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Abstract

Performance limitations in anastomoses are mainly due to the mismatch in radial
distensibility of artery and vascular graft caused by a difference in their mechanical
properties, suture material, and suturing techniques. This work aimed at fluid-solid
computational investigations of the peri-anastomotic region, with specific reference
to the effects of pulsating blood flow. Finite element (FE) and finite volume (FV)
models were developed for proximal and distal anastomoses of artery-vein graft and
artery-prosthetic graft configurations. FE and FV models were coupled to account
for solid-fluid interactions. Emphasis was placed on simplicity of the coupling algo-
rithm. Artery and vein graft showed a larger dilation mismatch in the anastomotic
configuration than artery and prosthetic graft. The vein graft distended nearly dou-
ble compared to the artery - as observed in clinical practice. The prosthetic graft
behaved considerably stiffer, displaying approximately half of the arterial dilation.
Luminal mismatching was further aggravated by the anastomotic interface itself,
forming a pseudo-stenosis in the artery-vein graft anastomosis. While this study
focused on end-to-end anastomoses as a vehicle for developing the coupling algo-
rithm, it may serve as useful point of departure for further investigations such as
other anastomotic configurations, more refined modelling of sutures, and fully tran-
sient behaviour.
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1 Introduction

Atherosclerosis, the hardening and narrowing of arteries, is the most common
type of arterial disease! which is accountable, directly or indirectly, for about
half the deaths in the western world. This and other forms of coronary and
peripheral vascular diseases are treated by surgical intervention. Bypass graft-
ing uses autologous conduits, such as internal mammary artery and saphe-
nous vein, and prosthetic grafts, typically expanded polytetrafluorethylene
(ePTFE) or poly(ehtylene terephthalate) (Dacron).? One of the most promi-
nent reasons for poor performance and failure of small and medium sized grafts
is the development of anastomotic intimal hyperplasia (AIH), in particular at
the distal anastomosis. The causes of AIH range from surgical trauma and
lack of endothelium to compliance mismatch and disturbed flow conditions. It
is believed that flow conditions and shear stress are the most dominant factors
for hyperplastic response.?

The anastomotic configuration and compliance mismatch not only depend on
the mechanical properties of host vessel and graft, but also on suture material
and suturing technique. Mechanics and compliance mismatch of end-to-side
and end-to-end anastomoses have received extensive attention in in-vivo, in-
vitro, and numerical studies.®* Computational approaches have been used to
evaluate fluid and structural quantities such as fluid shear stress and circum-
ferential wall stress and strain which are rather difficult to measure in-vivo.
The optimization of the anastomotic configuration with regard to fluid and
structural mechanics has been a major target of computational studies.*

This study investigates, by means of a simple approach, the effects of compli-
ance mismatch between host vessel and vascular graft and suturing techniques
on the structural and fluid mechanics of proximal and distal end-to-end anas-
tomoses. The study combines computational solid mechanics, fluid mechanics,
and fluid-structure interaction. Anastomotic parameters include three vascu-
lar materials (arterial and venous soft tissue, and porous polyurethane) and
the interrupted suturing technique. The vascular soft tissue is modelled as a
two-layer isotropic, hyperelastic material and the porous polymer as a hyper-
foam material. In order to carry out an axisymmetric study, the effect of the
sutures is modelled by a smeared-out, orthotropic linear elastic material which
is uniformly distributed around the circumference. The blood is assumed to
be a Newtonian fluid, with flow being pulsatile and turbulent.

The artery-vein graft anastomoses displayed considerable mismatch of the me-
chanical behaviour with the diameter increase of the vein graft upon exposure
to arterial mean blood pressure being nearly double that of the artery. The
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prosthetic graft behaved far stiffer than the vein graft, here the graft dilation
was about 50 % of the arterial dilation. In all cases, the predicted diameter
mismatch indicates changes of the physiological flow domain and arterial circu-
lation which is further aggrevated by the low-compliant anastomotic interface
(suture line). Interestingly, the dilation of the anastomosis, though modeled
identically in all cases, showed counterintiuitve pattern: a larger dilation was
predicted in the stiffer peri-anastomotic configurations of artery-prosthetic
graft compared to the more distensible artery-vein graft models.

2 Mathematical Model

2.1 Fluid Dynamics Model

Most generally, blood is modelled as a non-Newtonian fluid. Li et al® mention
in their article that “some researchers have shown that when the shear rate
reaches 1000 s~* blood behaves as a Newtonian fluid®”. But as the shear rate
in human arteries can vary between 1 to 1200 s~! over a cardiac cycle,” blood
may behave as a non-Newtonian fluid. For simplicity blood is assumed in this
study to be an incompressible Newtonian fluid. Conditions are also assumed
to be isothermal.

The equations governing the flow of the blood are the equations for conserva-
tion of mass and momentum. For incompressible fluids the equation of mass
conservation becomes the continuity equation

divv=0 (1)

where v is the velocity field.

Neglecting body forces, the equation for conservation of momentum for in-
compressible Newtonian fluids is given by

ov

Par + p(v-V)v==-Vp+uV?v+V (2)

where p is the mass density, p is the dynamic viscosity, p is the pressure and
V represents terms arising from the additional viscous stress.® Equations (1)
and (2) constitute the Navier-Stokes equations.



2.1.1 Turbulence Modelling

Turbulent flows are commonly encountered in practical applications. For most
engineering purposes it is unnecessary to resolve the details of the turbulence
fluctuations, only the effects of the turbulence on the mean flow are usually
required. The time-mean behaviour of these flows is usually of practical in-
terests. Thus, most of the computational procedures solve the time-averaged
equations, which supply adequate information about the turbulent process
without the need to consider the effects of small scale high frequency fluctu-
ations. Therefore, the equations for unsteady laminar flow are converted into
the time-averaged equations for turbulent flow by an averaging operation in
which it is assumed that there are rapid and random fluctuations about the
mean value. The additional terms arising from this operation are the so-called
Reynolds stresses, turbulent heat flux and turbulent diffusion flux.®

The low Reynolds number k — w turbulence model is used in this work. The
type of fluid flow simulated is usually found to be in a transitional region with
a Reynolds number around 2000.% Here k is the turbulent kinetic energy and
w is the specific dissipation rate. These variables must satisfy the following
two transport equations:

0

a (pk) + div (pk’V) = div (Fka) + G —Y,+ Sk, (3)
0 : .

5 (pw) + div (pwv) =div (I, Vw) + G, — Y, + S, . (4)

Here G and G, represent the generation of turbulence kinetic energy and of
w due to mean velocity gradients. The effective diffusivity is represented by 'y,
and I',, dissipation due to turbulence is represented by Y and Y, and lastly
the source terms are represented by Sy and S,.? These two equations, (3 and
4) need to be solved in order to approximate the stress terms in the governing
equations.

To close the system of time averaged conservation equations it is necessary
either to relate the extra terms directly to the mean quantities, or to supply
additional equations from which they can be derived. A wide variety of tur-
bulent models exists, and it is beyond the scope of this study to review all of
these. For further details the reader is referred to the works.® 1013



2.2 The Anastomosis Model

The solid bodies (the artery and vein grafts as well as sutures) are required
to satisfy the equation of motion in the form

ou )
psﬁ—leUZO, (5)
in which u is the displacement, ¢ is the Cauchy stress, and body forces are
neglected (see, for example,'* for a detailed treatment of the material in this
section). It is useful also to define the symmetric second Piola-Kirchhoff stress
tensor S; this is related to the Cauchy stress by

S=JF'oF 7" (6)

where the deformation gradient F describes local deformation, and its deter-
minant J = det F gives locally the ratio of current to initial volume.

An elastic material is by definition one for which the stress is a function of the
deformation only. The assumption of the existence of a strain energy function
U(F) together with the principles of material objectivity dictate that the stress
is in fact given as a function of C = FTF, the symmetric right Cauchy-Green
deformation tensor. Under these conditions we have the general constitutive
relation

9c (7)

It is assumed for simplicity that the arteries and grafts are isotropic, in which
case the expresssion (7) can be specialised further to read

S = S(Iy, Ir, Is) (8)

in which I, (k = 1,2,3) are the three invariants of C, defined by I;(C) =
trC, L(C)=3[(trC)?—trC? , I3(C)=detC , and where tr and det
denote respectively the trace and determinant of a tensor or matrix. The stress
is now evaluated from
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where I is the identity tensor.



2.2.1 Strain Energy Function for Vascular Soft Tissue

In order to model the material properties of the artery as realistically as pos-
sible, a strain energy function simulating the hyperelastic properties of the
arterial tissue was needed.!® 15

The vascular tissue is actually hyperviscoelastic, but as the simulations in
this work look at loading conditions within the normal physiological range an
approximation of hyperviscoelasticity by hyperelasticity is deemed acceptable.

Delfino et al.'® have proposed a strain-energy function, which has an isotropic
rubber-like strain-energy potential, to model the behaviour of a carotid artery
under loading. This strain energy function is used here to define the hypere-
lastic material properties of arterial and venous soft tissue, and is given by

U= % {exp B (I, — 3)} - 1} (10)

where a is a stress-like material parameter and b is a non-dimensional param-
eter. With this strain-energy function it was possible to achieve the typical
response in the high pressure region.

The assumption is made that the material is incompressible, so that I3 = 1.

The constants used to model the arterial and venous soft tissue sections,
mimicing the artery and vein-graft'®!® are given in Table 1. A UHYPER
adapted from previous work,'® 17 was used to implement these models in
Abaqus®.*®

Table 1
Strain Energy Constants for Soft Tissue Layers of Artery (Set 1) and Vein (Set 2)

Adventitia 1 | Media 1 | Adventitia 2 | Media 2

a 4.74 8.35 2.50 4.71
b (Pa) | 27370 44200 20000 27370

2.2.2  Orthotropic Material for Anastomotic Interface

A 2D axisymmetric model was used to simulate the presence of the sutures.
The suture properties were incorporated in an averaged sense by replacing
the discrete sutures with a continuous band of material with properties which
would result in it having the same overall effect of the sutures. As the suture
had a much higher stiffness in comparison to the vascular soft tissue and
vascular graft sections, this behaviour was modelled by treating the band as



an orthotropic material which was much stiffer in the axial than in the radial
directions.

As the deformations in the suture would be small, it was modelled using small-
strain elastic theory. In order to simulate the Prolene™ suture, based on a
previous study'® a Young’s modulus of 18.53 MPa was used. The 12 stitches
with two segments each typically found in an anastomosis were approximated
to a smear to be modelled in a 2D axisymmetric model. Based on the volu-
metric composition a volumetric average value of 0.969 MPa for the Young’s
modulus was computed for a smear in the axial direction and the radial di-
rection value was considered to be 10% of the computed value. The value of
Poisson’s ratio v was set at 0.49.

2.2.3 Hyperfoam for Prosthetic Graft Material

The prosthetic graft used is based on porous polyurethane strucures produced
by methods described by Bezuidenhout et al.2’ The graft material which falls
into the category of hyperelastic materials was modelled using a hyperfoam
model having a strain-energy function described by Yeoman,?! Storkers* and
Odgen.?

U=U(\, A2, A3) (11)
T Loy 1 i B
= A+ AT+ A =3)+3(J3 -1 — (JSM —1
;a?{(1+2+3 )+(el )+ﬂ(el )]
where )\; are the principal stretches, \; = J _%)\i, Je is the elastic volume

strain and p;, a; and 3; are temperature dependent material parameters, and
are given in Table 2. If all §; are equal to a constant value 3, one can define
the effective Poisson’s ratio

(12)

These hyperfoam coefficients correspond to the different porogen sizes of the
porous structures investigated by Yeoman.?!

3 Computational Modelling

In order to solve and ultimately simulate the phenomenon being studied in
both the solid as well as the fluid problem, the commercial software pack-
ages Abaqus® for the finite element solid modelling, Gambit® for the mesh



Table 2
Hyperfoam model coefficients?!

90 — 106 m
v 0.08
w1 | 0.5411 x 106

po | —0.1528 x 106
ps | —0.3936 x 106
pa | 0.1337 x 109

Qaq 2.449
a9 4.694
as | —1.575
ay | —3.571

generation of the flow domain, and Fluent® to simulate the fluid flow, were
used.

3.1 Solid Modelling

The model was subdivided into different partitions, as shown in the section
through the walls in Fig. 1. A small partition consisting of two rows of ele-
ments at the region of the anastomosis was defined as the suture smear. The
remaining divisions of the model, were those of the artery and graft, where
an arterial section has been divided again longitudinally to create two equally
thick layers representing the media and adventitia. A further partition was
created for the graft; in the case of this being arterial in nature, the same
procedure as that for the artery section has been followed.

Inner and outer diameters of 4 and 5 mm were used respectively for the
anastomotic model. Schajer? suggested a use of length of twice the diameter
in modelling anastomosis computationally, thus a 10 mm section was chosen
for both the artery and the graft, and a 0.2 mm for the suture smear was used.

Four-noded bilinear hybrid elements with constant pressure were used in ax-
isymmetric analyses. The mesh generated for this model had to correspond to
that used for the fluid domain as the common boundary nodes had to be in
the same geometric location. A mesh of 200 elements in the axial direction and
8 elements in the radial direction was chosen. This resulted in 1600 elements

defined by 1809 nodes. The inputs loading used for models are given in Table
3.15,25



Table 3
2D Axisymmetric Model Inputs

INPUT VALUE

Longitudinal Prestress | 10 % of section length
External Pressure 8.6 kPa (65 mmHg)

Luminal Pressure 10.6 — 16.0 kPa (80 — 120 mmHg)

3.2 Fluid Flow Modelling

The flow modelling was carried out using the PISO velocity-pressure coupling
algorithm, with the k - w turbulence model, discretisation schemes of standard
pressure as well as second order upwind for momentum, turbulence kinetic
energy and specific dissipation rate were used. A mesh with 40 elements in
the radial and 200 elements in the axial direction was created using Gambit®,
where a length of 20 mm and a radial width of 2 mm was considered for the
flow domain, with the 200 elements in the axial direction corresponding to the
200 elements of the solid model. A boundary layer consisting of 10 elements
from the arterial wall was implemented to create a finer mesh in this region. In
addition boundary conditions were assigned to the flow domain. These include
a velocity inlet, a pressure outlet, a symmetry axis and a wall boundary.

Peak flow velocities are 0.78 ms in healthy arteries.® The flow velocities used
in this work were between 0.25 and 0.5 ms for the preliminary runs. Consid-
erations were made in preliminary modelling where it was assumed that the
inlet velocities are fully developed.

In order to model the blood flow through the artery as pulsatile, an initial
approximation was made by writing a time dependent user defined function
(UDF) using a sinusoidal function to approximate the velocity profile for the
duration of one heart beat. Owing to the two phases (diastole and systole)
during a heart beat, the function is not truly sinusoidal.

The next step was accomplished by adapting the velocity inflow wave form
in Fig. 2.26 Politis et al?® base their flow on small arteries with an internal
diameter of 4mm, and the same dimension was used here. The waveform
provided is for 1 second (60 beats per minute), which is an acceptable value
for the purposes of this study. It is therefore a realistic physiological pulsatile
inflow. A satisfactory representation of the graph was obtained by fitting cubic
spline function through the 20 data points. From the spline 1000 data points
were obtained, thus giving an input velocity value for every 0.001 s.



3.3 Fluid-Structure Interaction Model

The nature of the problem described is defined by two systems. It is thus
essential to study the coupled behaviour of the blood flow and the region of
anastomosis. This process can be broken down into the following steps:

(a) simulation of the blood flow using CFD, and resulting in pressure profile on
the arterial wall;

(b) a finite element analysis of the artery-graft model in which the pressure
profile obtained in (a) acts as the loading condition. This simulation gives
the displacements corresponding to the solid artery-graft model;

(c) an updated domain is constructed using the displacements from (b), and
the fluid flow simulation is repeated on the new domain;

(d) the iterative process is repeated until variations in geometry fall below a
prescribed tolerance.

The flow and solid domain meshes coincide along the common boundary. This
is maintained during deformation of the arteries and grafts. The tolerance
specified for the convergence takes the form

i+1 g0
ddid <1x107* (13)

where d’ is the nodal displacement in the ith iteration of the arterial-graft
anastomosis wall. This is checked at every nodal point.

The algorithm is set out in Fig. 3.

A short grid adaptation algorithm refines the nodal values. This is done to
ensure that the fine mesh created in pertinent areas, such as at the wall, are not
lost, only new nodal values for the common boundary nodes are presented, it
is thus necessary to adapt the rest of the grid describing the fluid domain. This
is done by keeping axial spacing constant and interpolating radial positions.
This has been achieved by setting

Yon — Yin _ Y2i — Y1i (14)
Yon — Yan Yvi — Yai

the subscripts n referring to the new and ¢ to the initial grid values. The
subscripts 1 and 2 denote neighbouring nodes, whilst b and a indicate the
corresponding boundary and axis nodes respectively.

10



4 Results and Discussion

Coupled simulations were performed for anastomoses of artery to vein graft
and artery to synthetic graft, distinguishing between proximal and distal anas-
tomosis for each case. Results are presented for a operating pressure of 13.3
kPa representing mean arterial blood pressure.

4.1 Artery to Vein Graft

Prozimal Anastomosis (Blood Flow from Artery to Vein Graft)

The vein graft dilates more than the arterial region after the longitudinal
prestress, external and luminal pressures are applied, see Fig. 5a-c for an
operating pressure of 13.3 kPa. This is expected due to the weaker material
properties of the vein. The anastomotic interface with the suture behaves
less compliantly than both the artery and the vein graft thereby forming a
pseudo-stenosis. The inner diameter of the artery and the vein graft increases
from 4.0 mm (for both sections at no loading conditions) to 4.5 mm and 4.95
mm, while dilation of the anastomotic interface is limited to 4.06 mm internal
diameter. The wall thickness of artery and vein change from 0.5 mm in the
unloaded state to 0.42 and 0.38 mm, respectively, at 13.3 kPa pressure. This
constitutes a wall thinning of 16.0% and 24.0% in artery and vein.

Figure 4a illustrates the absolute pressure of the fluid domain representing
the luminal blood pressure in artery and vein graft. The absolute pressure is
obtained as the pressure field, in addition to the operating pressure of 13.3
kPa, once interaction has been established between the deformation of the
artery, vein graft and the blood flow. A slight pressure drop is observed at the
anastomotic interface. The flow enters a converging region just proximal to
the anastomosis, causing an increase in velocity (see Fig. 5a) and a decrease
in pressure. As the vein graft dilates distally to the anastomosis, the velocity
drops and the pressure rises slightly due to the diffusing effect of the diverging
profile. The maximum and minimum pressure lay within the physiological
pressure range experienced during a cardiac cycle.

The change in absolute pressure during one cardiac cycle is illustrated in Fig.
4a. The curve for t = 0.2 s corresponds to the velocity at peak systole (Fig. 2).
At this point the blood flow velocity is maximum, the lowest pressure during a
cardiac cycle is thus to be expected. The converse is shown for the maximum
pressure, which is recorded at the lowest velocities during the cardiac cycle,
from 0 - 0.1 s and again between 0.7 - 1.0 s. The low velocity at the end of
the cardiac cycle allows for a high pressure.

11



The maximum principal stresses in the media and adventitia are 35 kPa and
10 kPa, respectively, for the artery and 48 kPa and 19 kPa for the vein (see
also Fig. 5b). These differences reflect the variation in material properties
between media and adventitial layer for each tissue type as well as between
the same layer in artery and vein. A stress concentration with a value of 62
kPa is observed at the low-compliance anastomotic interface with the suture
line.

Distal Anastomosis (Blood Flow from Vein Graft to Artery)

As in the proximal case, the vein graft is more compliant than the artery,
which is confirmed by the results shown in Fig. 5d-f. The pressure drop across
the anastomosis is again observed (Fig. 4b), for the same reasons as in the
proximal model. It is interesting to note that the absolute pressure is higher
throughout the entire anastomotic region for distal case compared to the prox-
imal case (Fig. 4a). This is attributed to the larger distension of the ’inlet’
region, formed by the vein graft, in the distal configuration compared to the
proximal configuration where the artery represents the ’inlet’.

The distended diameter of the three different vascular regions, namely vein
graft, artery, and anastomotic interface, is 4.96 mm, 4.5 mm and 4.06 mm,
respectively, which closely matches the values observed in the proximal case.
The slight stenosis formed at the anastomotic interface indicates again the
effect of the suture. The change in diameter from the larger vein graft to the
smaller artery results in an increase in pressure at the centre of the lumen.
Due to the sharp dent at the anastomosis, low pressures were recorded along
the arterial wall. A similar phenomenon is observed in the velocity profile,
where the velocity at the centre of the lumen is high, but decreases quickly
with respect to radius.

The wall thinning in both sections agrees with the values observed in the
proximal configuration, namely 16.0% in the artery and 24.0% in the vein.

The adventitia and the media layer can be clearly distinguished with respect to
maximum principal stress in both vascular sections, see Fig. be. The maximum
stress is 39 kPa and 30 kPa in the media of vein graft and artery, and 12 kPa
and 10 k£Pa in the adventitia of vein graft and artery.

12



4.2 Artery to Synthetic Graft

Prozimal Anastomosis (Blood Flow from Artery to Synthetic Graft)

In this case, the artery dilates more (internal diameter 4.0 mm to 4.41 mm)
than the synthetic graft (4.0 mm to 4.22 mm). The magnitude of the diam-
eter mismatch of the distended artery and synthetic graft is smaller (4.5%)
than in the artery to vein graft case (10.0%), resulting in smaller changes of
the flow domain (Fig. 6a and c). In addition, the anastomotic interface does
not form a stenosis as it distends to 4.24 mm, closely matching the distended
graft diameter. The lower diameter mismatch and, more importantly, the ab-
sence of an anastomotic stenosis result in a flow domain with nearly constant
cross-sectional dimension. This leads to a negligible pressure change across the
anastomosis, as opposed to the distinct pressure drop observed in the artery
- vein graft case (compare Fig. 4c and a), and the lack of a notable change in
the velocity profiles across the anastomotic interface (Fig. 6a).

Differences between arterial and synthetic graft section are also observed in
wall thinning. The thickness of the arterial wall, consisting of media and ad-
ventitia, is reduced by 18.0% to 0.41 mm which agrees with the value observed
in the artery-vein case. A considerably lower wall thinning of 5.0% (wall thick-
ness: 0.5 to 0.48 mm) is however predicted for the synthetic graft.

The media and adventitia of the artery exhibit maximum principal stress
values of 38 kPa and 12 kPa, respectively, which are 8.6% and 20.0% higher
than those predicted for the proximal artery-vein case. The maximum principal
stress in the synthetic graft wall is predicted to 18 kPa. The distribution of
the maximum principal stress is illustrated in Fig. 6b.

Distal Anastomosis (Blood Flow from Synthetic Graft to Artery)

The pressurized synthetic graft — artery model (Fig. 6e and f) indicates that,
similar to the proximal configuration, the artery dilates slightly more (4.42
mm) than the synthetic graft (4.23 mm) and the anastomotic interface (4.25
mm). The wall thinning in artery and graft is 18.0% and 5.0%, respectively,
as predicted for the proximal configuration.

The maximum principal stresses in this configuration are illustrated in Fig.
6e. The media and adventitia of the artery exhibit values of 36 kPa and 11
kPa, respectively, compared to 17 kPa in synthetic graft wall. These values
are slightly lower than the respective maximum principal stresses observed
in the proximal case. This is attributed to a lower pressure which results,
due to energy conservation, from a smaller inlet diameter (synthetic graft:
4.23 mm) compared to the proximal case (artery: 4.42 mm) in combination

13



with the same inlet velocity. The flow does not show discontinuities across the
anastomotic interface, Fig. 6d, and remains similar to the proximal case (Fig.

6a).

4.8  Discussion of Results

The algorithm that has been developed and implemented, though simple in
structure, is an effective means for exploring anastomotic behaviour in a fully
coupled context. In particular, it has permitted a detailed computational ex-
ploration of the behaviour of anastomoses for vein- and prosthetic grafts with
arteries.

The results presented show a larger dissimilarity of maximum principal stresses
and wall thinning between proximal and distal anastomoses for the artery-vein
case compared to the artery-synthetic graft case. This difference can be at-
tributed to the larger discrepancy in mechanical properties between artery and
vein leading to a more discontinuous flow domain (Fig. 5a, d) compared to the
artery-synthetic graft models (Fig. 6a, d). A notable difference is observed in
the distended diameter of the anastomotic interface of 4.06 mm for artery-vein
anastomoses and 4.24 and 4.25 mm, respectively, for artery-synthetic graft
anastomoses. In combination with larger dilations in the artery-vein model,
the anastomotic interface has a stenotic effect, adding to structural and flow
discontinuities which finds expression in a considerable anastomotic pressure
drop that is not observed for the artery-synthetic graft in absence of an anas-
tomotic stenosis.

The difference in dilation of the anastomotic interface in artery-vein graft
and artery-synthetic graft models warrants further investigation. Although
the suture and anastomotic technique were modeled identically, the artery-
vein interface dilates 1.5% compared to 6.0 and 6.25%, respectively, dilation
of the artery-synthetic graft interface. This is in particular surprising since the
smaller anastomotic dilation is observed in connection with larger dilation of
the graft, i.e. 23.75 and 24.0% for the vein graft compared to 5.50 and 5.75%
for the synthetic graft.

Review of the values of wall thinning of all four models indicates an association
with the distension of the blood vessel: Increased vessel distension (5.5, 10.5,
12.5, 24.0%) leads generally to increased wall thinning (5.0, 18.0, 16.0, 24.0%).
Wall thinning is constituted by (transverse) wall contraction associated with
the circumferential wall stretch, and wall compression due to pressure loading.
Recalling that all models were analysed at the same operating pressure (13.3
kPa) suggests a dominating role of the wall contraction in the wall thinning
process.

14



The distribution of maximum principal stress in media and adventitia in the
arterial sections is fairly similar in all models; maximum adventitial stress
levels reach between 29 and 33% of the stress in the media. For the venous
sections, the stress in the adventitia reaches similarly 31% of that in the media
in the distal configuration whereas it increases to 40% of the medial stress in
the proximal anastomosis. The vein in the proximal anastomosis is the section
displaying highest stress levels overall, exceeding stresses in venous media and
adventitia in the distal anastomosis by 23 and 58%, respectively, although
the distended inner vein diameter is nearly the same for proximal (4.95 mm)
and distal anastomosis (4.96 mm). The difference in medial and adventitial
stresses of vein and artery (the latter serves as reference) are 90 and 37%
in the proximal configuration and 30 and 20% in the distal anastomosis. For
the synthetic graft, the maximum principal wall stress, in absence of different
layers, differ from the stress in arterial media and adventitia by -53 and 50%
for the proximal configuration and -53 and 55% for the distal configuration.

Proximal and distal anastomoses were modeled individually by applying the
same loading conditions to the inlet boundary which is the artery for the
proximal anastomosis and the graft (vein and synthetic, respectively) for the
distal anastomosis. The scope of an extended investigation may be to represent
the graft as a continuous model extending from proximal to distal anastomosis
or to apply the geometric and flow conditions of the outlet of the proximal
anastomosis as inlet conditions for the distal anastomosis.

5 Conclusion

The objective of this work was to study the mechanical behaviour of peri-
anastomotic vascular regions using computational techniques, with a partic-
ular goals being that of developing and implementing a simple algorithm to
account for fluid-structure interaction. The algorithm makes full use of spe-
cialised solid and fluid mechanics-based commercial packages, and its key fea-
ture lies in a simple iterative procedure for achieving the coupling.

The anastomotic behaviour was reviewed by examining the effects of the sutur-
ing and graft material on mismatch in dilation of the host vessel and the graft.
In addition, blood flow models were generated to simulate the flow of blood
in arteries and grafts, resulting in a better understanding of the properties of
this flow phenomenon.

The artery-vein graft anastomoses showed a definitive dilation mismatch,
where the vein graft distended to a greater extent then the artery as observed
in clinical practice. Here, constrictive external reinforcement of the vein graft
will be beneficial to match dilation and flow domains of vein graft and host
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artery.?”2?8 While the artery-prosthetic graft peri-anastomotic region showed
a lower mismatch in dilation then the artery-vein graft case, the sub-arterial
dilation of the prosthetic graft bears problems of different nature, such as
longterm patho-physiological changes.?

This study has focused on simple end-to-end anastomoses as a vehicle for de-
veloping the algorithm. This initial investigation serves as a useful point of de-
parture for various extensions: for example, other anastomotic configurations,
more refined modelling of sutures, and fully transient behaviour. A particular
feature that would merit further investigation is that of the counter-intuitive
behaviour of the anastomotic interface, with the larger dilation observed in
the less compliant artery-prosthetic graft.
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Figure captions

Fig. 1. 2D axisymmetric partitioning of peri-anastomotic vascular wall.

Fig. 2. Inlet flow velocity profile (¢internar = 4mm).2

Fig. 3. Sequence of the coupled simulation.

Fig. 4. Plots showing the absolute pressure along the anastomosis wall at different
times during the cardiac cycle. (Colour version available as supplementary online
material.)

Fig. 5. Predicted blood flow profiles and flow induced stress in artery to vein graft
anastomosis. Note: Blood flow from left to right. (Colour version available as sup-
plementary online material.)

Fig. 6. Predicted blood flow profiles and flow induced stress in artery to prosthetic
graft anastomosis. Note: Blood flow from left to right. (Colour version available as
supplementary online material.)
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Figure 3
Click here to download high resolution image

Extract Common Boundary Node &
Element Data from CFD Mesh

)i

CFD (Fluent®) Simulation

'

Read Computed CFD Pressure
Profile & Impose on FEM Model

:

FEM (Abaqus®) Simulation

i

Read Computed FEM Grid Locations &
Adapt Flow Domain Grid (CFD)

No

Convergence



Figure 4
Click here to download high resolution image

13480 5
134804

13440 4

i=01s

£ £

Absolute Pressure (Pa)
&
0

Absolule Pressune (Pa)

!3Iﬂn L T L L T Li r T I
re 10 %125 156 Wrs 20  Z2S5

Positian {mm)

{a) Proximal artery o vein graft mode! (Arery - Graft)

Absolute Pressure (Pa)

13330 T T ' Y T ' ' T
28 § 75 10 126 15 175 A 225

Position (mm)
(c) Proximal artery to prosthetic graft model

Absolute Pressune (Pa)

13500
13475 3
13450 4
13425 4

13400 4

13375 4

I,am_ .-_I ",

13326 4
13300 4 :

13275 T T T

25 0 26 S T4 10 125 185 1756 20 228
Pasition (rmm)

(k) Distal artery o vein graft mode! (Grafi - Arery)

13380 4

:

13340 <

13320 ¥ T T T T T T T T ¥
25 0 25 & 75 10 125 15 175 20 22

Position {mmi)
(d) Distal artery to prosthatic graft model



s yeib ulen 0 Auaue jo siIsolWojseUE
m_mnEwﬁwﬂHHﬂ”&m&mﬁﬂwﬂﬂﬂmw () jewixosd e u (ww) sjusweasedsip [eipey (2)

"
2

SREAZLASE

]

8
(=} ]

wn

B ulaa 0] Alape Jo sISolWo|SEUR
6 wen 0] Adale |Bisip yelb u
Mﬂﬂﬁﬁhwﬁ%ﬂﬂm _m.n____u_.__.E E:E__:m________ (a) ﬁ_ |[ewrxoid e ul (ed) sassans jedpuud wnuixep (q)

oo 000

0o 00

=00 *00

400 sisowo)seue yeib uiea 800 yesb wana o} Aape jo
e 0} Aiape |ejsip e apisul Moy poojg (p) 00 siIsowoseus |ewixosd B apisul moy pooig ()
Lk : 600

EL0 LD

aka £l

g0 P

pEa 0

Fr A GLD

(s/w) Ao {spw) Ayoomp,

abew uonnjosal ybiy peojumop 03 aiay 32119
G ainbBi4



yesb onayisoud o) Aape esip
e ul (ww) syuswsoe|dsip |elpey (4)

i'n

yesb oneyisoud o) Alape (ejsip
Y e ul (ed) sassans jediouud wnwixep (a)

sisowoyseue yesb oneyisoid
800 0) Auape |ejsip B apisul mol poojg (p)
oLa
g
Fi0
940
BL0
0Z0
(5] AgtooiEp,

yesb oneyisoud o) lepe (ewixoid
B ul (ww) syuswade|dsip [eipey ()

]
EEﬂ:EﬁE
(= -F-T-F-F-F-F-y-T-T-F- 1}

ge32aa

tn'n

yelb oneyysoud o) fiepe [ewixoud
B ul (ed) sassans |ediouud wnwixep (g)

(g Hey
iUy TER S

000
Z00
00
800 sisowojseue yeub onaysoud
8070 o) Alape |ewixosd B apisul mo) poolg ()
0Lo
ZL0
¥L0
a0
B0
0z0
{snu) Ayoogps,

abew uonnjosal ybiy peojumop 03 aiay 32119
9 ainbBi4



Figure 4 colour version
Click here to download high resolution image

13450 4 Tieme {3 1260k . Tirne {a)
« 08 1 = 0.9
13460 - : = 0.2 13470 4 L * 0.2
v 01 1 + 01
13440 4 13450 3
o 3 (=3
%1341;!:-- &E_ 12425 ]
13400 1
é B 13400
E 13350 E
0. 33375
£ 13360 - .
2 2 133501 e
ﬁmam- ﬁ
L
13920 - 13325
13300 4 133004 .
13280 . . . - - - . - 5 . 13276 T . - 1 - - - - - v
25 0 25 5 75 10 125 15 175 20 225 258 0. 25 5 TE W0 125 15 175 X 2B
Position (mm) Pogition {mm}
(2} Proximal artery 1o vein geaft model (Artery - Grait) (b)) Distal artery o vain graft model (Graft - Arery)
12480 - 13480
Tirms =) Tima {54
. ; + 1,
12450 4 . ;g 13460 . ug
= R & = 01
& 13440+ LRETTLE B
o o
§ 13420 t:é £ 4450 4
: &
O {9400 4 P00+ &
2 X
2 - &
D 13380 4 8 13380 -
& R
=< <
123804 133604
135340 o o 133400 |
R e i g e e T e e, e e e
<5 0 25 & T8 10 124 15 i¥5 20 228 25 0 25 5 75 1 125 15 1785 2 225
Pasition (mm) Pasihan (mm)

{c) Proximial arbery to prosthetic graft model {d) Distal artery o prosthetic gralt model



sisoliojseue Yesb uisa o) Alape [gisip yelb wan o] lape Jo sIsowojseus

] B ul (wiw) sjuawesedsip [eipey (4) . [ewixosd e Ul (ww) sjuswade(dsip |eipey (2)
e m
910 : ————
E__... . . I
LEEG
]
LEED
80 - -
Lo ;
arrd r
Eﬂ d R
o
mn
sisolwolseue yeib uian o) Aape |Bsip yelb uwaa o] Adaue jo siSolWojseus
m..mm e ul (ed) sassass [ediound wnwixep (2) Lo m lewnxosd & ul (ed) sessans ediouud wnwixep (q)

L0°0
600
(351}

ELD
aLo
BLO
n_m.n_.

ﬁ?.“ QEE._

SISOWOISEUE YeIB uan yesb uian o) fispe jo

0} fuape |ejsIp e apisul mol poojg (p) M_ww sisowoiseue [ewxoid e apisul moy poolg ()

LE
ELD
SLl
i W ————

GL0
(5w AooEp,

abew uonnjosaa ybiy peojumop 03 aiay ya1|9)
UOISISA INOJ0I G ainbi4



yesb onayisoud o) Aape |eisip
e ul (ww) syuswaoedsip jeipey (4)

L'n

esb onayisoud o) Aiape (eisip
e ul (ed) sessans jediouud wnwixep (a)

{145 ‘Bry)
pedouig e S

oo
0
P00
200
800
0L

AR
FLO
g
810
DeEqQ

[Su) Ajooias,

sisowoyseue Yeib onayisoid
0} fiape |isip B apisul moy pooig (p)

yesb aneyisoud o) Auspe [ewixoid
B Ul (W) sjusiaoe|dsip jeipey (2)

v 0N
gr==882

3 e e e A SR
S

Z2Q
1=

Tl a)

l:lﬂra
o
(=R =1=]

tn'n

wesb oneyiscud o) Luepe ewixoid
B Ul (Bd) sassans |edipuud wnwpep (q)

sisowojseue yeib snayisoud
o) Alape |ewixoid e apisu) moy poog ()

BOM
nLa
FAR
FLD

ala

810

00
{sau) Ajoojap,

abew uonnjosaa ybiy peojumop 03 aiay ya1|9)
UOISISA INOJ02 9 ainbi4



