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Thoracic endovascular aortic repair (TEVAR) has been introduced as a less invasive approach to the treat-
ment of thoracic aortic aneurysm (TAA). However, the effectiveness of TEVAR in the treatment of TAA is
often limited due to the complex anatomy of aortic arch. Flow preservation at the three supra-aortic
branches further increases the overall technical difficulty. This study proposes a novel stent graft design
with slit perforations that can positively alter the hemodynamics at the aortic arch while maintaining
blood flow to supra-aortic branches. We carried out a computational fluid dynamic (CFD) analysis to eval-
uate flow characteristics near stented aortic arch in simplified TAA models, followed by in-vitro experi-
ments using particle image velocimetry (PIV) in a mock circulatory loop. The hemodynamics result
was studied in terms of time-averaged wall shear stress (TAWSS), oscillating shear index (OSI), and
endothelial cell action potential (ECAP). The results showed that the stent graft with slit perforations
can reduce the disturbed flow region considerably. Furthermore, the effect of the slits on flow preserva-
tion to the supra-aortic branches was simulated and compared with experimental results. The effective-
ness of the stent graft with slit perforations in preserving flow to the branches was demonstrated by both
simulated and experimental results. Low TAWSS and elevated ECAP were observed in the aortic arch
aneurysm after the placement of the stent graft with slits, implying the potential of thrombus formation
in the aneurysm. On the other hand, the effects of the stent grafts with full-slit design and half-slit design
on the shear stress did not differ significantly. The present analysis indicated that not only could the stent
graft with slit perforations shield the aneurysm from rupture, but also it resulted in a favorable environ-
ment for thrombus that can contribute to the shrinkage of the aneurysm.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

It has been shown that a controlled reduction of velocity can
induce systematized thrombus formation which is capable of less-
ening the wall stress of an aneurysm, protecting it from rupture.
Multilayer aneurysm repair system, a multilayer flow modulator
(MFM) developed by Cardiatis SA (lsnes, Belgium) has used this
concept to treat aortic aneurysms. No embolization was found in
all the 24 patients involved in MFM implantation (Oval et al.,
2018). Coincidently, Spinella et al. published a midterm follow
up of thoracoabdominal aortic aneurysms treated with MFM. No
embolization was found in their follow up and their results showed
no mortality related to aneurysm rupture even in the high rate of
reinterventions after MFM placement (Spinella et al., 2018).

Treatment for aortic aneurysms involving multilayer bare-
metal stents has been developed based on the similar concept. A
recent systematic review showed that five studies using multilayer
bare-metal stent treatment which included 154 patients showed
no embolization in patients, 98.4% patency of branch vessels, and
almost 0% rupture in aneurysms (Ke et al., 2017). Overlapping
stents can also isolate an aneurysm effectively and are believed
to create a favorable hemodynamic environment contributing to
the degradation of the aneurysm (Zhang et al., 2015; Zhang et al.,
2014a). A mid-term cohort study on saccular aneurysms with mul-
tiple overlapping uncovered stents demonstrated the significant
thrombus deposition speed and shrinkage of the aneurysms.
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Both MFM and multilayer bare-metal stents are still in a clinical
study stage and very few reports have discussed them. Similarly,
driven by the concept that improved hemodynamics pattern can
treat aneurysms, our group developed a stent graft (SG) with slit
perforations based on the previous experience in carotid artery
bifurcation (Kabinejadian et al, 2016). The blockage of vessel and
embolization in vital vessels are very unlikely to happen when
thrombus is promoted since such incidences were not observed
in the treatment of large aortic aneurysms (thoracic aortic aneur-
ysm and abdominal aortic aneurysm with multiple vital branching
arteries) involving MFM and multiple bare-metal stents. We inves-
tigated the hemodynamic changes in the vicinity of the stented
Fig. 1. Idealized aneurysm geometries (a) withou

Fig. 2. Time-dependent inlet flow profi
aortic arch and explored how such changes to SG designs can
impact the treatment of TAA.
2. Method

2.1. Geometry

Idealized TAA models were constructed using SOLIDWORKS
(Dassault Systèmes SolidWorks Corporation, Waltham, MA)
(Fig. 1). The diameter of the aneurysm is approximately 55 mm
with the aorta diameter set as 34 mm. The diameters for three
t SG (b) with half-slit SG (c) with full-slit SG.

le and pressure outlet waveforms.
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superior branches, namely the brachiocephalic artery (BRA), left
common carotid artery (LCA), and left subclavian artery (LSA) are
set to 10 mm, 8 mm, and 6 mm, respectively. The SG with full-
slit and half-slit designs were virtually implanted in the aneurysm
through Boolean algebra in ANSYS workbench (ANSYS Inc.,
Canonsburg, PA). Full-slit design has slits all over the entire cir-
cumference of SG while half-slit design consisted of slits only on
the top-half of the SG near the branching section. The half-slit SG
is more cost effective than the full-slit counterpart in terms of laser
cutting cost. The width and length of the slit segment on the graft
is 0.2 mm and 1 mm. As such, the study includes the comparison of
hemodynamic characteristics between these two SG designs. All
geometries were meshed by ANSYS ICEM with tetrahedral
elements.

2.2. Numerical scheme and material properties

CFD simulations were performed using finite volume method in
ANSYS FLUENT, where the Navier-Strokes equations for an incom-
pressible flow were solved by iterative Semi-Implicit Method for
Pressure Linked Equations (SIMPLE) with a second-order upwind
scheme.
Fig. 3. Mock circulatory lo
Flow continuity equation
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is the velocity vector described by u, v, w components
in x , y, z directions, p, q, and m represent the pressure, density,
and viscosity of the fluid.

Blood was modelled as a non-Newtonian fluid using Carreau-
Yasuda model (Zhang et al., 2015) to determine blood viscosity.
The relationship between shear rate and viscosity is expressed as

g _c ¼ gþ g0 � g1ð Þ½1þ ðk _cÞ2�
ðn�1Þ=2

ð3Þ

where g1 and g0 are the infinite and zero shear rate viscosities, and
k is the relaxation time constant. The model has been found to
fit in the experimental data with the following parameters
g1=3.45 � 10�3 kg/(m s), g0 = 5.6 � 10�2 kg/(m s), n = 0.3568 and
k = 3.313 s (Zhang et al., 2015).
op with 3D PIV setup.
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The whole transient simulation was run for five cycles and only
the last cycle results are presented. The time step was set as
0.001 s. The convergence residuals were monitored until they
reached the convergence criterion of 10�5.
2.3. Boundary conditions

The inlet velocity and outlet pressure waveforms were
extracted from the literature (Olufsen et al., 2000) and applied on
the model as shown in Fig. 2. The outlet of various branches was
prescribed with approximately 5% of the inlet volumetric flow
based on the measurements by an ultrasonic flow meter
(ME16PXN, Transonic Systems Inc., Ithaca, NY, USA) in the flow
loop setup described in Section 2.5. A similar setup has been
applied in several published literature (Tse et al., 2011;
Shahcheraghi et al., 2002; Shipkowitz et al., 2000). The no-slip con-
dition was applied at the walls.

Mesh sensitivity analysis was conducted with the total number
of elements in the models varying from 1.1 million to 2.3 million
for the aneurysm without SG implantation, 1.5 million to
Early systole (4.2s) 

Aneurysm 

Mid systole (4.26s) 

Late systole (4.36s) 

Early diastole (4.48s) 

Fig. 4. Flow streamlines in the 3D geometry b
3.5 million for the SG with full-slit design, and 1.23 million to
3.1 million for the SG with half-slit design. The difference in the
velocity for different mesh size was <2% (Menichini et al 2018,
Condemi et al 2018). Therefore, mesh sizes of 1.1 million, 1.5 mil-
lion, and 1.23 million elements were used for aneurysm, aneurysm
with full-slit, and aneurysm with half-slit models, respectively. 10
layers of prismatic elements were formed near the wall to ensure
the accuracy of the WSS prediction.

2.4. Quantities of interest

In this work, we studied the time-averaged wall shear stress
(TAWSS), oscillatory shear index (OSI), and endothelial cell action
potential (ECAP). We also evaluated the site specificity of thrombus
distribution in the aneurysm through comparison of different
hemodynamic indices.

TAWSS is expressed as the averaged WSS acting upon vessel
wall throughout the whole cardiac cycle (Tan et al., 2009),

TAWSS ¼ 1
T

Z T

0
s!w

�� �� ð4Þ
Aneurysm with 
full-slit SG 

Aneurysm with 
half-slit SG 

efore and after stent graft implantation.
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where s!w is the WSS vector (traction) and T is the time period of
the flow cycle.

OSI (Ku et al., 1985) is used to describe the oscillation of the
WSS as defined by

OSI ¼ 1
2

1�
R T
0 s!wdt
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���R T

0 s!w

�� ��dt

0
@

1
A ð5Þ

where s!w is the WSS vector, and T is the time period of the flow
cycle.

ECAP is the ratio between OSI and TAWSS, which characterizes
the degree of ‘thrombotic susceptibility’ at vessel wall (Kelsey
et al., 2017) and is defined as

ECAP ¼ OSI
TAWSS

ð6Þ
Fig. 5. (a) The flow velocity field obtained from 3-D PIV in the mid-plane at peak systole (
artery (LCA).
2.5. 3D PIV experiment

We set up a mock circulatory system with phantom models
similar to that in (Wen et al., 2010) to validate the flow preserva-
tion at side branches. The system was driven by a pulse generator
(SuperPump AR series, ViVitro Labs Inc., Victoria, BC, Canada) at a
flow rate of 5 L/min and a pulse rate of 1 Hz. The reservoir level
and mechanical valve were adjusted to mimic the boundary condi-
tions we applied to the computational simulation. The flow rate
was measured using two ultrasonic flow meters (ME16PXL &
ME10PXN, Transonic Systems Inc., Ithaca, NY, USA). The setup of
the entire flow loop is shown in Fig. 3. A 3D PIV system was set
up to capture the velocity vectors at the aortic arch. In this exper-
iment, the blood analogue consisted of 40% glycerin and 60% water.
Polyamide seeding particles with a mean diameter of 55 mm were
added as tracer particles (Kabinejadian et al., 2013). Two CCD
T4). (b) Simulated and measured flowwaveform at the inlet and left carotid common



Fig. 6. Contour maps of time-averaged wall shear stress (TAWSS) for the aneurysm
(a) without SG, (b) with half-slit SG and (c) with full-slit SG.
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(couple-charged device) cameras with a relative angle of 30� were
used to generate stereo images. The images were then analyzed by
two-frame cross-correlation algorithm with an interrogation area
of 64 � 64 pixels2 (1924 velocity vectors for an area of about
58 � 55 mm2).
3. Results

Fig. 4 illustrates the flow streamlines at four time points in the
cardiac cycle for the three aneurysmmodels: (i) without SG (before
the implantation of SG with slits), (ii) with full-slit SG, and (iii)
with half-slit SG. Also, we simulated a case of an aneurysm with
a bare metal stent as a control. A Zenith stent was implanted in
the thoracic aortic aneurysm. The difference in the flow pattern
was negligible as compared to the aneurysm model without SG.
Hence, we did not include the details in favor of brevity.

For the aneurysm without SG, at early systole, a vortex was
formed due to the strong flow impingement on the aneurysmal
wall; the vortex gradually shifted to the center of the aneurysm
Fig. 7. Contour maps of oscillatory shear index (OSI) for the aneurys
and evolved into a large recirculation at the early diastole. In con-
trast, no recirculation region was observed in either of the half-slit
or full-slit SG models. An isolated low velocity region (<0.1 m/s)
was found outside the SG with slits in the aneurysm.

The flow at the superior branches was well maintained as
shown in Fig. 5(a), which was further supported by the flow mea-
surement in the mid-plane by PIV at the peak systole. No recircu-
lation was found inside the aneurysm after the implantation of SG.
Approximately 5% of the total flow volume was measured at the
LCA (Fig. 5(b)). The measured and simulated volumes differ by <5%.

Contours of TAWSS are shown in Fig. 6. In the aneurysm before
treatment (without SG) (Fig. 6(a)), the overall TAWSS exceeded
1.50 Pa. After SG implantation, most regions experienced a TAWSS
of <0.75 Pa as shown in Fig. 6(b) and (c). Contour plot of OSI is pre-
sented in Fig. 7. As shown in Fig. 7(a), large part of the aneurysm
was exposed to high OSI (>0.3). Low OSI region (<0.1) was found
at the aneurysm after implantation of SG with slits as shown in
Fig. 7(b) and (c). Distribution of endothelial cell activation poten-
tial (ECAP) is presented in the contour plot in Fig. 8. A low ECAP
(<0.35 Pa) was found in the aneurysm model (without SG), as pre-
sented in Fig. 8(a). High ECAP (>1.40 Pa) was evident at the
entrance to the center of the aneurysm after SG implantation
(Fig. 8(b) and (c)).

Shear stress is presented in the line graph as shown in Fig. 9.
Both half-slit and full-slit SG demonstrated higher levels of shear
stress (>1.50 Pa), whereas low shear stress was found in the aneur-
ysm model before SG implantation. We compared the CFD calcu-
lated shear stress and PIV-measured shear stress in the full-slit
model, which showed a difference below 15%, validating our com-
putational model.
4. Discussion

The potential of SG with slits in moderating the blood flow in
large TAA is still mostly unexplored by today’s scientific commu-
nity. Our results demonstrated that flow interventions by the novel
SG with slits can increase the chance of thrombosis within TAA,
thereby leading to a protection of aneurysm while preserving
decent flow to the side branches.

Our stent graft with slits serves for two purposes. Firstly, it
helps to generate thrombus to protect the aneurysm from rupture.
Research has shown that systematized thrombosis under low-
velocity flow condition can help protect an aneurysm from rupture.
Multilayer flow modulator and overlapping stents have utilized
this concept to prevent aneurysms from rupture. Second, our stent
graft with slits preserves the flow in the side branches to facilities
the implantation of second stents to branches which has not been
found in other devices. Our results have been confirmed by the
m (a) without SG, (b) with half-slit SG and (c) with full-slit SG.



Fig. 8. Contour maps of endothelial cell activation potential (ECAP) for the aneurysm (a) without SG, (b) with half-slit SG and (c) with full-slit SG.

Fig. 9. The maximum shear stress at a cross-sectional plane in the aneurysm over a cardiac cycle for the aneurysm models without SG, with full-slit SG, and with half-slit SG
obtained by CFD as well as the PIV calculated shear stress for the full-slit SG model.
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flow preservation detected from the particle image velocimetry
(PIV) results.

Zhang et al have shown that the TAWSS and OSI reductions
observed on the aneurysm wall after overlapping stent placement
can create a favorable hemodynamics environment promoting pla-
telet activation and aggregation within aneurysm, which can ulti-
mately lead to degradation of the aneurysm (Zhang et al., 2015;
Zhang et al., 2014). In our case, we observed similar hemodynamic
changes through our SG with slits. Reduced TAWSS (<0.38 Pa) with
low OSI (<0.1) region was observed in the full-slit and half-slit SG
models. Several other studies have shown that low TAWSS can pro-
mote the adhesion of monocytes (Hardman et al., 2013; Lawrence
et al., 1987; Lawrence et al., 1995; Worthen et al., 1987). Low OSI
region (<0.1) has been correlated to the formation and growth of
thrombus in several studies (Arzani et al., 2017; Arzani et al.,
2014). To further corroborate that these hemodynamic changes
can lead to thrombus formation, we used the endothelial cell
action potential (ECAP) value to relate the hemodynamic changes
to thrombus formation within the aneurysm. Di Achille et al. sug-
gested that areas with normalized ECAP values > 5 Pa correlated
well with locations of thrombus in AAA patients (Di Achille et al.,
2014; Kandail et al., 2016); Kelsey et al. showed that ECAP > 1.4 Pa
has a high chance to trigger thrombus formation (Kelsey et al.,
2017). Hence in our study, the post-treatment model with SG of
either half-slit or full-slit design provides a high chance of throm-
bus formation.

Shear Stress and transport inside the vessel has also been found
to play an important role to regulate the growth of thrombus for-
mation (Sakariassen, 2015; Williams, 2004; Bark, 2013). Shear
stress above a certain threshold is sufficient to activate platelets
that can lead to thrombosis (Gogia and Neelamegham, 2015; Lee
et al., 2016; Miyazaki et al., 1996; Nesbitt et al., 2009). Non-
physiological shear stress can activate the von Willebrand factor
(vWF) to promote platelet adhesion and aggregation (Tomokiyo,K
et al., 2005; Endenbury et al., 1995). Our study suggested that
the particles in the half-slit and full-slit models were exposed to
higher shear stress (>2 Pa) when compared to the aneurysm with-
out SG. Considering the above observations, we believe SG with
slits can trigger thrombosis in the long term.

Limitations.We acknowledge that the non-patient specific blood
flow conditions and idealized geometries can cause some differ-
ences in the hemodynamics environment. Therefore in the future,
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we will consider to simulate a virtual implantation of SG in
patient-specific geometries and will perform animal testing to con-
firm the feasibility of proposed designs.

5. Conclusion

In conclusion, SG with slit perforations can lead to flow isolation
in aneurysm with flow preservations at the side branches, as evi-
denced by the simulated and experimental results. Reduced
TAWSS and elevated ECAP indicate that this SG design could create
a favorable environment for thrombus formation inside the aneur-
ysm sac. We showed that implantation of our novel SG with slit
can be an alternative approach for treatment of TAA with complex
anatomies. A safe, totally endovascular, easy to implant and effec-
tive SG can be developed based on this concept.
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