aneurysm closely mimics
the actual size and shape and physiologic conditions
of true human aortic aneurysms. Some investigators
have published reports on the use of actual human

aortic phantom models for research of aortic

12-16)

aneurysms Chong et al., for instance, investi-

gated the hemodynamic flow patterns using flow
aneurysm Iin a

commercial bifurcated stent—graft for AAA repairm.

visualization and laser Doppler

In this study, the AAA model was developed from
clear silicone rubber with pulsatile flow being
generated by a servo—controlled piston and a gear
pump, which provided the unsteady and steady flow
component, respectively. Rudin et al. reported the
effectiveness of a coil and asymmetric stent using a

elastomer vessel aneurysm models with blood flow'® .

In this phantom examination, dye—dilution imaging
sequences were performed and time—density curves
were constructed in disrupting standard vortex flow.
These results indicated that potentially favorable flow
modification features can be created by using the
described asymmetric stent design.

In some reported articles, phantom models
developed from silicone materials have been widely
used in implant materials and human phantom
models in various areas in medicine’* ™. A model of
an aortic aneurysm in our phantom can be easily
created using silicone materials and paper clay. It
1s possible to perform stent—graft implantation
mimicking similar clinical conditions under fluoroscopic
guidance due to the similar thickness of the human
phantom model with respect to that of the human
body. Actual human aortic size and shape of the
model can also easily be created by using paper
clay and completely removed from the formed model
after drying of the liquid silicone.

The in—vitro phantom model has been tried with
various methods to simulate actual pulsatile flow of
human aorta. We used the 40% glycerin — 60%
water mixed solution that has traditionally been
used as circulating fluid to simulate the hydrodynamic
properties of blood" ™. To simulate the actual
heart rate and blood pressure, we used a high—
pressured water and a pulsatile flow solenoid valve.
The high—pressured water pump produced physiologic
pulsatile flow, and the pump produced various pulse
rates via control of the regulator of the solenoid
valve. This allowed users to be capable of producing
various pulse rates and blood pressures in our
phantom model. The heart rate ranged from 30
beats/minute to 90 beats/minute, systolic pressure
from 137.40%£1.52 to 175.00+1.58, and diastolic
pressure ranged from 84.60+1.82 to 130.20%1.92.
Therefore, we could simulate various clinical conditions
by regulating the pulse rate and pulsatile pressure
by adjustment of the opening rate of the solenoid
valve.

Our phantom model has a side check valve

system for introduction of a guide wire, a catheter,
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and a stent—graft introducing system, thereby
allowing one to perform stent—graft placement under
similar conditions of animal and clinical studies.
The side check value system also allows performance
of stent—graft implantation and DSA on the phantom
models. Investigators can thereby closely experience
actual clinical conditions with our phantom model,
facilitating the development of future experimental
study designs using a functional flow model.

Our experiences have some limitation. First, the
constant shape, diameter, length of aneurysm part
used throughout our experiments did not reflect the
with

In future studies,

condition of aortic

their variable size and shapem.

true clinical aneurysms
we will evaluate a newly designed aneurysm model
that allows such a variability in aortic aneurysm
morphology. Second, we did not perform CT and
ultrasonographic evaluation of our phantom model,
whereas, in clinical, practice, aortic aneurysms or
dissection are evaluated by methods of sonography

and CT before and after
18)

implantation of stent—
grafts™’. In the next study, we will investigate the
physiologic changes of the model according to blood
pressure and pulse rate under ultrasonography and
CT.

In

the aortic

model of the actual human conditional flow seems

conclusion, pulsatile aneurysm

to be useful in the evaluation of feasibility and
efficacy of the newly designed stent—graft before
animal or clinical studies because of its facile
reproducibility and ability to apply a wide range of

pressures.
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