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SUMMARY

Endovascular repair is now a recognised procedure for treating abdominal aortic aneurysms. However,
post-operative complications such as stent graft migration and thrombus may still occur. To assess these
complications numerically, the correct input boundary conditions, which include the full human aorta with
associated branching, should be included. Four patient-specific computed tomography scanned bifurcated
stent grafts (SGs) were modelled and attached onto a full human aorta, which included the ascending, aortic
arch and descending aortas. Two of the SG geometries had a twisted leg configuration, while the other
two had conventional nontwisted leg configurations. Computational fluid dynamics was completed for both
geometries and the hemodynamics assessed. The complexity of the flow patterns and secondary flows were
influenced by the inclusion of the full human aorta at the SG proximal section. During the decelerating phase
significant recirculations occurred along the main body of all SG configurations. The inclusion of the full
human aorta did not impact the velocity contours within the distal legs and there was no difference in drag
forces with the SG containing the full human aorta and those without. A twisted leg configuration further
promoted a spiral flow formation along its distal legs. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Abdominal aortic aneurysm (AAA) is a cardiovascular disease that is characterised by localised
expansion of the abdominal aorta wall because of a degenerative arterial disease that induces local
arterial wall weakening. About one person in 1000 develops an abdominal aortic aneurysm between
the ages of 60 and 65, and this number continues to rise with age. Screening studies show that
abdominal aortic aneurysms occur in 2% to 13% of men and 6% of women over the age of 65. A
continually growing aneurysm can rupture causing heavy bleeding into the abdominal region, which
can lead to death in almost 90% of cases. AAAs are the 13th cause of death in men over 55 years of
age in the US [1–7].

Endovascular aneurysm repair (EVAR) is now recognised as an effective alternative to
conventional open surgery for treating patients with AAAs since it was first introduced into clinical
practice in 1991 [8–11]. In EVAR, a stent graft is deployed into the affected abdominal region
by over-the-wire techniques through the femoral artery and thus shielding the weakened AAA
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2 F. STEFANOV ET AL.

wall from the pulsatile blood flow [12–15]. The minimally invasive nature of EVAR results in
early-recovery, reduced mortality and morbidity when compared with conventional surgical repair
[16, 17]. However, post-operative complications beyond the first year, such as stent graft migration,
endoleaks, stent graft thrombus, endotension and device failure may still occur [18–22].

Several computational studies have been done on assessing the drag forces acting on idealised
[23] and patient-specific [24–29] bifurcated stent graft models, while others [24] assessed the
hemodynamics through conventional and tapered grafts. These computationally derived drag forces
can be compared with experimentally obtained migration forces required for displacing stents
[30–32].

Computational modelling can be influenced significantly by the geometry and input boundary
conditions. There have been numerous studies carried out on curved vessels to establish the influence
of vessel curvature, Reynolds number, Dean’s number and Womersley number on the flow patterns
[33–40]. Papaharilaou et al. [41] showed that out-of-plane models create a bulk rotation of the
velocity profile that sets up a Dean type flow in contrast to a planar model. Also, Myers et al.
[42] found Dean-like secondary flow features in the right coronary artery, which were found to
be extremely sensitive to the local curvature effects. Large curvature induces a significant enhance-
ment of the secondary flow velocity effect and a greater axial flow reversal along the aortic arch [43].
Various experimental studies have shown pulsating flow, curvature and branches along the human
aorta induces Dean like forces, that creates a vortex formation and transient separation below the
renal arteries [44–47]. Shearing of blood across the lumen can damage red blood cells [48]. This
shearing is further amplified because of the strong curvature effects, out of plane curvature and
branching. Recirculations and eddies can contribute to enhanced deposition of blood particulates
along the arterial wall. Previous numerical and experimental studies on blood flow characteristics
in the human aorta have included the four branching arteries (celiac, superior mesenteric, left and
right renal arteries) and the curvature and taper in the abdominal aorta [44–47, 49–51] and with
the inclusion of bifurcated stent graft [27, 52, 53]. However, all of these studies have assumed a
fully developed flow input before the branching arteries. Shipkowitz et al. [54] performed a steady
flow simulation on an idealised human aorta (neglecting out of plane curvature), which included
both renal arteries and an inlet velocity profile obtained from MRI with an added rotational velocity
effect. Their studies revealed the importance of secondary motion in the descending aorta on the flow
patterns found in the branches downstream. In vivo studies have shown the existence of secondary
flows in the descending aorta in the form of a clockwise rotation in systole and a counter clockwise
rotation in diastole [35, 55]. MRI velocity contour slices have shown skewness of the blood flow
patterns at the supraceliac and infrarenal locations [56]. This rotational effect can be attributed to
the complex flow patterns created at the exit of the aortic arch and the curvature of the descending
aorta [35, 36, 57].

All the numerical studies regarding patient specific cases, to date, for assessing device perfor-
mance after EVAR, have involved flat velocity profile inputs at either the supraceliac or infrarenal
locations. It is clear from the literature that numerical studies within the human aorta must include
the ascending aorta, aortic arch, descending aorta and the associated branches. To date no studies
have been conducted on bifurcated stent grafts for the treatment of AAAs, which include the whole
human aorta. The main purpose of this study is to assess the effects that input boundary flow condi-
tions can have on the hemodynamics through four patient-specific bifurcated stent graft nontwisted
and twisted leg configurations with the inclusion of the full human aorta.

2. METHODS

2.1. Geometry reconstruction

Five patient-specific computed tomography (CT) images were obtained in DICOM (Digital Imaging
and Communications in Medicine) format from the Midwestern Regional Hospital, Limerick,
St. James Hospital, Dublin and McGowan Institute for Regenerative Medicine, Pittsburgh, USA.
All of these patients were suffering from AAAs. The first model was the full human aorta,

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2012)
DOI: 10.1002/cnm
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BLOOD FLOW THROUGH PATIENT SPECIFIC BIFURCATED SG CONFIGURATIONS 3

which included the ascending, aortic arch and descending aortas, while the other four models were
post-operative scans of bifurcated stent grafts. The CT scan parameters for the medical data were:
slice thickness of 2.5 mm, resolution (pixels) of 512 � 512 and pixel size of 0.7159 mm. The
DICOM files were thresholded in which a three-dimensional Q1(3D) smoothed volume was generated
with Mimics (Materialise, Mimics v14.0, Belgium) enclosed by a triangulated fitted surface. All
3D models were exported as a binary STL (Standard Tessellation Language) format as shown in
Figures 1(A) and (B). Eight simulations were ran with four simulations containing the full human F1
aorta and the other four without the human aorta. The flow created from the full human aortic model
was applied to all stent graft inlets (two of the four models attached to the full human aorta are
shown in Figures 1(A) and (B)), and this ensured the same velocity profiles entering all models.
The other four simulations without the human aorta had a flat velocity profile imposed at the inlet,
which corresponded to the same flowrate as the stent graft models containing the human aorta
distal to renal arteries. Figure 1(C) shows two conventional nontwisted leg and two twisted leg
stent graft configurations.
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Figure 1. Stent graft fits STL geometries attached to the human aorta. (A) Twisted 1, (B) nontwisted 2 and
(C) all stent graft models.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2012)
DOI: 10.1002/cnm
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4 F. STEFANOV ET AL.

2.2. Meshing

All the models, in binary STL format, were meshed within ICEM (Ansys ICEM, Manufacture 13.0)
to generate the fluid domain. A structured hexahedral mesh, applying the O-grid meshing technique,
was used to mesh all fluid domains. Between 900,000 to 1,020,000 mesh elements were applied.
Figures 2(A) and (B) present the O-grid meshing scheme distribution throughout the computationalF2
domains.

2.3. Boundary conditions

Infrarenal blood flow characteristics are extremely complex and are affected by the four major
outflow vessels just below the diaphragm; these are the celiac, superior mesenteric and the left/right
renal arteries and the blood flow exiting the aortic arch [35, 36, 47, 57]. During resting conditions,
these four vessels that branch off the aorta receive approximately two thirds of the total descending
thoracic aortic blood flow. Table I shows the percentage of blood flow through the major vesselsT1
within the human aorta during resting. For resting conditions on a range of subjects varying in age
from 20 to 70 years, it was found by MRI scanning that the resting flowrate can vary between 1 to
3 L/min at the supraceliac and infrarenal locations respectively [56, 59]. For our simulations, flow
through the inferior mesenteric artery was neglected.

A commercially available software ANSYS (Ansys CFX solver v.13.0) was used to solve the
governing equations of motion, using a coupled algebraic multigrid approach involving finite
elements domain discretization. At the inlet of the aortic artery, flow rate boundary condition
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Figure 2. Computational fluid domain of aorta and stent graft fit hexahedral mesh display and boundary
conditions. (A) Cross-section of twisted 1 mesh, (B) aortic arch mesh, (C) inlet flow rate and (D) outlet

pressure waveforms [58].

Table I. Proportion of blood flow through the
major arteries of the aorta [44, 45].

Artery Rest

Brachiocephalic 5%
Left common carotid 5%
Left subclavian 5%
Celiac 19%
Superior mesenteric (SMA) 12%
Left renal 12%
Right renal 12%
Left iliac 15%
Right iliac 15%

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2012)
DOI: 10.1002/cnm
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BLOOD FLOW THROUGH PATIENT SPECIFIC BIFURCATED SG CONFIGURATIONS 5

Table II. Carreau–Yasuda parameters to model the non-Newtonian
characteristic of blood [61].

�0(Pa�s) �1(Pa�s) � (s) n a

0.16 0.0035 8.2 0.2128 0.64

was assigned for both models, while at the outlets, a pressure waveform boundary was assigned
for both stent graft fit outlets (as shown in Figures 2(C) and (D)), and controlled flow rates by
percentages were assigned individually for each of the aortic outlets as shown in Table I [58, 60].
Blood was assumed to be a non-Newtonian fluid with a density of 1050 kg/m3 and a dynamic
viscosity described by the Carreau–Yasuda model in Equation (1).

���1

�0 ��1
D
�
1C .� P�/a

�.n�1/=a
(1)

where P� denotes the scalar shear rate. This model was used to account for the shear-thinning
behaviour of blood. Table II shows the Carreau–Yasuda parameters (viscosities �0 and �1- lower T2
and upper ends of the shear rate range and �, n, a define the transition between these extreme
conditions) to model blood’s constitution properties [61].

A transient CFD analysis was performed for five cardiac cycles (cycle timeD 1 s) to achieve pulse
cycle independence. The fluid time step was set to 0.005 s. Rigid wall and laminar flow boundary
condition were assigned to the models.

2.4. Mesh independence

The fluid mesh of the models was declared independent when the peak velocity at the outlet did
not change by more than˙2% between successive meshes. Pulse cycle independence was achieved
after four cardiac cycles. The convergence criteria for mass and momentum residuals were 1�10�4

and 1�10�6, respectively. The CFD analysis was performed on a 64-bit Dell Precision T3500 Q2(CPU:
Intel Xeon Quad core 2.67 GHz with 6 GB of RAM). One cardiac cycle took 18 h.

3. RESULTS

3.1. Geometrical effects

The 3D models generated from the CT scans show that each stent graft device adapted its shape
after deployment to that of the aorta, generating particular geometric variations in terms of proximal
and bifurcation leg angles. Table III presents the geometric characteristics for all stent graft fits. T3
The variation in the Reynold’s number, radius of curvature and Dean’s number along the distal
leg’s centreline is shown for the nontwisted leg configuration in Figure 3 and the twisted leg F3
configurations in Figure 4. Dean’s number (De) is the ratio of the effective centrifugal inertial forces F4

Table III. Geometric measurements for model 1 and 2.

Type and location of measurement Nontwisted 1 Nontwisted 2 Twisted 1 Twisted 2

Proximal neck diameter[mm] 25 24 24 24
Distal leg diameter [mm] 15 16 17 15
Proximal length [mm] 56 22 29 28
Distal length [mm] 98 110 127 130
Leg angle at bifurcation [Degrees] 58 62 36 40
Proximal anterior/posterior neck angle [Degrees] 7 9.8 21.3 13
Proximal lateral neck angle [Degrees] 9 14.3 26.5 62
Configuration Noncrossed Noncrossed Crossed Crossed

legs legs legs legs

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2012)
DOI: 10.1002/cnm
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Figure 3. Reynolds number, radius of curvature and Dean’s number for both nontwisted configurations.

to the viscous forces. With increasing De, the effects of the centrifugal forces become stronger and
increase the secondary velocities. Dean’s number is an analytical solution to fully developed flow in
curved tubes and is given by a nondimensional parameter (Dean, 1927;1928)Q3 .

DeD Re

r� r
R

�
(2)

where Re is the Reynolds number, R is the radius of curvature and r is the radius of the lumen
along the line of the radius of curvature. The diameters along each leg was obtained automatically
within the MIMICSQ4 software by cutting planes, which were orthogonal to each vessel’s centreline.
The centreline for each model was further smoothed by the rlowess function available in
MATLAB V7.0.1Q5 . The rlowess function is a lowess smoothing method that is resistant to outliers.
Table IV shows the average Reynolds number, radius of curvature and Dean’s number for both legsT4
for each stent graft model.

The Mann–Whitney nonparametric confidence interval test was applied in MINITAB 16.2.0
statistical software (State College, PA, USA) to assess if there was any significant geometrical
or flow parameter differences between all stent graft models. The radius of curvature and Dean’s
number were used to quantify the geometrical and flow parameter variations, respectively. At the
95% confidence interval the left leg of nontwisted 2 had a median radius of curvature greater than

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2012)
DOI: 10.1002/cnm
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Figure 4. Reynolds number, radius of curvature and Dean’s number for both twisted configurations.

Table IV. Average values for Reynolds number, radius of curvature and Dean’s number for both legs of all
stent graft models.

Reynolds number Radius of curvature [mm] Dean’s number

Model Left Right Left Right Left Right

Nontwisted 1 1673 1675 33 32 1088 1092
Nontwisted 2 1663 1533 87 100 681 597
Twisted 1 1388 1509 57 65 772 717
Twisted 2 1540 1708 30 60 1016 1023

twisted 1, which in turn was greater than nontwisted 1 and twisted 2. There was no significant
difference in the radius of curvature between the left legs of nontwisted 1 and twisted 2.
Nontwisted 1 had the highest Dean’s number with twisted 2 being higher than twisted 1 and
nontwisted 2 having the lowest Dean’s number for the left leg. For the right leg there was no
significant difference in radius of curvature between the nontwisted 1 and twisted 2 configura-
tions with twisted 1 having a higher radius of curvature and nontwisted 2 having the highest. Also,
there was no significant difference in Dean’s number for the nontwisted 1 and twisted 2 with these
two configurations having the highest Dean’s number and nontwisted 2 having the lowest for the
right leg.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2012)
DOI: 10.1002/cnm
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Figure 5. Spiral flow of velocity streamlines through the full human aorta at maximum velocity.

3.2. Stent grafts inlet flow profile — generated from the aortic arch

The flow skewed towards the inner wall of the proximal end of all stent graft configurations in a
spiral manner as shown in Figure 5. The influence the full human aorta with the seven branchesF5
have on the flow patterns for maximum velocity and maximum deceleration is shown in Figures 6 toF6–F9
9. These figures show six cross-sectional velocity contour plots corresponding to the sections shown
in Figure 1(C) for the four stent graft configurations with and without the full human aorta.

3.3. Drag force magnitude and orientation

The drag force components on X , Y and Z axis and the corresponding resultant forces were
computed for the fifth cardiac cycle for all cases as shown in Figures 10(A)–(D) with the drag forceF10
direction over one cardiac cycle given in Figure 10(E) and the drag force orientation at maximum
pressure given by Figure 10(F). Table V shows the maximum drag force and drag force orientationT5
angles occurring at maximum blood pressure with ® being the maximum change in drag force angle
over one cardiac cycle and ™ is the maximum force orientation angle with respect to the X -axis.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2012)
DOI: 10.1002/cnm
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Figure 6. Velocity contour section plots along both nontwisted configurations with and without the full
human aorta attached at maximum velocity.

4. DISCUSSION

This skewing of the flow towards the inner wall of the proximal end of all stent graft models was
directly related with the general skewing of the blood flow towards the inner wall at the entrance of
the aortic arch and midway along the aortic arch, as shown in Figure 5. Also, there was a recircula-
tion region at the inner wall at the exit of the arch with the fluid skewed towards the inner wall. This
flow result is in accordance with experimental findings [35, 36, 57, 62–64]. Along the descending
aorta the flow starts off being skewed towards the outer wall and rotates from the outer to the inner
wall in an anticlockwise rotation. This anticlockwise rotation is due to the secondary flows in the
descending aorta. In vivo studies have shown the existence of this anticlockwise rotation in the
descending aorta during systole [35, 55]. Figures 6–9 show a comparison of the velocity contours
at six locations for all stent graft models with and without the full human aorta. For the maximum
velocity condition all the inlet velocity profiles were highly skewed. Depending on the proximal
ends geometry the flow was either skewed towards the left/anterior (nontwisted 1), right/anterior

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2012)
DOI: 10.1002/cnm



UN
CO

RR
EC

TE
D 

PR
O

O
F

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

10 F. STEFANOV ET AL.
C

ol
or

O
nl

in
e,

B
&

W
in

Pr
in

t

Figure 7. Velocity contour section plots along both twisted configurations with and without the full human
aorta attached at maximum velocity.

(nontwisted 2), right/proximal (twisted 1) and left/proximal (twisted 2) when the stent graft models
included the human aorta. Without the inclusion of the human aorta a flat velocity profile was
imposed orthogonally to the stent graft inlet surfaces. Because of curvature and length of the proxi-
mal ends for all configurations the velocity profiles were very similar at the bifurcation point when
comparing the models with the human aorta and those without. This similarity in velocity profiles
can be seen along the distal legs. A similar finding was found during maximum deceleration with
the velocity profiles being very similar at the bifurcation point.

There was less than 1% difference in drag force along one cardiac cycle when comparing the stent
graft models with the inclusion of the human aorta to those without the human aorta.

The highest resultant drag force magnitude during the fifth cardiac cycle was recorded at t D 0.4 s,
where blood pressure reached its peak value, and these were found to be 6.6 N for nontwisted 1, 8.8
N for nontwisted 2, 7.6 N for twisted 1 and 6.8 N for twisted 2. For all stent graft configurations the
minimum drag force was in the X -direction and the maximum in the Z-direction. Both nontwisted
leg configurations had theX component of drag force in the opposite direction when compared with

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2012)
DOI: 10.1002/cnm



UN
CO

RR
EC

TE
D 

PR
O

O
F

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

BLOOD FLOW THROUGH PATIENT SPECIFIC BIFURCATED SG CONFIGURATIONS 11
C

olor
O

nline,B
&

W
in

Print

Figure 8. Velocity contour section plots along both nontwisted configurations with and without the full
human aorta attached at maximum deceleration.

the twisted leg configurations. The spatial representation of the drag force vectors was computed for
the maximum pressure as shown in Figure 10(F) and given in Table V. Figure 10(F) shows the
orientation of the drag force resultant vector during one cardiac cycle. Figure 10(F) displays four
closed loop drag force curves for all models with corresponding markers representing the start of
the cycle, peak velocity and peak pressure. The drag force angle with respect to the X -axis varied
between 65° and 105° at maximum blood pressure. The maximum variation in drag force angle for
all configurations varied from 1.3° to 5°. From the spatial vector representation it was observed that
the resultant drag force for all cases was changing its orientation during the cardiac cycle within
one plane.

There was significant skewing and recirculation of the blood before the celiac arteries, which
continued further downstream beyond the renal arteries under the influence of the aortic arch and
the four branching arteries superior to each stent graft device. The complexity of the flow patterns,
degree of skewness and secondary flows was influenced by the inclusion of the full human aorta
with the seven branches proximal to the bifurcation but not within the distal legs. The realistic input
boundary condition creates a moon-like skewing profile, which results in a greater recirculation

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2012)
DOI: 10.1002/cnm
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Figure 9. Velocity contour section plots along both nontwisted configurations with and without the full
human aorta attached at maximum deceleration.

region in the left leg of the nontwisted 1 and twisted 2 configurations as shown in Figures 6 and 7.
During the decelerating phase significant recirculations occurred along the main body of all stent
graft models and in particular at the bifurcation point as shown in Figures 8 and 9, Sections 1
to 3. These recirculations are in agreement with the clinical findings of Wegener et al. [65] in which
thrombus formation was reported within the main body of a bifurcated stent graft because of specific
flow patterns that may be responsible for thrombus formation. They concluded that these flow dis-
turbances were partly due to the large outflow of the renal arteries. This further emphasises the need
to include the outflow vessels superior to the proximal end of the stent graft.

The main influencing factor for the velocity profiles through all the models are the geometrical
differences that are associated with each model. It is known from the literature that curvature effects
throughout the arterial system induces Dean forces that increase in magnitude with increasing
Dean number [35, 41–43, 46]. Dean’s number (De) can be used to assess the variation because
of geometrical and hemodynamic effects along the axis of each model. Dean’s number can be
used to analyse the different geometrical differences associated with each model and hence predict
which model will create the greatest skewness, recirculation and secondary velocities. Referring to

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2012)
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Figure 10. Drag force plots acting on the stent graft models: (A) nontwisted 1, (B) nontwisted 2,
(C) twisted 1, (D) twisted 2, (E) 3D drag force orientation for all models over one cardiac cycle and (F)

drag force resultant 3D vector plot for all models at maximum blood pressure.

Table V. Maximum drag force and orientation angles. ® is the maximum change in drag force angle over
one cardiac cycle and ™ is the maximum force orientation angle with respect to the X-axis.

Model Fx [N] Fy [N] F´ [N] Fr [N] ® [°] ™ [°]

Nontwisted 1 1.0 –3.4 5.5 6.6 1.3 81.0
Nontwisted 2 1.7 –6.1 6.1 8.7 1.6 79.3
Twisted 1 –2.0 –4.1 6.00 7.6 1.6 105.7
Twisted 2 2.9 –3.5 5.1 6.8 5.0 64.7

Equation (1), Dean’s number is inversely proportional to the radius of curvature and directly pro-
portional to the radius of the lumen and Reynolds number. The out of plane curvature influences
the local characteristics of the velocity profiles. The realistic geometries are characterised by vary-
ing radius of curvature and hence varying Dean’s number. The radius of curvature and Dean’s
number can predict the location along the model in which the greatest secondary flows will occur.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2012)
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Therefore, these two parameters alone are needed when predicting device failure. As found by the
Mann–Whitney nonparametric test nontwisted 1 had the highest Dean’s number for the left leg
while both nontwisted 1 and twisted 2 had the highest Dean’s number for the right legs, which
corresponded to greater secondary flows and recirculation regions especially during the maximum
deceleration phase.

Stent graft failures are known to occur at bifurcation points. Stent graft thrombosis and micro-
embolism are two complications associated with endovascular repair of AAAs [52]. Intraprosthetic
thrombotic deposits within the iliac limbs were reported in 7% to 26% of cases [65–67] with stent
graft limb occlusions occurring in 11% [68] and 16% [65] of reported cases. Several cases of fatal
multi-organ failures have been linked to micro-embolism [66]. Failure at the bifurcation point and
at the entrance to both iliac limbs could be caused by the increased secondary flows generated at
the bifurcated junction, which results in the further skewing of the flow past the flow divider that
creates a boundary layer. This skewing and flow separation in the iliac limbs may partly explain the
recent reports of clinical failures in bifurcated stent graft devices because of thrombosis in the limb
region [69]. The numerical results found here have shown that performance of stent grafts may be
influenced by the local curvature along the iliac limbs. The radius of curvature along these limbs
may aid in predicting where thrombotic deposits might occur because of increased secondary flows.

All endovascular devices used for AAA repair may migrate as a result of the pulsatile action of
blood flow and pressure [70]. Some device manufacturers have defined migration as a proximal
or distal stent graft movement more than 5 mm, or in other cases more than 10 mm [26]. From a
mechanical point of view, the positional stability problem can be regarded as competition between
the loads acting on the stent graft, called displacement forces or drag forces, and the radial forces
that keep the device attached to the arterial wall. The drag force is determined by the geometry of
the device, the hemodynamic state of the patient (i.e., hypertension, cardiac output, etc.) and the
anatomy of the AAA. Risk of device failure may be reduced if the optimum configuration is found
for any particular case. The curvature analysis of the diseased aorta can be an important tool in find-
ing the best positioning of an endovascular device by identifying the areas of large Dean’s number,
which can then be taken into account when the AAA repair is performed. The resultant drag force
magnitudes for both stent graft configurations were in agreement with the results of Molony et al.
[71] who computationally studied 10 stent graft geometries and with the analytical results of Morris
et al. [23]. Molony et al. [71] found the greatest drag force direction occurs at either the anterior
(Y -component) or caudal (Z-component) similar to our nontwisted 2 configuration as shown in
Figure 10(B).

The application of the structured hexahedral O-grid meshing technique with optimised mesh
density, pulse cycle number, time step size and residues give the best possible solution for
this numerical study. When compared with Womersley’s solutions for straight tubes the O-grid
structured grid can give an error of less than 2% when comparing the velocity profiles. For experi-
mental flow studies through bifurcated geometriesQ6 our group has shown good qualitative agreement
with the velocity profiles with quantitative errors ranging from 2% to 15%.

This study did not take into account the effects of the stents that are normally positioned through-
out the graft. Commercially available stent graft devices have either an exo-stent or endo-stent
configuration. The exo-stent configuration has the stent on the outside of the graft and therefore
does not interfere with the blood flow. It was found experimentally [52] that there was no signifi-
cant difference between exo-stent and endo-stent configurations. Their studies showed that central
flow in exo-stent configuration was smooth in the proximal end suggesting minimal effect of the
stent on the overall hemodynamics. At the proximal end where the stent density was high, particles
were trapped, which created a low velocity zone. A luminal layer usually covers the stent struts and
this eliminates the effects the stent struts has on the flow [72]. Although the assumption of rigid
walls was appropriate for modelling the arterial wall and rigid stent graft devices, the lumen of the
aneurismal sac can be and most often is bordered by intra-luminal thrombus (ILT). ILT is known to
be much more distensible than the aortic wall (either aneurysmal or nonaneurysmal). The movement
of this ILT during a pulse cycle may influence the flow patterns both qualitatively and quantitatively.
Future CFD analysis should incorporate a fluid structure interaction simulation to take into account
the movement of the ILT/lumen boundary.
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The clinician’s decision for the positioning of a stent graft during endovascular repair may be a
critical parameter, and should be taken into account when designing the optimum stent graft device.
Both twisted stent graft models further promoted the spiral flow effect along its distal legs that
was also present along the descending aorta. The stent graft models in this study had other model
variations because of the variations in AAA morphology, which was different for each stent graft
configuration. Future studies are required to fully assess the outcomes of nontwisted configura-
tions versus twisted configurations. For the case of acute iliac angulations a crossed leg deployment
may be the optimum positioning procedure for a bifurcated endovascular device to prevent iliac
limb kinking.

Overall, the main influencing factors that affect stent graft computational blood flow modelling
are the input boundary conditions and the out of plane curvature. The radius of curvature and Dean’s
number may be used to predict where the secondary flows would occur because of local changes
in curvature.

In conclusion, the inclusion of the full human aorta with associated branches generates a highly
skewed input flow field that continues downstream towards the bifurcation. Beyond the bifurcation
the flow develops and has a very similar flow field to that without the inclusion of the full human
aorta. There was less than a 1% variation in drag force when comparing the stent graft models with
the human aorta to those without.
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Q7 AUTHOR: Please check presentation if correct for Refer-
ences 3, 15 and 17.

Q8 AUTHOR: Please provide list of all authors for References
8, 10 and 11.

Q9 AUTHOR: Reference 25 was duplicated in Reference 31.
Please check.

Q10 AUTHOR: Please check capturing of author names if
correct for Reference 28.

Q11 AUTHOR: Please provide city location of the publisher for
Reference 39.
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MathWorks, Natick, MA, USA
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lmorris
Note
This has been done in the reference list
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Li Z, (This is the correct author name for first author)
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New York



Q12 AUTHOR: Please check if page range for references 40,
44, 45, 47, 56 and 59 are presented correctly.

Q13 AUTHOR: Please provide page range and issue number
for reference 41.

Q14 AUTHOR: Please provide “access on” date for reference
42.

Q15 AUTHOR: If reference 61 is now published online please
provide DOI infomation. If published in print please pro-
vide volume number, issue number and page range.

Q16 AUTHOR: Please check if author names are presented
properly in reference 65.

Q17 AUTHOR: Reference 73 was not cited in the text. Please
indicate where it should be cited or delete it from the
reference list.

Q18 AUTHOR: Please provide a short ‘GTOC’ abstract (maxi-
mum 80 words or 3 sentences) summarizing the key find-
ings presented in the paper for Table of Content (TOC)
entry.
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8(63):1449-1461.
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Görich J, Krämer S, (This is the correct spelling for these authors)
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Note
Four patients specific CT scanned bifurcated stent grafts (SGs) with a twisted and non-twisted leg configurations were modelled computationally with and without the addition of the full human aorta.  The complexity of the flow patterns and secondary flows were influenced by the inclusion of the aorta at the SG’s proximal section.  Significant recirculations occurred along all SGs during the deceleration phase. The inclusion of the full human aorta did not impact the velocity contours within the distal legs.  





 

USING e-ANNOTATION TOOLS FOR ELECTRONIC PROOF CORRECTION  

 
Required software to e-Annotate PDFs: Adobe Acrobat Professional or Adobe Reader (version 7.0 or 
above). (Note that this document uses screenshots from Adobe Reader X) 
The latest version of Acrobat Reader can be downloaded for free at: http://get.adobe.com/uk/reader/ 
 

Once you have Acrobat Reader open on your computer, click on the Comment tab at the right of the toolbar:  

 

 
 
 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Replace (Ins) Tool – for replacing text. 

 

Strikes a line through text and opens up a text 
box where replacement text can be entered. 

How to use it 

 Highlight a word or sentence. 

 Click on the Replace (Ins) icon in the Annotations 
section. 

 Type the replacement text into the blue box that 
appears. 

This will open up a panel down the right side of the document. The majority of 
tools you will use for annotating your proof will be in the Annotations section, 
pictured opposite. We’ve picked out some of these tools below: 

2. Strikethrough (Del) Tool – for deleting text. 

 

Strikes a red line through text that is to be 
deleted. 

How to use it 

 Highlight a word or sentence. 

 Click on the Strikethrough (Del) icon in the 
Annotations section. 

 

 

3. Add note to text Tool – for highlighting a section 
to be changed to bold or italic. 

 

Highlights text in yellow and opens up a text 
box where comments can be entered. 

How to use it 

 Highlight the relevant section of text. 

 Click on the Add note to text icon in the 
Annotations section. 

 Type instruction on what should be changed 
regarding the text into the yellow box that 
appears. 

4. Add sticky note Tool – for making notes at 
specific points in the text. 

 

Marks a point in the proof where a comment 
needs to be highlighted. 

How to use it 

 Click on the Add sticky note icon in the 
Annotations section. 

 Click at the point in the proof where the comment 
should be inserted. 

 Type the comment into the yellow box that 
appears. 
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For further information on how to annotate proofs, click on the Help menu to reveal a list of further options: 

5. Attach File Tool – for inserting large amounts of 
text or replacement figures. 

 

Inserts an icon linking to the attached file in the 
appropriate pace in the text. 

How to use it 

 Click on the Attach File icon in the Annotations 
section. 

 Click on the proof to where you’d like the attached 
file to be linked. 

 Select the file to be attached from your computer 
or network. 

 Select the colour and type of icon that will appear 
in the proof. Click OK. 

6. Add stamp Tool – for approving a proof if no 
corrections are required. 

 

Inserts a selected stamp onto an appropriate 
place in the proof. 

How to use it 

 Click on the Add stamp icon in the Annotations 
section. 

 Select the stamp you want to use. (The Approved 
stamp is usually available directly in the menu that 
appears). 

 Click on the proof where you’d like the stamp to 
appear. (Where a proof is to be approved as it is, 
this would normally be on the first page). 

7. Drawing Markups Tools – for drawing shapes, lines and freeform 
annotations on proofs and commenting on these marks. 

Allows shapes, lines and freeform annotations to be drawn on proofs and for 
comment to be made on these marks.. 

How to use it 

 Click on one of the shapes in the Drawing 
Markups section. 

 Click on the proof at the relevant point and 
draw the selected shape with the cursor. 

 To add a comment to the drawn shape, 
move the cursor over the shape until an 
arrowhead appears. 

 Double click on the shape and type any 
text in the red box that appears. 




