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WHAT THIS PAPER ADDS

Deployment of an endograft, in the context of endovascular aneurysm repair, alters blood flow conditions
potentially to the point where an adverse event is likely. Through computational simulations, it is possible to
gain access to high resolution haemodynamic indices. This study relies on computational fluid dynamics to deal
with blood flow variability among four stent graft systems, seeking unique haemodynamic characteristics. For
the first time, several endografts are studied in parallel. To increase the level of endovascular treatment per-
sonalisation and further improve endograft design, it is important initially to define and evaluate the haemo-
dynamic characteristics of existing devices.
Objectives: The implication of haemodynamics in the occurrence of complications after endovascular aneurysm
repair (EVAR) has been raised in the literature. Different aortic stent graft configurations may lead to different
haemodynamic properties. The current study deals with the post-operative haemodynamic variability between
four stent graft systems with different structure, material, and type of fixation.
Methods: Computed tomography data of 32 patients were used, equally distributed among the four endograft
groups, namely the AFX, Endurant, Excluder, and Nellix. Velocity, wall shear stress (WSS), and helicity statistics
were calculated, in regions around the flow division where disturbances are expected. The haemodynamic
data were compared between and within the groups.
Results: The morphology of AAAs pre-operatively did not vary significantly among the four groups. Before the
flow division, lowest velocity was observed in Endurant cases and highest in Nellix cases. Endurant induced
the lowest peak WSS and Nellix the highest (p ¼ .03). The helicity levels were low in AFX and Nellix cases
and high in Endurant and Excluder cases. After the flow division, the trend in the results was preserved.
Nellix induced the highest velocity and WSS, followed closely by Excluder and AFX. There was a significant
increase of helicity before and after flow division in AFX (p <0.001, R2 ¼ 0.09) and Nellix (p <0.001) cases.
Conclusions: It has been shown that different types of endografts induce variable haemodynamic conditions
around the flow division. The parallel limb structure, featured by Nellix, seems to induce favourable flow
conditions in terms of velocity and WSS, while helical flow before the flow division is suppressed. High WSS
is generally considered to be a desirable flow characteristic in endovascular devices, whereas helicity
extremes (very low or high) are potentially a negative sign. Endurant, with the stiffer material and the short
neck structure, was associated with the lowest blood velocity and WSS values but preserved high helicity
levels. The AFX and Excluder, which include the same material, induced similar haemodynamic conditions.
Keywords: Computational fluid dynamics, Endovascular aneurysm repair, Endograft specific simulations, Haemodynamic variability, Stent graft
Article history: Received 5 April 2018, Accepted 14 April 2019, Available online 17 August 2019
� 2019 European Society for Vascular Surgery. Published by Elsevier B.V. All rights reserved.
responding author. General University Hospital of Larissa, Mezourlo
Larissa, Greece.
il addresses: mimats@med.uth.gr; milmats@gmail.com (Miltiadis
kas).
-5884/� 2019 European Society for Vascular Surgery. Published by
r B.V. All rights reserved.
://doi.org/10.1016/j.ejvs.2019.04.017
INTRODUCTION

During the last two decades, endovascular aneurysm repair
(EVAR) has emerged as the treatment of choice for the
management of elective and ruptured abdominal aortic
aneurysms (AAAs).1e3 There have been four eras in the
development of EVAR: physician made grafts; early industry
devices; intermediate commercial endografts; and modern
stent grafts. The evolution of EVAR has brought
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improvements in efficiency, outcomes, and procedural
success.4 However, re-intervention has been shown to be
more common in EVAR than open repair.5

The interdisciplinary approach combining the clinical and
mechanical aspects behind the placement of an endovas-
cular device has boosted research on outcomes after EVAR.
An endovascular device can successfully reduce sac pres-
sure, mechanical stress, and pulsatile wall motion,6 while
increased drag forces as a result of blood pressure acting on
the device were also detected.7 The recently introduced
endovascular sealing technology (EVAS), featured in the
Nellix device, was studied by Argani et al.,8 showing that
static forces and vibrations during daily activities can disturb
an EVAS device. A computational mechanics analysis can
assist in evaluating the likelihood of post-EVAR aneurysm
shrinkage.7

Computational fluid dynamics (CFD) simulations are
widely used in the research for the haemodynamic impact
of endograft placement.9,10 The post-EVAR morphology of
the lumen determined by the stent graft system could
favour regions in which disturbed haemodynamics are
developing. The development of thrombus, immediately
after the implantation or after months,11 can be triggered in
regions where low wall shear stresses (WSS) prevail.12 Study
of thrombosis in endografts is high in the research priorities
according to the Vascular Surgery Society practice guide-
lines on the care of AAA patients.13 Early post-operative
intra-prosthetic thrombus development has also been
connected with widespread blood recirculation.14e17

Virchow was the first to recognise that blood flow plays
an important role in thrombosis.18

In-stent haemodynamics is the main methodology in
studies focusing on endograft designs that can minimise
stent graft failure.19e22 Casciaro et al.23 found that AFX and
Nellix decrease the reflected wave transient time, while
Nellix shows increased reflected wave amplitude at the
proximal abdominal aorta and at renal artery level
compared with AFX. A CFD evaluation of the Ovation stent
graft device, which accommodates challenging anatomies
using inflatable O rings, is provided by Aristokleous et al.24

Their study highlighted high shear rate and strong recircu-
lation zones developing near the stenotic region, which
could lead to a functional impact on the device under ex-
ercise flow conditions. Accordingly, the present study group
has performed haemodynamic evaluation of various
endografts accounting for the haemodynamic variability
Table 1. Endografts under consideration with their specifications r

Stent Graft

AFX Cobalt chromium Expand
(ePTFE)

Endurant Nitinol Polyeste

Excluder Nitinol ePTFE a
polypro

Nellix Cobalt chromium PTFE
among patients and endografts. It was shown that AFX,
which achieves fixation by using the aortic bifurcation, re-
stores blood flow at physiological levels with respect to the
studied haemodynamic indices, while Nellix was equiva-
lently efficient with emphasis on the observed suppression
of helical flow at the entrance to the device.25 Studying two
widely used devices with similar structure but different
material, it was found that Endurant and Excluder induced
different haemodynamic conditions post-operatively.26,27

More recently, an extended analysis of these two devices
revealed sites on the implanted endovascular device that
might be favourable to thrombus formation initiation and
the value of morphometry as a tool to predict haemody-
namic features was also highlighted.28 The significance of
the endograft position post-operatively, as a factor that
potentially promotes the emergence of post-operative
complications, is also acknowledged by Perrin et al.,29

who developed a computational framework for EVAR
planning.

The current study deals with the post-EVAR CFD in four
stent graft systems with different designs, materials, and
types of fixation (Table 1). Specifically, the endovascular
devices under consideration were: the AFX (Endologix,
Irvine, CA, USA); Endurant (Medtronic, Minneapolis, MN,
USA); Excluder (Gore, Newark, DE, USA); and Nellix (Endo-
logix, Irvine, CA, USA). An endograft specific approach was
applied, analysing flow statistics based on a sample of pa-
tients in each endograft group. Through CFD simulations,
the post-operative flow field was acquired and attention
was drawn to the properties of blood flow in the zones
surrounding the endograft bifurcation. The haemodynamic
properties (velocity, WSS, and helicity) were compared
statistically among the devices, to test whether the
endografts under consideration have unique haemody-
namic characteristics.

METHODS

Materials

The cases considered suitable for the study were exclusively
EVAR treated patients with fusiform AAAs not extending to
common iliac arteries. In total, medical imaging data of 32
cases were used, equally distributed among the four
endograft groups according to their instructions for use
(IFU). Specifically, the data came from computed tomogra-
phy (CT) scans performed pre-operatively and one month
egarding graft and stent material, and fixation methods

Fixation

ed polytetrafluoroethylene Suprarenal/aortic
bifurcation

r fabric Suprarenal/proximal
anchoring pins

nd fluorinated ethylene
pylene

Proximal nitinol barbs

Endobags filled with
polyethylene glycol



Table 2. Basic size characteristics of the stent graft systems
placed in each case

Patient Main body
diameter, mm

Right limb
diameter, mm

Left limb
diameter, mm

EN1 25 16 16
EN2 25 16 16
EN3 28 16 16
EN4 25 20 16
EN5 28 20 16
EN6 32 20 20
EN7 25 20 20
EN8 25 20 16
EX1 23 16 16
EX2 28 16 16
EX3 23 14 14
EX4 28 14 14
EX5 28 14 16
EX6 23 20 16
EX7 23 16 16
EX8 26 14 16
AFX1 25 16 16
AFX2 28 16 16
AFX3 28 16 16
AFX4 28 16 20
AFX5 28 16 16
AFX6 25 16 16
AFX7 25 16 16
AFX8 28 16 16

EN ¼ Endurant; EX ¼ Excluder.
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after EVAR for each patient. All patients were on optimal
medical treatment (single antiplatelet agent, statins, and
antihypertensive medication), and for this cohort of pa-
tients there was no event during the early post-operative
period. Information about the CT system and the
screening procedure can be found in our previous work
where the same technique was employed.26,27 The protocol
was approved by the Institutional Review Board of the
University of Ioannina, Greece and all subjects gave
informed consent for the use of their data.

The endovascular devices under consideration were the
ones that are mainly used in the study centre, so that
several cases were accessible. Given that the effect of
Table 3. Pre-operative abdominal aortic aneurysm morphological c

AFX Endura

Neck length, mm 27.6 � 9.6 20.0 �
Neck diameter, mm 23.2 � 1.9 24.8 �
Infrarenal angle, degrees 29.3 � 12.5 21.4 �
Suprarenal angle, degrees 20.4 � 13.6 19.5 �
Aorta length, mm 112.7 � 16.6 105.9 �
Right iliac length, mm 58.6 � 9.6 65.9 �
Right iliac diameter, mm 13.3 � 1.7 15.5 �
Neck to right iliac diameter 1.8 � 0.3 1.6 � 0
Left iliac length, mm 62.6 � 7.3 70.2 �
Left iliac diameter, mm 14.1 � 2.0 14.4 �
Neck to left iliac diameter 1.7 � 0.3 1.7 � 0

Values are given as means � SDs.
morphology on haemodynamics is prevalent, several cases
are required to estimate the haemodynamic performance of
a given endograft. The endografts included in the study
represented a wide variety of design choices in terms of
structure, material, and type of fixation. A brief analysis of
their design is given below, while basic size characteristics of
the stent graft systems used in each case are reported in
Table 2.
AFX

The AFX Endovascular AAA System (Endologix) is a device
designed to use the native aortic bifurcation to achieve
fixation. The graft, composed of low porosity ePTFE, is
attached to the exterior of the metallic cage with proximal
and distal sutures. Consequently, the graft is allowed to
move independently from the stent cage.30

Endurant. Endurant is a modular endovascular device
composed of multifilament polyester fabric and electro-
polished Nitinol stents. Its suprarenal fixation system is made
of a one piece Nitinol stent with anchoring pins while its first
sealing stent is M shaped, providing neck conformability.31

Excluder. Excluder is a modular bifurcated stent graft
composed of expanded polytetrafluoroethylene. It also in-
cludes a thin non-permeable layer of fluorinated ethylene
propylene attached to its nitinol stent frame. The fixation of
Excluder at the proximal neck is achieved at infrarenal level
by the use of nitinol barbs.30

Nellix. Nellix consists of dual, balloon expandable, covered
stents, each of which is surrounded by an endobag that is
filled with an in situ curing polymer.32 Each covered stent is
surrounded by ePTFE and supports the blood flow lumen
through the aneurysm sac to the iliac arteries without the
need for proximal and distal fixation. The polymer con-
taining endobags surround the flow lumen and fill the
aneurysm sac providing anatomical fixation.33
Pre-operative morphological analysis

Initially, a pre-operative morphological analysis was carried
out. Processing the pre-operative CT scans of the cases that
haracteristics of the cases in each endograft group

nt Excluder Nellix p

6.0 26.6 � 8.2 27.8 � 11.7 0.19
3.1 22.6 � 2.1 23.3 � 2.6 0.25
9.0 20.5 � 13.6 25.7 � 16.7 0.47
10.0 16.9 � 8.4 26.0 � 13.8 0.41
16.1 117.3 � 9.3 115.6 � 16.5 0.35

8.4 67.7 � 16.9 65.6 � 11.5 0.44
2.0 13.7 � 2.0 13.8 � 2.2 0.10
.3 1.7 � 0.2 1.7 � 0.3 0.66
9.0 70.7 � 14.7 62.2 � 18.1 0.33
2.2 14 � 2.7 13.2 � 2.6 0.76
.2 1.6 � 0.2 1.8 � 0.4 0.62
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met the inclusion criteria, the following morphological
characteristics were extracted: neck length; neck diameter;
suprarenal and infrarenal angle; aortic length; right and left
iliac length; right and left iliac diameter; neck diameter to
right iliac diameter; and neck diameter to left iliac diameter.
All measurements were done with the medical imaging
software 3mensio (Pie Medical Imaging BV, Maastricht, The
Netherlands). The mean and standard deviation values of
each morphological characteristic per endograft group are
shown in Table 3. A one way ANOVA statistical test was
performed for each morphological characteristic, concluding
that the pre-operative morphology of the AAAs did not vary
significantly between the endograft groups. The p values
drawn from the statistical tests are shown in the last coll-
umn of Table 3 and highlight the absence of statistically
significant variation in the tested morhological
characteristics.
Modelling

The computational workflow from CT scans to endograft
specific haemodynamic indices is demonstrated in Fig. 1.
The methodology involves the reconstruction of medical
imaging data, 3D model refinement, computational mesh
generation, CFD simulations, post-processing, and statistical
analysis, all carried out in a range of commercial and open
source software packages. Individual and paired haemody-
namic analysis of the stent graft systems under consider-
ation has been done previously by the present study group.
Details about the steps of the methodology can be found in
the relevant papers.25e27

Briefly, the methodology involves the reconstruction of
the post-EVAR CT scans, focusing on the stented segment
of the infrarenal abdominal aorta. The 3D post-operative
Work

32 patients:
     8 AFX
     8 Endurant
     8 Excluder
     8 Nellix
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Figure 1. Schematic representation of the computational w
CFD ¼ computational fluid dynamics.
lumen models include information about the post-
implantation spatial configuration of the endografts. The
surface of the models corresponds to the internal surface
of the endograft device modelled as a rigid wall without
thickness or material properties. A fluid structure inter-
action (FSI) approach is required to capture the interac-
tion between blood flow and the device and access the
stresses and strains experienced by the device. Using the
triangulated surfaces, that are produced in the recon-
struction phase, a CFD ready surface and volumetric
computational mesh was generated, featuring high spatial
resolution, sufficient to capture complex blood flow dy-
namics.25e27

Blood was modelled as a Newtonian fluid with density,
r ¼ 1050 kg/m3, and kinematic viscosity,
n ¼ 3.2 � 10�6 m2/s.27 The no slip condition was imposed
on the surface of the models according to the rigid wall
assumption. A physiological pulse pressure condition was
applied at the inlet and a physiological flow rate condition
was applied at the outlets, based on Olufsen et al.34
Regions of interest

As a continuation of previous work, the present study is an
assimilated analysis of the four stent graft systems, shifting
the focus to specific areas in the implanted endovascular
devices, above and beyond blood flow division. The regions
of interest are sketched for indicative endograft cases in
Fig. 2. The four endografts drive blood flow to the iliac ar-
teries by different means. Endurant and Excluder are
bifurcated proximally in the aneurysm sac, AFX uses the
native abdominal aortic bifurcation, and Nellix is composed
of two detached tubes that channel blood flow from the
flow

CFD
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ANSYS
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ANSYS
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orkflow from medical imaging data to flow analytics.
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Figure 2. Regions of interest above and beyond the flow division sketched in representative
endograft models of the four groups.
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area immediately below the renal arteries all the way to the
iliac arteries.
Haemodynamic properties

The haemodynamic properties used in the analysis were:
velocity, WSS, and helicity. Specifically, the calculations
were, i) the maximum velocity in the volume of the regions
of interest at peak systole, ii) the maximum WSS on the
surface of the regions of interest at peak systole, and iii) the
mean helicity in the volume of the regions of interest at mid
diastole.
Statistical analysis

Between and in group statistical analyses were performed
using one way ANOVA and t tests, respectively. A value of
p < .05 was considered to designate statistical significance.
Furthermore, to identify possible correlation of hemody-
namic parameters, the Pearson coefficient was calculated
for the variables under consideration in both regions of
interest (before and after bifurcation), using the software
MATLAB (MathWorks Inc., Natick, Massachusetts, USA).

RESULTS

Velocity

As expected, the blood velocity is higher after the flow
split, as blood flows in smaller diameters. According to
the velocity chart in Fig. 3, the higher blood velocity, in
both regions of interest, was recorded for Nellix cases,
with statistically significant deviation from the AFX (p ¼
.03), Endurant (p <0.001), and Excluder (p ¼ .03) cases,
particularly in the region above the blood stream sepa-
ration. Endurant, on the other hand, was associated with
the lowest blood velocity among the endograft groups,
both before and after the bifurcation. The mean value of
maximum blood velocity was approximately equal in AFX
and Excluder cases above the bifurcation, while after the
flow separation, AFX induced the second highest velocity
value with Excluder following in the third position.
WSS

Based on the corresponding chart in Fig. 3, the highest WSS
value was found in the Nellix group, both above and beyond
the bifurcation. There was a statistically significant differ-
ence between the Nellix and Endurant groups (p ¼ .03) in
terms of maximum WSS before blood flow separation. The
lowest WSS value, as in the velocity measurements, was
found in the Endurant cases, querying both regions of in-
terest. The WSS findings in the AFX and Excluder groups
followed the reverse trend compared with the velocity re-
sults. Specifically, maximum WSS before blood enters the
limbs of AFX, was lower than the corresponding value in the
Excluder group. In the upper segment of the limbs (directly
after the endograft bifurcation), both endografts were
associated with approximately equal WSS. The order of the
endografts in terms of maximum WSS was: Nellix, in first
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Figure 3. Mean and SE values of the haemodynamic indices [velocity, wall shear stress (WSS), helicity] in both regions of interest in the four
endograft groups. The asterisk indicates statistical significance. Below the charts, two tables with r and p values from the correlation analysis
for the pairs of haemodynamics variables under consideration, where the indices “_b” and “_a” are attached to the variable names to indicate
calculation before and after the bifurcation zone, respectively.
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place, followed by AFX and Excluder, while the lowest values
were attained in Endurant cases. Correlation analysis for all
endografts showed that there was a strong correlation
between maximum velocity and maximum WSS, both above
and beyond the bifurcation, as expected, because local
velocity and WSS are mathematically connected.
Helicity

The helicity results are presented in the last chart of Fig. 3.
It is noted that AFX and Nellix follow a different trend from
Endurant and Excluder. According to the measurements,
AFX and Nellix exhibit higher mean helicity after the blood
stream separation than before, while the reverse effect was
evident in the other two endograft groups. Specifically,
Endurant and Excluder were associated with high mean
helicity values that drop after blood enters their limbs. The
in-group variation of mean helicity between the 2 regions of
interest was statically significant for the AFX (p <0.001) and
Nellix (p <0.001) cases. In total, the highest helicity value,
either before or after the bifurcation, was associated with
the Endurant device, followed by Excluder, and Nellix and
AFX which are very close in terms of helicity. A represen-
tation of the helical structures developing at several in-
stances of the cardiac cycle, showing their dynamic
evolution in indicative cases from each endograft group, is
provided in Fig. 4. The differences in the quantitative hel-
icity results are also apparent in the graphical representa-
tion of the helical structures.
DISCUSSION

Although the improved technical characteristics of the
new generation EVAR devices addresses prior deficiencies,
many challenges still exist.35,36 Commercial endografts
inherently differ in technical specifications and are asso-
ciated with a variable frequency of post-operative adverse
events, justifying the need for endograft specific anal-
ysis.37,38 The computational approach has proven to be an
effective way of exploring the impact of endograft im-
plantation on blood flow, featuring significant benefits,
such as non-invasiveness, low cost, high resolution ana-
lytics, and increased model customisability.

According to the results, the most statistically significant
differences in velocity or WSS were found between Nellix
and the remaining three endograft groups. The special
design of Nellix, exploiting the endovascular sealing
technology, seems to have an effect on blood flow. The
device is composed of two separate tubes that are
handling blood flow independently streaming it to the iliac
arteries. It is computationally proven that Nellix induces
the highest velocity and WSS (velocity gradient), which
may be clinically translated as a reduced risk of in stent
thrombogenicity given the absence of stagnant flow re-
gions. It must also be noted that before blood flow splits
to enter the Nellix limbs, the intensity of helical flow is
reduced, which might be related to the fact that Nellix
does not have a main body section compared with the
remaining devices. According to the literature, blood flow
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near the renal arteries might be slightly altered by the
deployment of a stent graft,9 which, for the Nellix case,
corresponds to the region before the flow division. In any
case, there are no reports of any clinical implications
deriving from the unique haemodynamic identity of Nellix
so far.

On the other hand, Endurant and Excluder endografts
which incorporate a main body section followed by a
structured bifurcation high in the aneurysmal sac and two
separate limbs, seem to preserve high intensity helicity
before the flow division that diminishes downstream after
the bifurcation. However, Endurant and Excluder endog-
rafts, despite the shared structure, induce distinct blood
flow environments in terms of velocity and WSS that might
be attributed to their dissimilar materials (polyester for the
Endurant and ePTFE for the Excluder) and stent configura-
tion.26,28 Specifically, Endurant was associated with the
lowest WSS values in the region around the bifurcation,
which is in line with previous work by the present study
group where regions of lower WSS were found to be larger
in Endurant compared with Excluder or healthy cases.27,28

Conversely the helicity results follow the same trend for
both devices, probably attributed to their similar structure
involving a short main body.

The AFX device has its main fixation point on the iliac
bifurcation such that the post-EVAR lumen morphology
resembles the physiological anatomy. Previous work has
shown that AFX achieves restoration of blood flow indices
to physiological levels. In the present study, AFX was asso-
ciated with lower blood helicity values than Endurant and
Excluder. It is of interest that there were similar results for
the AFX and Nellix devices regarding helicity, both pre-
senting low helicity before the bifurcation increasing af-
terwards, despite their dissimilar structure. Recently, it has
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been suggested that the haemodynamic effects of the
relative limb and in particular their lengths, should not be
considered negligible. A high main body to iliac limb length
ratio haemodynamically seems to favour a low bifurcation
but it attenuates the main body iliac limbs modular
stability.22

Recently, Boersen et al.39 compared three endografts,
Endurant, AFX, and Nellix, visualizing flow with laser particle
imaging velocimetry. The endovascular aneurysm sealing
(EVAS) experimental model, which is like a Nellix system,
showed a stronger jet flow with a higher WSS rate in some
regions compared with the other models. Small regions of
low WSS and high oscillatory shear index were found near
the distal end of all stents in the common iliac artery. They
suggested that the different stent designs did not influence
suprarenal flow. In the present study, comparing four stent
graft systems, similar results were found with highest values
of velocity and WSS being noted in the Nellix cases, despite
not accounting for the suprarenal area. However, it is
apparent that the flow profile is individualised for each
device. Even, after the flow division, the trend of the results
was preserved; Nellix induced the highest velocity and WSS,
closely followed by Excluder and AFX.

Loss of limb patency varies between the endografts
used in the present study, ranging from 3.4% for the
Endurant to 1.1% for the Excluder.40,41 In an experimental
study, Demanget et al.42 investigated the mechanical per-
formance of eight different graft limbs. The authors
concluded that spiral and circular stents may provide
greater flexibility, as well as lower stress values, compared
with Z stents. They further associated this with potentially
better durability. These findings have been confirmed in
the clinical setting in a retrospective study investigating
the impact of stent grafting on aorto-iliac tortuosity. The
reduction of the iliac tortuosity index was the least after
Excluder implantation, probably as a result of better
adaptation to the iliac anatomy.43 Interestingly, no signifi-
cant differences were found in graft limb complication
rates between those stent grafts. More data are needed to
affirm whether the differences in flow dynamics found in
the present study, may be translated into different graft
limb properties, which may eventually affect the clinical
outcome.

Despite these differences between the endografts, clin-
ical experience with all four devices has demonstrated good
results at least during the early and mid term periods. The
applicability of the Endurant stent graft has been thor-
oughly tested in several situations and showed promising
results.44 Additionally, the Excluder stent graft system with
infrarenal fixation system has also yielded promising re-
sults.45 EVAS with the use of Nellix has been suggested as a
promising technique for treating AAA, and early efficacy
data are encouraging in very suitable straightforward
anatomy.46 The real world use of the AFX endograft was
associated with a low rate of device and procedure related
complications.47

Studying the computational models of in stent flow
may further assist in the evaluation of long term
durability of endovascular devices and in further
development of stent graft systems.48 Specifically, a
flow analysis inside endovascular devices could highlight
undesired blood flow responses, which is clinically
interpreted as creating an increased potential for com-
plications. For instance, the existence of low WSS in
parts of the endograft could lead to thrombus forma-
tion or limb occlusion according to the literature. As a
result, it is suggested that endovascular devices should
have a CFD evaluation in the context of clinical trials,
driving the device design and adding a point of safety
check carried out in computers non-invasively. To reveal
the clinical impact of varying endograft based haemo-
dynamics, long term follow up and larger case series
may be needed. Future studies may use the current
results to determine whether specific stent graft sys-
tems are more suitable for certain AAA anatomies with
respect to parameters such as neck angulation, iliac
bifurcation, endograft curvature, and length ratios, as
well as iliac limb configuration.49
Limitations

The study relies on Newtonian modelling of blood flow
while a non-Newtonian approach is considered to
describe haemodynamics more accurately. However, ac-
cording to the literature, the Newtonian model is suffi-
cient for large arteries such as the abdominal aorta. As a
pure CFD study, the thickness and material properties of
the stent graft systems were not considered, which would
require FSI modelling.50 Nevertheless, a patient specific
CFD analysis considers the real geometry of the lumen
which mostly determines the haemodynamic conditions.
The material properties of each device do not enter
directly in the type of modelling applied in this study, but
the elasticity (or rigidity) of the devices is reflected in the
position and structure of the system in the aneurysmal
region which is introduced in the models through re-
constructions of the real patient medical imaging data.
The rigid wall assumption is commonly used in endograft
modelling when the velocity and shear stress fields or the
displacement force from blood pressure are the crucial
parameters in the study.24,51 Because of the CFD type of
modelling, the possible formation of biofilm that can
occur inside endografts post-operatively is not taken into
account.

Furthermore, the measurements presented in the current
study do not correspond to or predict clinical events. Longer
follow up and a larger number of patients are needed to
further describe the haemodynamic performance and the
flow characteristics of the various endovascular devices.
Future studies considering longer term follow up may be
needed to examine in more depth the association between
flow disturbances and clinical events. Furthermore, selec-
tion of the devices for inclusion in the study was based on
these four types of stent graft systems being most
commonly used at the study centre, and thus being more
accessible. In this respect, bias from the endograft selection
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may be present. In any case, the endografts studied here
represent a wide variety of design choices regarding ma-
terial, structure, type of fixation, and other technical
specifications.
CONCLUSIONS

The current study deals with the post-EVAR flow conditions
in four stent graft systems with different designs, materials,
and types of fixation. Using computational fluid dynamics
software simulations, it was shown that endografts with
different anatomical characteristics demonstrated different
haemodynamic parameters. There were differences in the
haemodynamic conditions in the area near the flow divider
depending on the endograft type, while differences in the
flow conditions of several different limb configurations
were also noted. Future studies are needed to examine
whether these differences in haemodynamic characteristics
may have a clinical impact in the long term follow up of the
patients. The study suggests that computational assessment
of the quality of post-EVAR blood flow should be extended
in all devices, as represented by larger patient cohorts.
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