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Abstract

Endovascular repair has emerged as an alternative, less-invasive surgical
technique for the treatment of patients diagnosed with abdominal aortic
aneurysms (AAAs). The anatomical pathway of blood flow in the abdominal
aorta is restored by the implantation of an endovascular graft (EVG),
depressurizing the aneurysm and initiating a remodeling process of the diseased
aortic tissue. The short-term results of endovascular grafting are promising, but
its long-term success has been compromised by the occurrence of graft migration
or detachment, which induce endoleaks or incomplete occlusion of the aneurysm
from the blood circulation. The forces induced by the blood as it flows through
the graft are believed to be a factor of probable cause in the migration of the graft
downstream and the partial detachment of its proximal and distal anchoring
points. The purpose of this study is to utilize analytical tools to provide an
estimation of the forces required to secure the graft proximally when relying on
flow-induced stresses alone, and to describe the design methodology of a tissue-
engineered proximal attachment mechanism that is capable of withstanding these
forces. Composites of synthetic and native biodegradable polymers are examined
as biomaterials for the attachment mechanism of the graft.
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1 Introduction

The first successful AAA resection and homograft replacement dates back to
1951 [1], then considered a promising less-invasive method of treatment. What is
now recognized as endovascular grafting was first reported by Parodi et al. [2] as
a procedure that avoids the extensive tissue dissection associated with traditional
open repair. Even though the initial and short term results for endovascular repair
of AAAs are promising, there are challenges to overcome for its use for the long-
term treatments. One of the common problems encountered is the incidence of
incomplete aneurysm exclusion, also known as an endoleak, which originates
from the sites of either proximal or distal fixation. Type I endoleaks are the result
of failure to exclude the aneurysm from central circulation [3], which may lead
to acute aortic occlusion or perigraft flow and to repressurization of the
aneurysm sac that can eventually cause rupture of the AAA [4]. This type of
endoleak is consistently associated with the failure of the attachment mechanism
of the graft to the inner wall of the aorta and to the in-vivo downstream
migration of the graft. However, the forces that cause endovascular grafts to
migrate in-vivo are unknown [5].

All known commercial grafts utilize metallic components based on either a
passive or an active attachment mechanism. Passive attachments allow the graft
to be held in place solely by the frictional force provided by the graft’s metallic
frame. Active attachments consist of metallic hooks at the proximal and distal
ends that hold the graft in place by inserting themselves into the artery wall. One
of the factors believed to cause failure of the attachment mechanism is the
fatigue of the metallic structure [6], which leads to detachment of the hooks in
active mechanisms and to detachment of the metallic structure from the graft
fabric in passive mechanisms. Blood flow patterns and the forces induced by
blood flow through the aorta are hypothesized to be one of the probable factors
involved in the appearance of endoleaks. In a recent workshop on pre-clinical
testing for endovascular grafts [6], the anatomical pathway for blood flow
through an AAA was considered as a characteristic that could affect function or
performance of an endovascular graft. Moreover, the presence of an implanted
graft is predicted to alter pre-implant flow patterns, which may have an influence
on potential endoleaks.

To address the recurrent problem of Type I endoleaks in endovascular grafts
used for AAA repair, we propose a tissue engineering approach that will provide
stability and durability of the proximal attachment site. The objective of this
investigation is to develop a tissue-engineered attachment mechanism for
endovascular grafting applications. Analytical techniques are utilized in this
work to estimate the reaction forces required to secure an endovascular graft
post-implantation. Experimental techniques used to determine the adhesion
properties of the tissue-engineered material to the attachment mechanism are also
described. This work focuses on the (i) analytical evaluation of the flow-induced
forces the attachment site of an endovascular graft experiences after its
implantation for AAA repair, and (ii) design approach for a biocompatible
material that will allow its integration with either passive or active EVG
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attachment systems, while promoting tissue ingrowth and intralumenal
anchorage with the aortic wall.

2 Methodology

Following is an outline of the methods followed to (i) evaluate the types and
magnitudes of flow-induced forces the attachment site of an endovascular graft
experiences after its implantation for AAA repair, and (ii) describe the design
approach necessary to develop a proximal attachment mechanism that will allow
its integration with either passive or active attachment systems, while promoting
tissue ingrowth and intralumenal anchorage with the aortic wall.

2.1 Analytical modeling

Analytical graft models, based on the integral relations of fluid particles applied
to control volumes, are used in this investigation to provide an initial estimate of
the reaction forces that attempt to dislodge the graft from its proximal attachment
site. These forces are calculated on the basis of a two-dimensional force system
and obtained at peak flow during the cardiac cycle, which corresponds to the
maximum blood flow rate. The analytical models have allowed us to perform a
parametric study of the variation of fluid forces with inlet and outlet graft
diameters, angulation of the graft limbs, and the change in physiological peak
blood flow rates.

The control volume geometries are constructed to investigate the forces acting
on an endovascular graft using a steady-state peak flow design of a bifurcated
stent-graft with dimensions similar to typical AneuRx® and Ancure® grafts. A
balance of fluid forces is performed in each control volume to obtain the
resultant reaction forces on the graft in a post-implantation setting. A schematic
of a representative control volume and the forces induced by the flow are shown
in Figure 1. The control volume is modeled as stationary and the blood flow
properties constant and uniform. Blood is assumed to be incompressible and
Newtonian, which is a reasonable modeling assumption for large arteries. The
inlet velocity V, in the laminar regime is taken as the peak flow velocity for
average resting hemodynamic conditions [7, 8]. In the turbulent regime, the inlet
velocity is taken as V; = 0.6 m/s, a value within the range of observed peak
systolic velocities under average exercise conditions. An inlet pressure P, = 120
mmHg (16 kPa) is assumed for all the analyses.

The application of Reynolds’ Transport Theorem [9] dictates the analytical
balance of forces. Mass conservation over the control volume is given by Eq. (1):

0 =%(vapd\7’)+ J‘csp (Vr ’ﬁ)dA (1)

which is simplified as

2 2
v, =B(ﬁ] Vii Vs =(1—B)[&) v, @
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1

Figure 1: Control volume of an axisymmetric bifurcated endovascular graft
illustrating the flow-induced forces and geometric parameters.

for which B = 0.5, resulting in V, = V;, and sin 6, = -sin 85 and cos 6, = cos 6;.
The latter is representative of an axisymmetric graft, the only type of graft
geometry considered in this study.

Energy conservation is performed over the control volume as indicated by Eq.
(3) in its most general form:

L d 1,
Q—WS—W\,=—&-{[ICV(u+EV +gszd‘v’}

| 3)
+ Cs(fwzvz +gsz(\7-ﬁ)dA
This is simplified for steady flow as follows:
2 2 2
P Vv P, : L; V.
—1+CX1—1+yl~_— —1+°‘i—1+}’i -i-fﬁ-—1 (4)
Y 2g 2 D; 2

where i =23 and L;; =L, + L;. Also, D, =D;, a; = o3 and y, = y; due to the
configuration and symmetry of the graft, resulting in P, = P;. The inclusion of
kinetic correction factors (o;) and the appropriate calculation of the friction
factor (f) are improvements with respect to the control-volume analyses reported
by Liffman et al. [10]. Kinetic correction factors are defined by Eq. (5):

1 3
a=_;(ij aA ®)
A\V

where u is the instantaneous axial velocity and V is the spatially-averaged
velocity at a cross-section. For laminar parabolic flow, a = 2.0. For turbulent
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flow, o generally varies in the range 1.04 < o < 1.11. For the purpose of this
study it is assumed that Qypyiene = 1.075.
The friction factor is given by Eq. (6):

8t
x (©)
pV
where 1, is the flow-induced wall shear stress and p is the density of blood.
Since wall shear stress varies linearly in fully-developed pipe flow conditions in
the laminar regime, Eq. (6) is simplified as f = 64/Re for laminar flow, where
Re = pV,D//u is the Reynolds number. For turbulent flow, we have used the
Blasius correlation [9], which states that f = 0.316 Re™ for 400 < Re < 10°.
Conservation of linear momentum is also performed over the control volume
as indicated by the general integral balance of forces in Eq. (7):
d( o = d - N A
E( V)syst =LF= a{(«[cv Vp dV)+ lsVp (Vr -n)dA )
This results in the following expressions for the forces in the x and y directions:

YF, =R, +PyA,sin0, + P3A3sinf; =—pVZA, sinf, —pVZ A, sin 6
2Fy =Ry +PyA; cos0; +P3A3 cos83 —PlA, ®)

f=

—'WT = pV12A1 —pV22A2 COSQZ —pV32A3 COSG3
where Wr is the total weight of the fluid and the graft, given by Wy = W+ Wi
= pgV + mgg, Vg being the internal volume of the graft (lumen for the flow).
Substituting Egs. (2) and (4) into Eq. (8) yields the following expression for
the horizontal and vertical reaction forces R, and R,:

Ry =0 (%)

4
D
R, =(P1+pV12)%D12+WT— P2+%[D—1] 2 %D%cose2 (9b)
2

4
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Average blood properties are taken as p = 1,050 kg/m’® and p = 0.00319 Pa s.
The geometry and properties of the graft are: L, =7.75 cm, L, = L; = 12.25 cm,
mg = 0.00785 Kg [10]. For the parametric analyses, the inlet diameter varies in
the range 2.0 cm < D; < 3.0 cm. The outlet diameters vary in the range
¥ Dy < D; = D; < 1/6 D, and the angulation of the axisymmetric limbs varies in
as 0° <0, =0; <45° The peak Reynolds for the pulsatile curve in Maier et al. {7]
is fixed, from which V| is calculated for the laminar flow studies.

2.2 Tissue-engineering approach
Our approach is to engineer a material that will cover the stent or hook, and in

application, have tight apposition with the aortic wall upon graft deployment.
Stents are typically made of metals or shape-based metal alloys [11].
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Modifications to the metals include covering the stents with synthetic polymers
such as Dacron or expanded poly(tetraflucroethylene) [12, 13]. Biodegradable
polymers have also been examined as stents [14, 15]. Recently, porcine small
intestinal submucosa (SIS) has been used as a stent coating to treat AAA [12,
16]. SIS is obtained from the middle layer of the small intestine, and is an
acellular, collagen-based biomaterial that becomes remodeled with the tissue. By
attaching a tissue-engineered scaffold at the ends of the EVG, the graft can
perform its attachment function in the short term, while allowing the engineered
biomaterial to promote ingrowth from the aortic wall for long-term anchorage.

2.3 Experimental verification

EVGs will be impregnated with poly(vinyl alcohol), (PVA), a biocompatible
hydrogel, and SIS will be incorporated into the hydrogel. Recently, Oka has
reported the successful results of impregnating titanium meshes with poly(vinyl
alcohol) hydrogels for cartilage replacement [17]. We will utilize SIS to enable
the outer surface of the EVG to remodel within the aortic wall, while the PVA
hydrogel will interlock the SIS to the EVG. SIS has shown promising results as
an artificial vascular graft [18]. The use of a hydrogel is necessary as recent
studies demonstrated poor attachment of SIS to AAA stents [12].

3 Results and discussion

The axysimmetric geometry of the grafts modeled in the present investigation
has an effect on the change in momentum of the flow caused by the inlet
boundary conditions and the tapered body of the graft, which results in a zero
horizontal restraint force, as yielded by Eq. (9a). The force required to maintain
the graft in place due to blood flowing at a steady peak systolic rate is vertical,
oriented in the streamwise direction and is highly dependent on the inlet pressure
and velocity.

From the parametric studies conducted, we have chosen a representative
configuration [10] for which Dy = 3.0 cm, D,; = 1.0 cm and 6,5 = 15°. The
analysis is based on laminar and turbulent flows, with the patient standing or
lying horizontally (absence of gravitational forces). The results are:

a) Laminar regime for which V| = 0.26 m/s at peak systolic flow, P, = 16 kPa,

resulting in V, ;= 1.17 m/s.

¢ Patient standing, R, =9.51 N

¢ Patient lying horizontally, R, = 8.97 N
b) Turbulent regime for which V, = 0.60 nvs at peak systolic flow, P, = 16 kPa,

resulting in V3 =2.70 m/s.

¢ Patient standing, R, =9.53 N

¢ Patient lying horizontally, R, = 9.00 N
This demonstrates the negligible increase in restraint force when considering
turbulent flow in control-volume graft studies. A complete analysis for laminar
flow with the inlet diameter D; = 3.0 cm is shown in Figure 2. The results show
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an increase in vertical restraint force with hypothetical inlet-outlet diameter
ratios that may not be available in all commercial endovascular grafts. A typical
Ancure® graft measures D; = 2.6 cm and D,; = 1.3 c¢m, while a typical
AneuRx® graft measures D; = 2.8 ¢cm and D,; = 1.6 cm. A comparison of
restraint force variation for these grafts is shown in Figure 3 for laminar and
turbulent flows.
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Figure 2: Variation of vertical restraint force R, for laminar flow and D; = 3.0
cm for a patient (a) standing and (b) lying horizontally.
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Figure 3: Variation of vertical restraint force R, for (a) D; = 2.6 cm and
D;3=13cm,and (b) D;=2.8 cmand D,5=1.6 cm.

Experimental measurements of forces required to displace the proximal end
of a graft are found in the literature. Lawrence-Brown et al. [19] have determined
that the force required to dislodge a graft from its proximal end when relying on
an unbarbed stent is S — 6 N. The displacement force to extract anchored grafts in
cadaveric aortas is 2 — 3.4 N for a smooth stent, 7.4 — 10.8 N for a stent with four
weak hooks and barbs, and 17.1 — 27.9 N for a stent with eight strengthened
hooks and barbs [5]. Morris et al. [20] report a force of 2.5 N as that required to
cause stent-graft migration in silicon aortic aneurysms when relying on up to



Transactions on Biomedicine and Health vol 6, © 2003 WIT Press, www.witpress.com, ISSN 1743-3525

238  Simulations in Biomedicine V

three smooth stents, one at each end of the graft. Based on these findings and a
control-volume analysis of peak systolic flow rate, blood flow alone may cause
stent-graft migration or detachment if relying on a passive attachment
mechanism or on an active attachment mechanism based on any combination of
up to four hooks and barbs at the proximal end.

SIS has been harvested following a procedure by Hadlock et al. [21] Briefly,
entire adult rat small intestines were removed and washed with saline. The
intestines were cut longitudinally and the intralumenal mucosa was exposed. A
scalpel was used to mechanically remove the mucosa. The strip was turned over
and similarly, a scalpel was used to gently remove the serosa. The remaining
submucosa was sterilized in 0.1% peracetic acid, and stored in PBS at 4°C until
use. Figure 4(a) is a digital image of the isolated rat SIS and Figure 4(b) is a
scanning electron micrograph of the rat SIS.

@ (b)
Figure 4: Rat small intestinal submucosa (SIS): (a) digital image and
(b) scanning electron micrograph.

@ (b)
Figure 5: SIS incorporated within various polymer matrices: (a) PVA and
(b) cross-linked PVA hydrogel.
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Incorporation of SIS into PVA has been achieved using a “sandwich”
technique. PVA was dissolved in water and poured into a circular Teflon mold.
After a specified time period, a sheet of SIS was applied to the surface of the
PVA. An additional layer of aqueous PVA was added, and the “sandwich” was
cross-linked with glutaraldehyde. A scanning electron micrograph of the
PVA/SIS composite is shown in Figure 5(a), and a digital image is shown if
Figure 5(b). Additional experiments include the incorporation of SIS within an
FDA-approved biodegradable polyester (e.g., polycaprolactone), as well as
utilizing non-toxic cross-linking agents and examining the adhesion properties
between the composite layers.

4 Conclusions

The long-term efficacy of endovascular repair (EVAR) of abdominal aortic
aneurysms {(AAAs) is under examination. Endoleaks type I remain problematic
and can result in rupture. Our approach seeks to improve upon EVAR through a
powerful combination of analytical modeling of flow-induced forces and tissue-
engineering design of a biocompatible attachment mechanism.

Based on a two-dimensional force system of control-volume integral
relations, it was determined that the restraint force exerted on an axisymmetric
endovascular graft due to peak systolic blood flow alone is a streamwise force
that may detach the graft and cause migration downstream depending on the type
of traditional attachment mechanism utilized. Such force is due to the inlet
pressure and velocity conditions, the change in momentum of the fluid due to the
ratio of inlet to outlet cross-sectional areas, and the angulation of the limbs of the
graft. The analyses presented in this investigation are an initial approximation for
a subsequent study of the complex flow-induced stress field that can be
accurately estimated by means of computational fluid dynamics modeling. The
present work does not take into account asymmetry of the endovascular graft,
three-dimensional force systems, flow pulsatility, mechanical interaction with the
aneurysm, hypertension, and the presence of other types of endoleaks. The forces
induced by the flow are general guidelines for our design of a tissue-engineered
attachment mechanism that can prevent the appearance of endoleaks type L.

To the best of our knowledge, no existing graft manufacturer utilizes a tissue
engineering approach for the development of proximal or distal attachment
mechanisms. Commercial grafts attempt to address the appearance of endoleaks
by providing a variety of metallic components in combination with modular graft
bodies manufactured with different fabrics. The active attachment-based grafts,
for example, consist of six to eight hooks that provide radial support proximally
and either barbs and/or stents for additional stability of the mechanism. Placing
additional hooks and barbs on a stent increases the volume of the attachment
mechanism and makes its delivery more difficult during surgery. The advantage
of using a tissue-engineered material in combination with an existing attachment
mechanism is the provision of a long-term solution based on the induced natural
growth of the aortic tissue surrounding the material, by the time that the active
metallic components or the passive metallic grids would fail due to fatigue.
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