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Abstract

Blood flow dynamics has a fundamental role in
the success of vascular grafts. In particular, shear
stresses and secondary flows are involved in platelet
activation and aggregation. In order to investigate
these three dimensional flow characteristics, a pro-
gram was developed and applied to the results of
computational simulations.The program evaluates
shear stress and residence time values to get a level of
platelet activation. The used geometries are a sim-
plification of real geometries obtained by injection
- corrosion method and angiographic images. The
partial results show that shear stresses reached ab-
normally high values in the anastomosis region, and
presence of secondary flows in the post - anastomosis
region.
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Introduction

Cardiovascular diseases are the principal cause of
death in the world. In 2005, 17.5 millions of peo-
ple died because of cardiovascular disease, being
the principal causes coronary cardiopaties and cere-
brovascular events [6]. Our group has developed a
regenerative vascular graft of porcine small intestine
submucosa (SIS). The animal experiments in veins
show a high rate of occlusion, so the study of flow
is relevant to improve the graft design and implant
protocol. Several groups have proposed computa-
tional evaluation of flow characteristics in cardio-
vascular devices and pathologies. In these studies,
shear stress along the particle trace was involved in
blood damage. They created a blood damage in-
dex for hemolysis analysis, based on shear stress
and exposure time without checking platelet acti-
vation [1]. Other studies analyzed the flow in ax-
isymmetric stenosis, and created a platelet activa-
tion index, based on shear stress and exposure time

[2]. However, there is a shear stress threshold for
platelet activation independent of the exposure time
to each shear stress. Furthermore, most studies are
interested in designing vascular grafts improving the
anastomosis in bypass surgery, not in a vessel re-
placement (Termino - terminal anastomosis) [3, 4].
In this work, we analyze flow through a simplified
geometry of real collagen graft in jugular vein of
leporids. Animal experiments have shown persistent
occlusion of grafts. We explain the occlusion evalu-
ating flow variables only and the possible relation-
ship with physiological variables in the occlusion.
The real geometry is obtained in the first minute af-
ter surgery and with help of angiographic images we
build a group of simplified geometries with different
relation between graft and vessel diameter. Compu-
tational simulation was based on the finite volume
method. We created a particle distribution at inlet
of the model to be trajectorized. The results were
exported to MATLAB for further analysis of platelet
activation.

SIS Graft

Our group is investigating invivo behavior of col-
lagen regenerative grafts tested in jugular veins of
leporids. The average diameter of the vein is 3mm
and there are discussions about the graft ideal di-
ameter to improve flow conditions at the anastomo-
sis. There are works about the mechanical prop-
erties of the graft in different stages of regenera-
tion [8, 16]. About the flow there is no precedent
works. The moment to analyze the flow is the first
post-implantation minute. Is in this moment when
phenomena like inflammation and vasoconstriction
occur generating particular flow conditions. These
conditions include high shear stress, secondary flows,
which are potential causes of thrombogenicity and
eventual graft occlusion.

1



Objectives

General objective

• Simulate and analyze flow in different geome-
tries of the graft, varying the relation of graft-
vessel diameter and the anastomosis diameter.

Specific objectives

• Acquire and create geometries.

• Simulate flow.

• Analyze flow variables: shear stress, residence
times and platelet activation.

Methods

Acquisition and creation of geometries

A real geometry was acquired by injection - corrosion
technique. This technique consists of inject a poly-
mer in the vessel, seal it and wait for the hardening,
then the piece is immersed in a corrosive solution to
acquire the internal geometry. Based on this geome-
try and angiographic images, a group of geometries
was created in Solid Edge (Synchronous Technology
2 - SIEMENS CAD software) with different relation
of diameters vessel - graft and different diameter of
anastomosis, the vessel diameter is constant (3mm)
and the relation varies from 1 to 1.5, the last one
equivalent to the actual diameter of graft in the an-
imal model.

Flow simulation

The simulation was performed in the commercial
software Fluent (Versión 12.0, ANSYS). The geome-
tries were meshed with tetrahedral elements chang-
ing the growth rate. Pressure convergence was
checked increasing the number of calculated ele-
ments and calculating the head loss pressure in each
simulation. Boundary conditions are pressure at
outlet (P = 666Pa) and a velocity paraboloid pro-
file at inlet with average velocity (V = 0.1m

s ) for the
worst high velocity case. The convergence criterion
for simulation was 10−6 for residuals values (Conti-
nuity and velocities). Newtonian fluid with viscosity
µ = 3.5cP was considered. This conditions put the
problem in laminar regimen with Re = 90. Streak

lines were used to determinate shear stress and ex-
posure time, a Lagrangian tracking approach was
employed with displacement of each streak line be-
ing computed using forward Euler integration of the
velocity over a time interval. The streak lines began
at the geometry inlet in user defined position (Figure
1) and not all ended at the outlet, some streak lines
enter in vortexes. The platelets have electronegative
charge that repels them from the vessel wall. The
starting point for platelets at inlet have a minimum
distance from vessel wall of 0.1mm taking in account
the electronegative charge.

Figure 1: Starting points for platelets at inlet

Flow analysis

The results of streak lines are exported to MATLAB
(R), and the stress tensor (ST ) at a given point in
space was constructed as follows:

ST =
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where σ is the normal stress and τ is the shear
stress.

Once the shear stresses were determined, the
Eigen values were found for every point of all tra-
jectories, providing the 3D principal stresses, and
the maximum shear stress:

τmax = σ3D =
(σmax − σmin)

2
(8)

The obtained data is processed to calculate a
level of platelet activation (LPA) [2]:

LPA =
�

τ ti (9)

where τ is the maximum shear stress calculated
by equation 8, and ti is the exposure time exported
from the simulation.

The program creates a group of symbolic
platelets simulating the whole blood volume, a num-
ber corresponding to trajectories is randomly se-
lected, and randomly placed in each trajectory, for
symbolic platelets, the program calculates the LPA
and finds the maximum shear stress. A platelet is
activated if the LPA is higher than 1.7Pa ∗ s or if
τmax is higher than 10.5Pa [2]. These values are con-
sidered for young platelets, the capability to become
activated decrease with the age of the platelet [5].
An age factor is randomly given to each platelet, the
older platelet is activated under LPA = 10, 5Pa ∗ s
and τmax = 21Pa or higher values. The informa-
tion is saved and the platelets return to the blood
volume, which is randomly mixed. A degeneration
factor is included for platelets, replacing randomly
some of them in each cycle for new platelets and re-
placing the older ones. This cycle is repeated ten
times to calculate the percentage of platelets acti-
vated. The complete process is repeated ten times
to get an average to eliminate the random effect.
Results are analyzed and related to possible physi-
ological factors that could accelerate the activation
and occlusion process.

Results and analysis

Acquisition and creation of geometries

The principal characteristic of the geometries is the
influence of the sutures that creates a parachute
shape in the anastomosis region (Figure 2). The
geometries created have six differents relation of di-
ameters graft - vessel DG

DV
for 1.0 to 1.5, and three

different relation of diameters anastomosis - vessel
DA
DV

(Figures 3 and 4).

(a)

(b)

Figure 2: Suture influence in injection - corrosion
model (a), global shape in angiography image (b)
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Figure 3: Simplified geometries, three different anas-
tomosis diameters a) DA

DV
= 0.5, b) DA

DV
= 0.66, c)

DA
DV

= 0.86

Figure 4: Simplified geometries, group with DA
DV

=

0.66 and different relation of diameter DG
DV

Flow simulations

The convergence analysis starts with a calculation
of 50.000 tetrahedral elements and the number of
elements was duplicated until 1.6 ∗ 106. The simu-
lation results showed that the adopted model with
0.8 ∗ 106 elements and a refined model with 1.6 ∗ 106
element has less than 1% of difference between head
loss pressure (Figure 5). The mesh was controlled
varying the growth rate. The paraboloid boundary
condition of velocity at inlet is shown in figure 6.

Figure 5: Problem convergence graphic

Figure 6: Paraboloid velocity inlet contour

The flow phenomenon present in each geometry
has particular elements to evaluate, is important to
reduce the shear stresses and to avoid the secondary
flows. The general results present an acceleration at
the anastomosis and secondary flows after the anas-
tomosis, consequences of the reduction and expan-
sion of diameter. The exception is the small relation
of graft - vessel diameter in the bigger anastomo-
sis, D = 2.5mm. In these cases the geometry has
low perturbation of flow, but in the others geome-
tries the phenomenon change completely. The size
of the secondary flows increases with the relation of
diameters and the inverse of the anastomosis diame-
ter. These secondary flows have low rotational speed
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when the relation of diameters is large, low speeds
could promote aggregation of platelets when groups
of activated platelets fall in these zones. Figures 7 -
12 show the pathlines for the smaller and the bigger
relation of each anastomosis diameter.

Figure 7: Pathlines Dgraft

Dvessel
= 1 and D = 2,5mm

Figure 8: Pathlines Dgraft

Dvessel
= 1.5 and D = 2,5mm

Figure 9: Pathlines Dgraft

Dvessel
= 1 and D = 2mm

Figure 10: Pathlines Dgraft

Dvessel
= 1.5 and D = 2mm

Figure 11: Pathlines Dgraft

Dvessel
= 1 and D = 1,5mm
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Figure 12: Pathlines Dgraft

Dvessel
= 1.5 and D = 1,5mm

Flow analysis

Particle trajectories are exported from the compu-
tational calculation with values of velocity and res-
idence time. This information is organized to work
particle by particle and the shear stress is calculated
using the equation 8. An example of trajectories is
shown in figure 13 where all trajectories start at inlet
and almost everyone escape for outlet, some of them
fall in secondary flow zones, and recirculate until a
threshold of 10000 steps of trajectory calculation.

Figure 13: Example of streak lines

For each geometry LPA and maximum shear
stress was calculated, the percentage of activated
platelet was found for each cycle. The results of
activated platelets do not show a general depen-
dency with relation of diameters. But evaluating
each anastomosis diameter, there is a weak rela-
tion between activated platelets and relation of di-
ameters. In anastomosis with relation smaller than

DA
DV

= 0.66, the number of activated platelets by cy-
cle increase with the relation of diameters, and when
the anastomosis diameter decrease this behavior is
more evident (Figure 14).

(a)

(b)

(c)

Figure 14: Graphic of activated platelets vs num-
ber of cycles, anastomosis diameter a) DA

DV
= 0.5,

b) DA
DV

= 0.66, c) DA
DV

= 0.86, legend at right side
indicates number of cycles
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Histograms were constructed for LPA and τmax

in each geometry and cycle (Figures 15 and 16).
In DA

DV
= 0.86, there is no activation by τmax, just

by LPA. In the other two anastomosis diameter the
principal activator is shear stress.

The evolution in time of LPA in platelets that
circulate through the graft (Figure 15) has a partic-
ular behavior. In general, the LPA values are higher
at high DG

DV
, but the relation of the evolution and

values with the anastomosis diameter does not have
a increasing or decreasing tendence. The LPA is

the product of two variables, shear stress and resi-
dence time, they are dependent on each other, be-
cause both depend on velocity. If shear stress is high,
the velocity has to be high too, so the residence time
is going to be short. This perspective explains the
evolution of LPA. In DA

DV
= 0.86 the velocity does

not have an important increase at the anastomosis
region, so the residence time is long and the shear
stress values are higher than normal by geometric
conditions.

(a) DA
DV

= 0.86, DG
DV

= 1 (b) DA
DV

= 0.66, DG
DV

= 1 (c) DA
DV

= 0.5, DG
DV

= 1

(d) DA
DV

= 0.86, DG
DV

= 1.5 (e) DA
DV

= 0.66, DG
DV

= 1.5 (f) DA
DV

= 0.5, DG
DV

= 1.5

Figure 15: Histograms LAP, legend at right side indicates number of cycles

In DA
DV

= 0.66, velocity at anastomosis is higher
than velocity in last geometry and the residence time
is shorter. In the other hand, the secondary flow
zones are larger, so there are larger regions of high
shear stress between main accelerated flow and sec-
ondary flows.

In DA
DV

= 0.5, velocity at anastomosis are higher
than the others geometries velocities, and the res-
idence time shorter. The secondary flow zones in-
crease their size again.

In general there are three important variables
asociated with LPA, two of them directly asociated:
residence time and shear stress, and the other one
from the observation of flow: secondary flow zones
size. The results suggest that relation of the LPA
with the anastomosis diameter has a maximum be-
tween DA

DV
= 0.5 and DA

DV
= 0.86, because in his-

tograms the relation DA
DV

= 0.66 always has higher
values, where the three variables generate a higher
total.
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(a) DA
DV

= 0.86, DG
DV

= 1 (b) DA
DV

= 0.66, DG
DV

= 1 (c) DA
DV

= 0.5, DG
DV

= 1

(d) DA
DV

= 0.86, DG
DV

= 1.5 (e) DA
DV

= 0.66, DG
DV

= 1.5 (f) DA
DV

= 0.5, DG
DV

= 1.5

Figure 16: Histograms maximum shear stress, legend at right side indicates number of cycles

Histograms of shear stress have a relation with
the relation of diameters and the anastomosis di-
ameter. If the relation of diameter increases, the
histograms of shear stress register higher values and
more population in high values. This happens be-
cause size of secondary flow zones increase and the
acceleration of flow at graft outlet is higher (Figure
16). The shear stress increase with the inverse of the
anastomosis diameter because the velocity at anas-
tomosis increase and these high velocity values are
closer to the wall.

Discussion

LPA and shear stress were the two activation factors
taken into account, LPA has low values at relations
DA
DV

= 0.86 DA
DV

= 0.5, and shear stress has low val-
ues at DA

DV
= 0.86. In general the two factors have

minimum values at small relation of diameters. The
analysis suggest a relation of diameter DG

DV
= 1 for

the size of the secondary flow zones, also suggest an
anastomosis diameter closer to vessel diameter.

When a platelet is activated its morphology
changes to get more chances of aggregation with
other platelets and adhesion to vascular wall. Be-

sides, collagen, the main graft material, is recog-
nized by platelets like presence of injury and gets
them activated starting a coagulation process. If
enough platelets get aggregated coating starts and
the possibility of adhesion to graft wall increases.
Physiological factors help flow variables to occlude
the graft, but the largest number of platelets and
coagulation factors are present 7 to 10 days after in-
jury. This period of time is important because the
occlusion could occur during those conditions.

Conclusion

In this simplified model, the analysis of flow vari-
ables and the activation of platelets suggest an im-
portant role of geometry, especially the anastomosis
diameter, in the phenomenon of occlusion in colla-
gen vascular grafts. This analysis could be related
to physiological coagulation factors and increase the
probability of occlusion. An improvement in implan-
tation method is recommended, trying to reduce the
influence of suture, avoiding the reduction of diame-
ter at the anastomosis. Another important moment
of flow evaluation is the period between 7 to 10 days
after surgery, when a inflammatory response hap-
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pens and the number of platelets increase to a max-
imum. Possible future works can include a platelet
aggregation model to make a more accurate predic-
tion of graft occlusion.
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