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Abstract.
PURPOSE: Cross limb stent graft (SG) configuration technique for endovascular aneurysm repair (EVAR) is employed for
splayed aortic bifurcations to avoid device kinking and smoothen cannulation. The present study investigates three types of
stent graft (SG) configurations for endovascular aneurysm repair (EVAR) in abdominal aortic aneurysm. A computational
fluid dynamic analysis was performed on the pulsatile non-Newtonian flow characteristics in three ideally modeled geometries
of abdominal aortic (AA) SG configurations.
METHODS: The three planar and crosslimb SG configurations were ideally modeled, namely, top-down nonballet-type,
top-down ballet-type, and bottom-up nonballet-type configurations. In top-down SG configuration, most of the device is
deployed in the main body in the vicinity of renal artery and the limbs are extended to the iliac artery. While in the bottom-
up configuration, some of the SG device is deployed in the main body, the limbs are deployed in aortic bifurcation, and
the extra stent graft of the main body is extended to the proximal aorta until the below of the renal artery. The effects of
non-Newtonian pulsatile flow on the wall stresses and flow patterns of the three models were investigated and compared.
Moreover, the average wall shear stress (AWSS), oscillatory shear stress index (OSI), absolute helicity, pressure distribution,
graft displacement and flow visualization plots were analyzed.
RESULTS: The top-down ballet-type showed less branch blockage effect than the top-down nonballet-type models. Fur-
thermore, the top-down ballet-type configuration showed an increased tendency to sustain high WSS and higher helicity
characteristics than that of the bottom-up and top-down non-ballet type configurations. However, displacement forces of the
top-down ballet-type configuration were 40% and 9.6% higher than those of the bottom-up and top-down nonballet-type
configurations, respectively.
CONCLUSIONS: Some complications such as graft tearing, thrombus formation, limb disconnection during long term
follow up periods might be relevant to hemodynamic characteristics according to the configurations of EVAR. Hence, the
reported data required to be validated with the clinical results.
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Nomenclature

AAA Abdominal aortic aneurysm
BU Bottom-up
CVD Cardiovascular disease
CT Computed tomography
d Diameter at the inlet
DMB Main body diameter
DCI Common iliac branch diameter
D Deformation tensor
EVAR Endovascular aneurysm repair
L Total length
LMB Main body length
LCI Common iliac branch length
LVD Variable diameter length
p(t) Exit pressure [Pa]
Re Reynolds number
SG Stent graft
TD Top-down
T Time period
um (t) Inlet mean velocity
Wt Wall thickness
WSS Wall shear stress

Greek symbols
θCI Common iliac branches angle [◦]
ρ Density [kg m−3]
τ Stress tensor
�ν Fluid velocity vector
γ̇ Shear rate [1/s]
η Dynamic viscosity [Pa.s]
σnn Traction parallel to n̂

η∞ Infinite shear rate viscosity [Pa.s]
η0 Zero shear rate [Pa.s]
λ Relaxation time constant [s]

1. Introduction

Cardiovascular diseases (CVDs) are the primary cause of deaths worldwide with a mortality rate of
17.3 million individuals annually and the numbers of CVD related deaths are expected to increase to
23.6 million by 2030. The 2019 update of heart disease and stroke statistics shows that CVDs caused
approximately 17.6 million deaths in 2016 globally [1, 2]. CVD types include thrombus, stenosis,
aneurysm, and infarction [3]. Aortic aneurysms are the 14th leading cause of deaths in the US [4,
5]. Abdominal aortic aneurysm (AAA), the permanent localized dilation of the abdominal aorta,
increases the diameter of the abdominal aorta by at least 50% relative to that of normal aorta [6]. The
infrarenal abdominal aorta is generally prone to aortic aneurysms. The flow mechanics behavior of
the abdominal aorta shows that the anomalies in the wall morphology lead to variations in blood flow
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patterns and stresses in abdominal aortic (AA) walls. These variations impose negative effects on the
mechanical properties of the aortic walls and thereby cause aneurysms and dilation and eventually
result in the vascular rupture. This condition is a life-threatening situation that requires immediate
treatment upon discovery [7]. A major treatment modality for AAA is endovascular aneurysm repair
(EVAR) using stent graft (SG). This technique has evolved dramatically over the past few decades and
caused a paradigm shift in the field of aortic aneurysm surgery [8–10]. A Finland-based clinical study
conducted in 2017 proved that this technique reduces the mortality rates by 30% [11].

In 1990, Juan Parodi, an Argentinian vascular surgeon, performed a clinical trial using SG in AAA.
In the early stage of the EVAR trial, the main indicated patients with EVAR were considered unfit
for the surgical procedure due to the high risk of morbidity and mortality related to their comorbidity.
Therefore, to date, the open surgical repair of EVAR is considered only for non-indicated patients
[12–14]. With the expansion of EVAR treatments worldwide, multiple complications related to EVAR
procedures, including the development of new SGs, management of endo-leaks, long-term durability,
management of the internal iliac artery, the design of a specialized SG for complex anatomy, anatomical
aortal remodeling after EVAR, and SG migration, have been reported [15–18].

Currently, bifurcated SG (conventional EVAR), which is deployed in two steps, is the most common
type of SG used for the EVAR treatment of AAAs. The types of SGs are distinguished by their
deployment methods; in the bottom-up (conventional) approach, some of the SG device is deployed in
the main body, the limbs are deployed in aortic bifurcation, and the extra stent graft of the main body is
extended to the proximal aorta until the below of the renal artery. However, a severely angulated aortic
neck or a laterally splayed angle of the proximal common iliac artery may compromise the bottom-up
graft deployment through conventional contralateral access route. In top-down crosslimb approach,
most of the SG device is deployed in main body in the vicinity of renal artery facing the ipsilateral
access, which reduces the angle of approach from the contralateral side. The deployment methods
of top-down planar and crosslimb SG configurations are dependent on the tortuosity of the vessels,
where the surgeon decides whether to use the crosslimb SG configuration. Following these approaches,
three planar and crosslimb SG configurations were ideally modeled, namely, top-down nonballet-type,
top-down ballet-type, and bottom-up nonballet-type configurations. Some complications such as graft
tearing, thrombus formation, limb disconnection during long term follow up periods might be relevant
to hemodynamic characteristics of the EVAR configurations. Therefore, the present study is aimed at
identifying the hemodynamic effects of the ballet-type and conventional EVAR practices in relevance to
their clinical applications. The induced hemodynamic wall stresses and flow patterns based on the study
of transient non-Newtonian pulsatile flow in three patient-specific AA SG geometries were evaluated
to predict and compare their risks of SG migration and SG thrombosis. Hemodynamic evaluation
parameters such as helicity, time averaged wall shear stress (TAWSS), oscillatory shear stress index
(OSI), and total displacement forces were also evaluated. The differences in wall stresses, helical flow
streamlines, velocity, and pressure contours of three SG configurations were also highlighted.

2. Numerical methodology

Computational fluid dynamics (CFD) was developed in the 1930 s as a branch of fluid mechanics
to solve problems that are extremely complex for analytical methods. This method offers insights into
hemodynamic factors, such as fluid velocity visualization and wall shear stress [19, 20]. In CFD, a
fluid domain is usually divided into small tetrahedral or hexahedral elements called meshes (Fig. 4).
Several governing equations are assigned to mesh elements, which further define boundary conditions
to the neighboring elements in accordance with their equations of state. Therefore, a coupled system
of elements is formed with an integrated view of the fluid dynamics of the system under consideration.
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Fig. 1a. CT images of the representative crosslimb EVAR patients.

The accuracy of the results obtained from this integration depends on the mesh quality, the imposed
boundary conditions, and the algorithm implemented to compute the system of equations. Additionally,
for a time-dependent study, the time step size between each iteration affects the solution accuracy.
Hence, special care is required to develop a method for an accurate solution that matches the level of
understanding of the investigated biological phenomenon [21].

2.1. Physical description

In this study, three representative patient specific, post-EVAR computed tomography (CT) images
(Fig. 1a) were employed to model three-dimensional SG geometries. As depicted in Fig. 1b, the three
planar and crosslimb SG configurations were ideally modeled, namely, top-down nonballet-type, top-
down ballet-type, and bottom-up nonballet-type configurations. In top-down SG configuration, most
of the device is deployed in the main body in the vicinity of renal artery and the limbs are extended
to the iliac artery. While in the bottom-up configuration, some of the SG device is deployed in the
main body, the limbs are deployed in aortic bifurcation, and the extra stent graft of the main body is
extended to the proximal aorta until the below of the renal artery. The angle between the left and right
iliac arteries (q CI ) was defined as 42º. The dimensions of all three SG models, including the diameter
of the infrarenal aortic artery (DMB), the diameter of the left and right common iliac arteries (CIA)
(DCI), and the total length of the SG (L), were kept constant (Table 1) to perform a representative
comparison. In all the models, the influence of graft roughness, graft limb tapering, and stent strut
patterns were excluded.

2.2. Mathematical model

Blood can be treated as a homogenous and Newtonian fluid in vessels with hydraulic diameters
exceeding approximately 0.5 mm [22–24]. Blood possesses variable viscous properties at low Reynolds
numbers. In large arteries, for-example, in the aortic arch, blood is assumed to be a Newtonian fluid
with a dynamic viscosity of 0.00345 Pa-s and density of 1050 kg/m3 [22, 25, 26]. Despite a number
of supporting studies, several researchers claim that the assumption of blood as a Newtonian fluid
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Fig. 1b. Ideally constructed three-dimensional models of patient specific geometries: bottom-up nonballet-type, top-down
nonballet-type, top-down ballet-type.

Table 1

Modeled dimensions of nonballet- and ballet-type models

Parameters Model 1 (a) Model 2 (b) Model 3 (c)

DMB 26 26 26
DCI 13 13 13
L 170 170 170
LMB 110 40 40
LCI 40 110 110
LVD 20 20 20

underestimates the WSS values [27–29]. Non-Newtonian and Newtonian steady-state simulations were
carried out to verify these assumptions as shown in Fig. 2. As inferred from the figure, the Newtonian
flow assumption underestimates (with the maximum percentage difference of 6%) the WSS when
compared with the non-Newtonian flow assumption. Moreover, the pulsatile cycle is dominated by the
laminar flow in transient simulations. Though the Reynolds number at the peak systole is larger than the
laminar range of flow and is followed by a flow declaration phase, however, these flow destabilization
characteristics are temporary. They are preceded by an acceleration phase during systole and followed
by a lengthy low-velocity diastole; both contribute to restabilizing the flow [30, 31]. Therefore, in
this study, the laminar non-Newtonian velocity flow model was adopted for transient simulations with
Reynolds number ranging from 158 to 3481.

Non-Newtonian pulsatile blood flow in the aorta was examined by using the Careau model of blood
viscosity and fluid flow. This model is based on the three-dimensional incompressible Navier Stokes
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Fig. 2. Comparison of steady Newtonian vs non-Newtonian flow.

Table 2

Physical properties of blood and SGs

Material ρ (kg/m3) η∞ (Pa.s)) η0 (Pa.s) n λ (s) Ref.

Blood 1050 3.45 × 10–3 0.607 0.3568 3.313 [24, 25]
SG Rigid [23, 25]

equation. The governing equations are described as follows:

ρ
∂�ν
∂t

+ ρ (�ν · ∇) �ν+ = −∇p + ∇τ (1)

∇ · �ν = 0 (2)

where �ν is the fluid velocity vector, ρ is the density of blood 1050 kg

m3 and τ is the stress tensor. The
stress tensor τ is defined as follows:

τ = 2η (γ̇) D (3)

where D and γ̇ denote the deformation tensor and shear rate, respectively. The blood viscosity h is a
function of the shear rate, and the Careau model is utilized to include the non-Newtonian features of
blood flow [32, 33]:

η (γ̇) = (η∞) + (η0 − η∞)
[
1 + (λγ̇)2

]( n−1
2 )

(4)

where the infinite shear rate viscosity η∞ is 3.45 × 10−3 Pa.s, the zero shear rate η0 is 5.6 × 10−2 Pa.s,
n = 0.3568, and the relaxation time constant l is equivalent to 3.313 s. Table 2 summarizes all the blood
flow properties used in the Eqs. 1– 4.

Mills et al. [34] suggested that the um (t) inlet mean velocity and p(t) exit pressure waveforms
corresponding to Re = 3348, are necessary to simulate pulsatile blood flow, especially in time-dependent
analysis. In their study, velocity waveforms and blood pressure were examined in a series of patients
at cardiac catheterization. The patients examined in this investigation were from a series of 23 and
inspected during the course of routine diagnostic right or left cardiac catheterization at the National
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Fig. 3. Velocity and pressure waveforms (Mills et al. [34]).

Heart Institute, Bethesda [34]. The ages of the patients ranged from 24 years to 60 years. According
to the said study, the pressure in the abdominal aorta ranged from 70 mmHg to 110 mmHg. The inlet
velocity peak systole, peak diastole, and exit pressure peak systole occurred at t = 0.4, 0.92, 0.5 s,
respectively (Fig. 3). The Reynolds number (Re) is defined as follows:

Re = ρuDMB

μ
(5)

where u and μ signify the inlet mean velocity and blood viscosity, respectively.
Given that the present study is primarily focused on demonstrating the characteristics of blood flow

within the three SG configurations, the effects of the cross pattern of stent wires were ignored, and
the SG wall was assumed to be rigid. The SG walls were modelled by employing the rigid material
model. The maximum Reynolds number in the present study is Re = 3481 based on the infrarenal inlet
hydraulic diameter (DMB).

2.3. Numerical scheme and boundary conditions

The finite element method-based commercial code COMSOL Multiphysics (V5.4) [35] was
employed for the investigation of flow characteristics in the SG configurations. A time-dependent
fluid flow study was simulated over a cardiac cycle for 1.1 s. The time step size was 0.01 s. Steady-
state and transient simulations were conducted for each SG configuration. Keeping the initial velocity
value zero caused no difference given that the simulation of multiple cardiac cycles rendered the ini-
tial condition of zero velocity negligible. Moreover, the velocity was specified as spatially uniform
because variations in the inlet velocity profile negligibly affect the outlet velocity profiles [36]. A spa-
tially uniform inlet velocity provides high estimates of shear stress magnitudes near the inlet boundary
regions [31]. The convergence criterion for all the simulations was restricted to less than 1e-6. All
computations were performed on an Intel(R) Xeon (R) CPU E5-2620 v3 with processors of 2.40 GHz
and 64 GB RAM and 64-bit operating system. The post processing of hemodynamic indicators was
done using MATLAB (vR2019b).

The inlet and outlet of the fluid domain were defined with the following time-dependent velocity
and pressure formulas:

Velocity: UZ (y, t) = 1.22Um (t)
[
1 −

(
2y

d

)] 1
7

, uy = 0 at z = 0 (6)
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Pressure: σnn = n̂.p (t) I.n̂ at z = Lexit (7)

where d is the inlet diameter of the aorta, σnn represents the component of the traction parallel to the
normal vector n̂, and I symbolizes the identity matrix. Given that the present study is time-dependent,
the time-dependent velocity equation (Equation 6) is appropriate for studying the transient effect of
pulsatile blood flow as suggested by Khanafer et al. [4]. The interface between the fluid and solid
domains is provided with the no-slip boundary condition as follows:

No-slip: u = ug (8)

2.4. Evaluation parameters

The induced hemodynamic wall stresses and flow patterns based on the study of transient non-
Newtonian pulsatile flow in three patient-specific AA SG geometries were evaluated to predict and
compare their risks of SG migration and SG thrombosis. The differences in wall stresses, helical flow
streamlines, graft displacement, velocity, and pressure contours of three SG configurations were also
highlighted. Evaluation parameters such as helicity, time averaged wall shear stress (TAWSS), and
oscillatory shear stress index (OSI) were evaluated using the mathematical expressions described in
the following paragraphs.

Figure 9 depicts the absolute helicity values of all SG configurations during one cardiac cycle (Fig. 9).
Absolute helicity is used to evaluate the intensity of helical flow throughout the SGs and is defined by
using the following expression:

H = (∇ × ν) · ν (9)

where ∇ × ν is the curl of velocity (vorticity) and n is the velocity vector.
The AWSS distribution at the critical sections of the throat and branches of the SG configurations

at systolic, diastolic, and peak pressure conditions is illustrated in Fig. 10. The time-averaged WSS
(TAWSS) is estimated by using the following expression:

TAWSS = 1

T

∫ T

0

∣∣∣W �SS
∣∣∣dt (10)

where
∣∣∣W �SS

∣∣∣ is the instantaneous WSS magnitude, and T is the time period. The magnitude of
∣∣∣W �SS

∣∣∣
is dependent on the shear rate and viscosity of the fluid and is expressed as follows:

WSS = τ = μγ̇ (11)

⇒ γ̇ = du

dy
(12)

where u is the velocity of the fluid and y is the distance from the surface.
To quantify the directional change in WSS through time, the area-averaged OSI values for the three

SG configurations were analyzed and compared using a bar graph (Fig. 11). The OSI values were
calculated using the following expression [37];

OSI = 1

2

⎡
⎣1 −

∣∣∣∫ T
0 �τdt

∣∣∣
∫ T

0

∣∣∣�λ
∣∣∣ dt

⎤
⎦ (13)

Where τ denotes the WSS vector and t signifies the time in the cardiac cycle of length T in seconds.
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Fig. 4. Mesh generated for the CFD evaluation of the ballet-type model. Tetrahedral mesh was generated for the fluid and
solid domains, and hexahedral boundary layers were used near the boundary wall of fluid domain.

Table 3

Details of the mesh independence study

Mesh Total number of nodes Outlet velocity (m/s) % Difference

M1 3.1 million 0.9113 –
M2 6.1 million 0.9111 0.02%
M3 9.1 million 0.9110 0.03%

3. Mesh independence

The accuracy of a computed solution considerably depends on the number of elements (mesh size)
used per study. The accuracy of results improves by increasing the number of mesh elements at the
expense of increasing computational costs. Therefore, an acceptable compromise between the mesh size
and solution accuracy must be established. Thus, repeated computations are performed with various
mesh sizes to obtain an optimal mesh size for the simulation of physical phenomena by utilizing
the minimum computation cost without compromising the integrity of the computed solutions. This
procedure is known as mesh independence or mesh refinement.

A finite element free-tetrahedral mesh was used for the fluid and solid domains to discretize the
computational domain as depicted in Fig. 4. The three idealized graft configurations were imported
into COMSOL Multiphysics (v5.4) [35] for tetrahedral meshing with hexahedral boundary layers.
Mesh independence for each configuration was performed by applying steady-state boundary condi-
tions and non-Newtonian Careau blood viscosity model properties. For the top-down ballet-type graft
configuration, the predicted values of outlet velocity profiles (Table 3) and WSS (Fig. 5) were plotted
and monitored for three different mesh sizes: M1, M2, and M3. Comparing the outlet velocity results
revealed increasing the mesh size from M1 to M2 resulted in a maximum percentage difference of
0.02%. The average percentage differences between the values of WSS obtained by utilizing meshes
M1, M2, and M3 were 1.3% (M1–M2) and 0.6% (M1–M3). Therefore, the M1 mesh with 3.1 million
nodes was adopted for subsequent simulations to obtain an accurate solution at the expense of minimal
computational resources.
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Fig. 5. Mesh independence study.

Fig. 6. Comparison of the normalized axial velocity in a pipe between the present results and those of Shemer et al. [38] at
Re = 4,000.

4. Model validation

The employed computational model was validated on the basis of the experimental study of Shemer
et al. [38] at a Reynolds number of 4,000. The authors investigated pulsatile turbulent fluid flow at the
inlet of a pipe and applied an oscillatory pressure at the pipe outlet. Afterward, they studied the flow
properties throughout the pipe and measured the velocity at the pipe exit. Given that the properties of
this research are similar to those of the present study, the conditions of the experiment by Shemer et
al. [38] were regenerated numerically, and the obtained results were compared with the corresponding
experimental values. The computed velocity values were normalized with the maximum velocity
magnitude. Figure 6 demonstrates that the nondimensional velocity results are in accordance with the
experimental data and yielded a maximum deviation of 3%, which is within an acceptable range.
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Fig. 7a. Mean velocity streamline plots of the (SG1) bottom-up nonballet-type model (SG2) top-down nonballet-type model
(SG3) top-down ballet-type model under systolic conditions (0.4 s).

5. Results

In this study, the blood flow patterns and induced hemodynamic wall stresses in three ideally designed
patient-specific AA SG configurations were comparatively analyzed. The investigated SG configura-
tions included a top-down nonballet-type, a top-down ballet-type, and a bottom-up nonballet-type
model. Blood flow dynamics were examined at three stages of a pulsatile cycle: systole (maximum
velocity) (0.4 s), peak pressure (0.5 s), and diastole (0.92 s). The results are analyzed in terms of WSS,
flow streamlines, helicity, velocity, and pressure contours.

The flow streamlines were plotted at the three time points (systole [0.4 s], peak pressure [0.5 s] and
diastole [0.92 s]) to visualize the blood flow pattern and distribution in the three aortic SG config-
urations as shown in Fig. 7. The flow streamlines for the systolic (0.4 s) condition or at maximum
velocity (Fig. 7a) demonstrate that the velocity magnitude was smallest in the bottom-up nonballet-
type SG configuration. While the highest value of velocity was observed in the top-down ballet-type
SG configuration followed by that in the top-down nonballet-type SG configuration.

Figure 9 depicts the absolute helicity values of all SG configurations during one cardiac cycle
(Fig. 9). For all SG configurations, a peak helicity value was detected at the time point 0.4 s >t>0.5 s.
The ballet-type model showed the maximum magnitude of helicity, whereas negligible helicity was
observed for the bottom-up nonballet-type SG. Compared with those of the bottom-up and top-down
nonballet-type models, the helicity values of the ballet-type model have reached a maximum of 95%
and 84%, respectively. The helicity values ranged from 0.01-418 m/s2 as shown in the Fig. 9.
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Fig. 7b. Mean velocity streamline plots of the (SG1) bottom-up nonballet-type model (SG2) top-down nonballet-type model
(SG3) top-down ballet-type model under peak pressure conditions (0.5 s).

The AWSS distribution at the critical sections of the throat and branches of the SG configurations at
systolic, diastolic, and peak pressure conditions is illustrated in Fig. 10. Figure 10(a, b) demonstrates
that the trend of the AWSS distribution is analogous across the right and left iliac arterial SGs of
different configurations. Depending on the flow mean velocity, the TAWSS values were plotted in the
order of systolic, peak pressure, and diastolic stage of the cardiac cycle for all the stent configurations
as shown in Fig. 10(a, b). The AWSS for the nonballet SG models exhibited a peak value along the
wall of the SGs and declined to considerably reduced stabilized values after the bifurcation region.
The peak AWSS values of different SG models decreased in the order of top-down nonballet-type,
bottom-up nonballet-type, and top-down ballet-type models. However, the ballet-type model featured
the highest overall AWSS among all SG configurations, and its WSS values were uniformly distributed.
The AWSS values of the ballet-type model were 21% and 38% higher than those of the top-down and
bottom-up nonballet type models, respectively. The AWSS values ranged from 0.2-24 Pa, as shown in
Fig. 10.

To quantify the directional change in WSS through time, the area-averaged OSI values for the three
SG configurations were analyzed and compared using a bar graph (Fig. 11). The 0 magnitude of OSI
represents unidirectional flow with no change in the WSS direction over the time period T, and a value
of 0.5 indicates an intensively oscillating flow. A larger OSI demonstrates the higher risk of local
thrombosis [39]. The OSI results of the ballet type model showed approximately 23% lesser values
than that of the top-down nonballet-type model. The OSI values ranged from 0.13-0.2, as shown in
Fig. 11.
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Fig. 7c. Mean velocity streamline plots of the (SG1) bottom-up nonballet-type model (SG2) top-down nonballet-type model
(SG3) top-down ballet-type model under diastolic conditions (0.92 s).

Figure 12 displays the total pressure distributions across all three SG configurations under systole
(0.4 s), peak pressure (0.5 s), and diastole (0.92 s) conditions. At all time points of the cardiac cycle, the
bottom-up nonballet type model featured the lowest pressure among all three SG configurations. The
pressure distributions in top-down type models were similar in terms of the gradient. However, the ballet
type model showed a maximum magnitude of pressure under systolic and peak pressure conditions.
The largest pressure gradients were observed under the peak systole and peak pressure conditions.
The maximum pressure of the ballet-type model is 5.83% and 0.64% higher than that of the low- and
top-down nonballet-type models, respectively, at the peak systolic instance. The maximum pressure of
the ballet-type model is 0.85% higher than that of the bottom-up and top-down nonballet-type models
at the peak pressure instance.

The total displacement forces are calculated for the three SGs as depicted in Fig. 13. The displacement
forces acting on the SG walls include: the normal force exerted by the blood pressure and the WSS
induced tangential force. The summation of these force components yields the total displacement force
which is helpful to forecast the SG migration [31, 40–42]. Figure 13 demonstrates that in accordance
with the pressure waveforms, the displacement force is maximum at the optimal value of pressure in
the cardiac cycle (Fig. 3). Ballet-type model displacement forces are 40% higher than the bottom-up
nonballet-type model and 9.6 % higher than the top-down nonballet-type model. The total displacement
force observed in these SGs was 40% and 9.6% lower than the ballet-type (non-planar) SG. In all the
SG configurations, the direction of the total displacement force was noted to be in the upward direction.
The total displacement force values ranged from 2.75-4.97 N, as shown in Fig. 13.
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Fig. 8a. Velocity magnitude and streamline contour plots at throat representing systole (0.4 s), peak pressure (0.5 s), late
systole (0.67 s), early diastole (0.85 s) and diastole (0.92 s).
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Fig. 8b. Velocity magnitude and streamline contour plots at branch intersection representing systole (0.4 s), peak pressure
(0.5 s), late systole (0.67 s), early diastole (0.85 s) and diastole (0.92 s).
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Fig. 8c. Velocity magnitude and streamline contour plots at early branches representing systole (0.4 s), peak pressure (0.5 s),
late systole (0.67 s), early diastole (0.85 s) and diastole (0.92 s).
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Fig. 9a. Absolute helicity variation at the left outlet of the iliac branch of SG configurations.

Fig. 9b. Absolute helicity variation at the right outlet of the iliac branch of SG configurations.

6. Discussion

Several researchers examined the effects of in vivo crosslimb EVAR. One such clinical in vivo study
compared the conventional and crosslimb EVAR techniques in 27 patients by employing the Kaplan-
Meier method. The comparison showed an insignificant difference between the two techniques and
rendered it safe to use on AAA patients [43]. Yagihashi et al. [44] reported similar results in another
investigation based on the early and midterm results of crosslimb and conventional EVAR techniques.
The researchers considered EVAR technique to be safe for the treatment of all AAA cases including
the severely splayed iliac angulation [44].
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Fig. 10a. AWSS for the right iliac arterial SG at systole (0.4 s), peak pressure (0.5 s) and diastole (0.92 s).

Fig. 10b. AWSS for the left iliac arterial stent graft at systole (0.4 s), peak pressure (0.5 s) and diastole (0.92 s).

6.1. Fluid flow physiognomies

In all the SG configurations, the flow velocity increases as the fluid enters the branched sections to
conserve momentum. The helicity of the ballet type model promotes helical flow patterns as the blood
flows downstream of the branches (Fig. 7a). Compared with those observed under systolic and diastolic
conditions, complex blood flow patterns were observed under peak pressure conditions (Fig. 7b) in all
three SG configurations. These flow patterns can be escribed to the reduction in the fluid inlet mean
velocity and reverse flow at this instance of the systolic cycle. Therefore, a negative velocity gradient,
which promotes the formation of two lateral vortices (flow recirculation) near the entrance of the stent,
is generated. These lateral vortices are highly prominent in the nonballet and ballet type models. The
lateral vortices of the stent entrance disappeared at the diastole stage (0.92 s), and the flow was in a
steady state as depicted in Fig. 7c.
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Fig. 11. Area averaged OSI comparison of three SG configurations.

Figure 8 presents the velocity contours and streamlines along three cross-sections (throat, branch
intersection, and early branches) of the three SG configurations at all the studied stages of the cardiac
cycle. Two pairs of symmetrical vortices and one pair of helical vortices can be observed at the
throat of the top-down nonballet- type and top-down ballet-type SGs, at t = 0.67 s (Fig. 8a). These
vortices intensified at t = 0.85 s. Additionally, the bottom-up nonballet-type model also demonstrated
the formation of two pairs of symmetrical vortices at this instance. At the branch intersections and
early branch cross-sections (Fig. 8b, c), the flow distribution in the branches was uniform without
vortices at all the time points for the nonballet-type SG models. However, the helical vortices at the
branch intersection and early branch cross-sections of the ballet type SG configuration presented a
flow helicity at t ≥ 0.67 s. Helicity can be explained as the flow reaching the branched sections and
the streamlines converging toward the interior interface of branches. Meanwhile, under the action
of centrifugal forces and high-pressure magnitudes, the flow swirls generate backflow at late systole
(0.67 s). These flow swirls lead to the generation of secondary flow vortices at the later time points
(0.85 s) (Fig. 8a, b, c).

6.2. Helicity

Blood flow helicity in the human vascular system demonstrates multiple beneficial effects [45–53].
Morbiducci et al. [50] demonstrated that efficient perfusion can be achieved in the human vascular
system with the help of helical flow form. Flow helicity inhibits excessive energy dissipation and thereby
stabilizes blood flow [51]. Helical flow reduces flow separation within the carotid bifurcation and,
thus prevents atheroprone hemodynamics [52]. Moreover, helical flow displays important biological
features; for example, it inhibits atherosclerosis and thrombosis formation by disrupting the transport
of materials, such as atherogenic lipids, thereby decreasing platelet adhesion on walls of arteries [45,
53–55].

The high magnitude of helicity in the ballet-type configuration, which signifies good helical flow
patterns, is reflected by the large magnitude of WSS for the ballet-type model throughout the limbs.
High average WSS (AWSS) in the ballet-type model resulted from the high centrifugal forces of helical
flow. Furthermore, as the diastole of the physiologic inlet velocity profile approached, it dampened
the helical flow in the later periods of the cycle. At the outlet of the graft limb, the effective helical
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Fig. 12. Pressure distribution under systolic (0.4 s), peak pressure (0.5 s), and diastolic (0.92 s) conditions.
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Fig. 13. Variation of total displacement forces over time for bottom-up nonballet-type model, top-down nonballet-type model
and top-down ballet-type model.

flow in all the configurations occurred for only 0.3 s (from 0.3 s ≤t≤0.6 s) as shown in Fig. 9a, b. The
short duration of effective helical flow may be ascribed to the high dependence of helicity on velocity;
given this dependence, low magnitudes of velocities resulted in near-zero helicity at the outlets [31].
Moreover, the high helicity values in the left graft outlets for top-down type models are likely inherited
from the natural posteriority of the left CIA [56]. Past studies suggested that sustained helical flow
contributes to the reduction in graft-limb occlusion stimulated by thrombosis formation within the
SG [45, 54, 55, 57, 58]; therefore the cross-limb configuration may help in increasing resistance to
thrombosis.

6.3. Average Wall Shear Stress (AWSS)

The EVAR effect on vascular wall stresses is a postprocedural complication. The spatial distribution
of WSS plays an important role in the localization and development of graft thrombosis and predicting
rupture risk [31, 47, 59]. The concentration of vascular stress is influenced by various factors, including
the location of the aneurysm, asymmetry, and geometric irregularities [59]. The regions of the SG walls,
which experience high unidirectional WSS, show high resistance to flow-related thrombosis, whereas
oscillatory WSS contributes to flow-related thrombosis [37, 39]. Furthermore, helical flow reduces
thrombosis risk by enhancing the WSS due to the presence of centripetal and centrifugal forces [47,
60]. Centrifugal force diminishes deposit accumulation and flow separation and stagnation, whereas
centripetal force accelerates mass transport.

The peak AWSS values of the SG models are correlated with the sudden change in the orientation of
the branches and accelerating flow velocity as the fluid enters the branches of the models as discussed
in the previous section (Figs. 7 and 8). In addition, the angle at which the branches are oriented is
an important factor that determines the differences in the AWSS values of the three models [61].
Moreover, the differences in flow patterns in the suprarenal and infrarenal abdominal aorta of humans
cause blood flow reversal, which can be observed in early diastole in the infrarenal aortas of young,
healthy humans; this reversal causes the flow waveform to become a triphasic (forward in systole
reverse in early diastole forward in late diastole) waveform over the cardiac cycle (Fig. 3) [62].
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Shek et al. [31] analyzed the fluid flow characteristics in a patient-specific crosslimb EVAR con-
figuration by assuming Newtonian blood flow. Their results showed that the helical flow generated in
the crosslimb EVAR technique offers a major advantage in increasing the resistance to flow-related
thrombosis. The AWSS values of the ballet-type model were 21% and 38% higher than those of the
top-down and bottom-up nonballet type models, respectively (Fig. 10a, b). Therefore, the ballet-type
configuration may reduce graft thrombosis by increasing the WSS. Moreover, the similar trends shown
by the transient AWSS values for all configurations suggest that the identical main body of all the SGs
may have accounted for the regions, i.e., bifurcations, with the highest WSS magnitudes.

The absolute value of WSS is used to analyze the spatial variation of shear stress along walls, whereas
oscillatory shear stress index (OSI) values are used for characterizing the temporal behavior of WSS.
The 0 magnitude of OSI represents unidirectional flow with no change in the WSS direction over the
time period T, and a value of 0.5 indicates an intensively oscillating flow. A larger OSI demonstrates
the higher risk of local thrombosis [39]. In this report, the area-averaged OSI values for the three SG
configurations were analyzed and compared using a bar graph (Fig. 11). As the results show that the
OSI of the ballet type model is approximately 23% lower than that of the top-down nonballet-type
model. Therefore, balleting (crosslimb) the SG limbs reduces the risk of graft thrombosis relative to
nonballeting.

6.4. Pressure distribution

As the pressure distributions in the top-down type models were similar in terms of pressure gradients,
this similarity suggests that the identical main body of top-down type SGs must have accounted for
regions, i.e., bifurcations, hence causing similar gradient trends in top-down type models. However,
maximum pressure gradient was observed in ballet-type configuration. The change in wall pressure is
time-dependent, and the pulsatile nature of the flow causes the oscillation of wall pressure gradients.
The sequential accelerations and decelerations of the flow largely affect the pressure distribution at
the wall during pulsatile flow (Fig. 12). The pressure distribution across all the SG configurations
at systolic, and peak pressure conditions represents the reverse flow as discussed in Section 6.1. The
high-pressure gradients on the walls of the ballet-type model suggest that pressure forces for this model
are higher than those for other SG configurations. This condition may lead to fatigue and may thus
cause the failure of the SG over the long term.

6.5. Total displacement forces

Graft migration is one of the major cause of graft failure and often requires reintervention [16,
63]. It is the slippage of SG to a distal location and is associated with the SG oversizing and aortic
neck altercations. Despite the introduction of proximal active fixation devices i.e. hooks, barbs, and
proximal stents in latest generations of SGs to provide the uniaxial fixation strengths [64, 65], the graft
migration risk still remains. Literature studies demonstrate that the SG displacement forces, the root
cause of graft migration, usually tend to augment with the higher blood pressure and non-planar SG
configurations [36, 41, 42, 66, 67]. Liu et al. [33] employed the crosslimb strategy to construct various
ideal SG configurations with different torsion angles and performed computational and experimental
studies to analyze the effect of changing the torsion angles of crossed iliac limbs on the hemodynamics
of blood flow and predicted graft migration, and graft thrombosis risks. Their results suggest that an
increase in torsion angle increases the risk of SG migration.

The displacement forces of ballet type configuration are 40% and 9.6% higher than the bottom-up
nonballet- and top-down nonballet- type configurations, respectively. The direction of the displacement
forces was noted to be in upward direction. Though the migration of the SGs in the upward direction
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is a rare phenomenon, however, multiple reports support this observation [68–70]. However, it is
worth mentioning that these displacements forces tend to be lower in magnitude than the displacement
resistance offered by active fixations e.g. barbs, hooks, radial forces, and columnar strength [64]. The
present results are in agreement with experimental studies reported by Corbett et al. [71] and Liu et
al. [33]. These reports demonstrated that the increase in out-of-planarity of SGs is directly related to
increment in axial migration forces. Similar trends were noted in this study for the case of bottom-up
and top-down nonballet-type (planar) models. Therefore, the crosslimb strategy should be carefully
employed in the surgical treatment of AAA. Hence, it can be concluded that the ballet-type SG model is
more prone to failure compared to other SG configurations due to different forms of structural fatigue.

7. Conclusion

A comparative analysis of the induced hemodynamic wall stress and flow patterns was performed
based on the study of transient non-Newtonian pulsatile flow in three ideally designed patient-specific
AA SG geometries. A time-dependent fluid flow study was simulated over a cardiac cycle of 1.1 s. The
three SG configurations, namely, the top-down nonballet-type, top-down ballet-type, and bottom-up
nonballet-type models were evaluated to highlight the differences in wall stresses, flow streamlines,
velocity, and pressure contours. The study findings are summarized as follows:

• The generation of helical flow in the ballet-type configuration preserves blood flow and thereby
makes the utilization of the ballet configuration as safe as that of conventional configurations.

• The crosslimb configuration may reduce the tendency of bio-cell accumulation (i.e., RBDC,
platelet, LDL particles, and any thrombotic structure, etc.) given that the helicity of the ballet-type
model is 95% and 84% higher than that of the bottom-up (nonballet) and top-down (nonballet)
type SGs, respectively.

• The OSI of the ballet-type model is 23 % less than that of the top-down nonballet-type model. This
condition also indicates that the technique of balleting (crosslimb) the SG limbs may reduce the
risk of bio-cell accumulation i.e., RBDC, platelet, LDL particles, and any thrombotic structure,
etc.

• The pressure magnitude for the ballet-type model is 5.83% and 0.64% larger than that for the low-
and top-down nonballet-type models, respectively. While the displacement forces of the Ballet-
type model are 40% and 9.6% higher than the bottom-up and top-down nonballet-type models,
respectively. This characteristic may cause high fatigue in the ballet-type model and thereby lead
to failure over the long term.
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