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During the last years endovascular aneurysm repair (EVAR) became the elective treatment for abdominal
aortic aneurysms (AAAs) thanks to lower mortality and morbidity rates than open surgery. In face of
these advantages, stent-graft performances are still clinically suboptimal. In particular, post-surgical
complications derive from device migration as a consequence of the hemodynamic forces acting on
the endograft. In this regard, while the importance of hemodynamic surface forces is well recognized,
the role of the in-stent flow is still unclear. Here we hypothesize that in-stent helical blood flow patterns
might influence the distribution of the displacement forces (DFs) acting on the stent-graft and, ulti-
mately, the risk of stent migration. To test this hypothesis, the hemodynamics of 20 post-EVAR models
of patients treated with two different commercial endografts was analyzed using computational hemo-
dynamics.
The main findings of the study indicate that: (1) helical flow intensity decreases the risk of endograft

migration, as given by an inverse correlation between helicity intensity (h2) and time-averaged displace-
ment forces (TADFs) (p < 0.05); (2) unbalanced counter-rotating helical structures in the legs of the
device contribute, in particular along the systole, to significantly suppress TADFs (p < 0.01); (3) as
expected, helical flow intensity is positively correlated with pressure drop and resistance to flow
(p < 0.001). The findings of this study suggest that a design strategy promoting in-stent helical flow struc-
tures could contribute to minimize the risk of migration of implanted EVAR devices.

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

Abdominal aortic aneurysm (AAA) is a vascular pathology con-
sisting in the irreversible enlargement of the abdominal aorta
lumen as a consequence of the degradation of the structural and
mechanical properties of the vessel wall (Ailawadi et al., 2003). If
untreated, AAA could rupture, causing internal hemorrhage that
can be accompanied with catastrophic outcomes. In the last dec-
ades, endovascular aneurysm repair (EVAR) has become the elec-
tive treatment for AAA (Budtz-Lilly et al., 2017; Chang et al.,
2013; Powell et al., 2017). EVAR is a minimally invasive procedure
that involves the endovascular insertion of a stent graft device
which excludes the aneurismal sac from blood flow, reducing the
risk of rupture. Given the low morbidity and mortality rates, and
quick recovery, EVAR is considered an efficient alternative to open
surgery (Kontopodis et al., 2015; Sweeting et al., 2015; Winterborn
et al., 2009). In face of these advantages, EVAR presents post-
surgical complications, like endoleaks, thrombosis and migration
(Bastos et al., 2010; Daye et al., 2018; Desai et al., 2010; Van
Marrewijk et al., 2005). The estimated average re-intervention rate
of 11% after two years (Kent et al., 2018) reveals that there is much
room for improvement of endografts design.

In particular, stent graft migration is a critical post-EVAR com-
plication (Kent et al., 2018; Turney et al., 2014) that can further
induce type I endoleak, markedly increasing the threat of AAA rup-
ture and the requirement for urgent corrective treatment (Mohan
et al., 2002). The main factors contributing to stent graft migration
derive from displacement forces acting on the device that depend
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on hemodynamics and anatomy (Figueroa et al., 2009; Tasso et al.,
2018). Technically, an implanted stent graft is subject to forces
exerted by blood on its internal surface along the cardiac cycle,
and these hemodynamic forces could contribute to endograft
migration. To achieve persistent fixation, some stent-graft devices
take advantage of hooks-based anchorage systems (Morris et al.,
2016). However, the risk of failure is not fully dodged with the
implementation of sophisticated fixation systems, as migration is
still possible after EVAR even with new generation endovascular
devices.

While hemodynamic surface forces at the endograft wall are
obviously linked to the device migration, the role of intravascular
blood flow features is still unclear. In this study we analyze the
in-stent hemodynamics in a cohort of 20 image-based computa-
tional fluid dynamics (CFD) models of EVAR patients, treated with
two different commercial endograft devices. By exploring the asso-
ciations between distinguishable intravascular hemodynamic fea-
tures vs. displacement forces, we aim to identify potential targets
of endografts design optimization strategies, a fundamental step
in the EVAR risk of failure minimization process. In particular,
based on fluid mechanics theoretical remarks, here we focus the
attention on in-stent helical flow features, which have also been
recently suggested to reduce the risk of thrombosis in implanted
endografts (Tasso et al., 2018).

The study additionally involves an analysis of hydraulic resis-
tance and power losses, as it is well-established that helical flow
affects the energetic properties of conduits (Liu et al., 2016; Van
Canneyt et al., 2013; Zovatto and Pedrizzetti, 2018).
2. Material and methods

The study protocol presented was approved by the Institutional
Review Board of the University of Ioannina, Ioannina, Greece, and
all subjects gave informed consent for the use of their screening
data. Twenty male subjects affected by infrarenal fusiform AAA
and treated with EVAR were selected and divided into two equal,
statistically homogeneous subgroups, as detailed in the Supple-
mentary Material and elsewhere (Raptis et al., 2017; Tasso et al.,
2018): one group was treated with the Endurant (Medtronic Vas-
cular, Santa Rosa, CA) stent graft, the other group was treated with
the Excluder (W.L. Gore & Associates, Flagstaff, AZ) stent graft. One
month after device implantation, all subjects underwent computed
tomography angiography (CTA) and CTA images were segmented
using a semi-automatic approach. Image segmentation of the
stent-graft internal surface of EVAR treated arteries was carried
out. Segmented images were converted into three-dimensional
geometries using the commercial code MIMICS (Materialise, Leu-
ven, Belgium). CTA acquisition and geometry reconstruction strate-
gies have been exhaustively described elsewhere (Tasso et al.,
2018). The twenty reconstructed geometries are presented in
Fig. 1.

The finite volume-based general purpose CFD code FLUENT
(ANSYS Inc., Canonsburg, PA) was used to solve the unsteady-
state governing equations of motion on fluid domains discretized
by tetrahedrons (Tasso et al., 2018). Exhaustive details on the
implementedmeshing strategy and the applied numerical schemes
are reported elsewhere (Tasso et al., 2018), and are summarized in
the Supplementary material. Here, blood was assumed to be an
incompressible, homogeneous, Newtonian fluid (Iasiello et al.,
2017; Tasso et al., 2018). The strategy to prescribe boundary con-
ditions was dictated by the lack of patient-specific hemodynamic
data, as already described elsewhere (Tasso et al., 2018). Conse-
quently, the conditions applied at the boundaries were extracted
from literature. In detail: (1) at the inlet, the same pressure wave-
form (Olufsen et al., 2000) was applied to all subjects; (2) at the
outflow sections, a time-dependent fully-developed velocity pro-
file was imposed after scaling a flow rate waveform available in
the literature (Olufsen et al., 2000) according to the area of each
outflow section; (3) the no-slip condition was applied at the wall,
following the rigid wall assumption that is commonly made in the
context of CFD modeling.

Displacement forces (DFs) exerted on the implanted stent graft
are given by the summation of two contributions: the body force
(the weight force, due to gravity), and the surface forces, due to
hemodynamics. In detail, the surface forces are composed by
(Fig. 2): the normal component on the endograft surface due to
blood pressure, and the tangent component that is the shear force
acting on the endograft surface due to blood flow. Here we are
interested only on hemodynamic forces acting on the stent graft
as possible cause of migration, hence the presence of the gravity
was neglected. At a generic time instant t along the cardiac cycle,
the net DF, applied to the center of mass (CM) of a body of surface
area Si, can be calculated as follows (Kandail et al., 2014):

DFðtÞ ¼
Z
Si

pðs; tÞnðsÞdSþ
Z
Si

sw s; tð ÞdS ð1Þ

where p is the pressure, n is the unit vector normal to the elemental
surface of area dS around the generic position s, and sw is the wall
shear stress vector. Here, DF was calculated by integration over dif-
ferent surface areas Si, in order to obtain the net DF acting on the
whole reconstructed endograft model, and on each one of the three
surface areas obtained by splitting the model into body and legs,
according to Fig. 1. Furthermore, according to the method proposed
elsewhere (Morbiducci et al., 2015), the net DF acting on the body
and legs of the implanted stent grafts were projected: along the
main blood flow direction, corresponding to the local axial (center-
line) direction (DF//); along the direction orthogonal to the axial one
(DF\).

As net DFs vary along the cardiac cycle, here their time-average
values (TADF) was calculated as follows:

TADF ¼ 1
Ti

Z
Ti

DF sCM; tð Þdt ð2Þ

where Ti is a generic time interval corresponding to the cardiac
cycle (TCYCLE), the systolic phase (TSYS), and the diastolic (TDIA) phase.

The performance of the implanted stent grafts was also evalu-
ated in terms of energetics. To do that, the instantaneous hydraulic
power losses ( _E) was calculated according to the following equa-
tion, as proposed elsewhere (Grigioni et al., 2006):

_EðtÞ ¼ �
Z
IN
p s; tð Þv s; tð Þ � n sð ÞdS�

Z
IN

1
2
q v s; tð Þj j2v s; tð Þ

� n sð ÞdS�
Z
IN
pðs; tÞvðs; tÞ � nðsÞdS�

Z
OUT

� 1
2
q vðs; tÞj j2vðs; tÞ � nðsÞdS ð3Þ

where p is the static pressure, q the fluid density, v the velocity vec-
tor, and n is the unit vector normal to the generic elemental surface
of area dS of the inflow (IN) and outflow (OUT) sections of the stent
graft, pointing outward. As an additional descriptor of the stent
graft performance, the pressure drop (Dp(t)) between the inlet
and outlet sections was used to evaluate the average resistance of
the implanted stent grafts to flow:

R ¼ TADp
Qavg

ð4Þ

where TADp and Qavg are the cycle-average values of Dp and of the
flow rate at the inflow section of each model, respectively. Here Dp
was evaluated as the mean value of the pressure drop between the
inlet section of the device and each one of the two outlet sections.



Fig. 1. Models of the 20 investigated EVAR-treated subjects: (a) graft geometries of patients treated with Endurant; (b) graft geometries of patients treated with Excluder. For
each model, the body (the segment upstream of the bifurcation, red colour) and legs (segments downstream of the bifurcation, green colour) are shown. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Explanatory example of the direction of hemodynamic surface forces, i.e.,
the normal component on the endograft surface due to blood pressure, and the
tangent component that is the shear force acting on the endograft surface due to
blood flow.
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To complete the analysis, fluid structures inside the stent grafts
were characterized in terms of helical blood flow, motivated by: (1)
the recently observed positive association between wall shear
stress (WSS) magnitude and helicity intensity (i.e., the lower the
helicity intensity, the lower the WSS and consequently the higher
the WSS-related risk of thrombosis, as low WSS is a well-
recognized blood flow feature promoting thrombus formation) on
the same dataset of stent grafts (Tasso et al., 2018); (2) the fact that
helical flow as imparted by geometric features affect the energetic
properties of a vessel/conduit (Liu et al., 2016; Van Canneyt et al.,
2013; Zovatto and Pedrizzetti, 2018). The helicity-based hemody-
namic descriptor defined elsewhere (Gallo et al., 2012;
Morbiducci et al., 2013), the time and volume-average helicity
intensity (h2), was evaluated as follows:

h2 ¼ 1
TiVi

Z
Ti

Z
Vi

v s; tð Þ �x s; tð Þj jdVdt ð5Þ

where Vi are the fluid volumes of the stent graft or of its parts (as
displayed in Fig. 1), Ti is the integration interval, v is the velocity
vector and x is the vorticity vector. The analysis of helical flow
structures was enriched considering the helicity topology indicator
(h4):

h4 ¼ h1j j
h2

ð6Þ

where h1 is the time and volume-average helicity:

h1 ¼ 1
TiVi

Z
Ti

Z
Vi

v s; tð Þ �x s; tð ÞdVdt ð7Þ

As reported elsewhere, h4 measures the strength of relative
rotations of helical fluid structures in the fluid domain (Gallo
et al., 2012; Morbiducci et al., 2013). The calculation of all descrip-
tors was implemented in the programming code Python and the
open-source software VMTK (Antiga et al., 2008).

Finally, a statistical analysis was carried out. TheMann-Whitney
test (Mann et al., 1947)was preliminary applied to verify if there are
significant differences between groups treated with different stent
graft commercial devices. Over the sample obtained by pooling
together the Endurant and the Excluder groups of implanted sub-
jects, the existence of possible one-to-one associations among DFs
and intra-endograft hemodynamicswas explored using the Pearson
correlation coefficient in case both variables were normally dis-
tributed and using Spearman correlation coefficient if at least one
variable was not normally distributed. Statistical significance was
assumed for p < 0.05. The statistical analyses were performed using
MATLAB� (The Math Works, Inc., Natick, MA).



P. Tasso et al. / Journal of Biomechanics 94 (2019) 170–179 173
3. Results

In terms of geometry, Endurant and Excluder models presented
comparable average values of stent graft surface area
(0.0112 ± 0.0018 m2 and 0.0096 ± 0.0008 m2, respectively) and
cross-sectional inlet area (3.30�10�4 ± 1.23� 10�4 m2 and
2.32� 10�4 ± 0.48� 10�4 m2, respectively), as confirmed by a Mann-
Whitney test (p > 0.05).

The magnitude of resultant DFs along the cardiac cycle are
reported in Fig. 3. DFs were always higher in subjects treated with
the Endurant stent graft (Fig. 3; individual DF magnitude time
Fig. 3. Group-averaged instantaneous DFs magnitude values along the cardiac cycle in E
standard deviation range. (For interpretation of the references to colour in this figure le

Fig. 4. TADF magnitude (averaged over the whole cardiac cycle, systole and diastole) a
(Endurant and Excluder) in the three regions of interest (total, body and legs). Statistica
histories are presented in Fig. S1 of the Supplementary material).
This observation was confirmed by group-averaged TADF and DF
peak magnitude (DFpeak) values (Fig. 4; individual DF peak magni-
tude values are presented in Fig. S2 of the Supplementary mate-
rial). Overall, the observed DF values are below 7.1 N.
Interestingly, a statistically significant difference in TADF (aver-
aged along the whole cardiac cycle, systole and diastole) and DF
peak magnitude was observed between the two devices only in
the legs (p < 0.01, Fig. 4). DF average magnitude and peak data
are summarized in Tables S1 (whole stent graft), S2 (body) and
S3 (legs) of the Supplementary material.
ndurant (black line) and Excluder (blue line) models. Shaded areas highlight ± one
gend, the reader is referred to the web version of this article.)

nd DFpeak magnitude values for the two analysed groups of EVAR-treated patients
lly significant difference is indicated with ** (p < 0.01).
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To complete the analysis, stent graft body and single leg time-
average resultant TADF vectors and their point of application are
shown, for all patients, in Fig. 5. It can be observed that TADF
vectors present a heterogeneous orientation, with respect to the
local axial direction (Fig. 5). This observation stimulated a more
detailed analysis in the body and in the legs, splitting DFs into
the two constituent components along the main (axial) blood
flow direction and along the direction orthogonal to the axial
one. The results reported in Fig. 6 show that, on average: (1) in
the body, subjects treated with the Excluder undergo TADF\
magnitude values twice the value of TADF//, while the magnitude
of the two DF components is almost the same in subjects treated
Fig. 5. Cycle-averaged DF (non-scaled length) vectors applied in the centre of mass of b
Excluder). Vectors magnitude is represented by the colour map.

Fig. 6. Group-averaged (a) TADF\ over TADF// magnitude v
with the Endurant; (2) in the legs, TADF\ magnitude values are
around three times and more than two times TADF// magnitude
in subjects treated with the Excluder and Endurant, respectively.
The same ratios between the two constituent components were
observed for the DF peak magnitude. Significant differences
between the two groups of subjects were observed only in
cycle-average and peak magnitude of the DF component orthog-
onal to the stent graft axis (p < 0.01; see also Tables S2 and S3
of Supplementary material).

The stent performance was then evaluated using TADp and R
values. Both were significantly lower in subjects treated with the
Endurant (p < 0.01, Fig. 7). Not significant difference was observed
ody and legs for the two analysed groups of EVAR-treated patients (Endurant and

alues, and (b) DFpeak\ over DFpeak// magnitude values.



Fig. 7. Group-averaged (shaded areas indicate ± one standard deviation range) instantaneous: pressure drop (a) and power losses (b) values along the cardiac cycle. Group-
averaged pressure drop and hydraulic resistance values averaged over the cardiac cycle (TADp and R, respectively) are presented in panel (c), while total power loss values ( _E)
are presented in panel (d). Statistically significant differences are indicated with ** (p < 0.01).
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in cycle-average power losses values between Endurant and
Excluder.

Concerning helical flow characterization, results in Fig. 8 con-
firm previous observations of higher helicity intensity in Excluder
group, for each temporal integration interval considered (Fig. 8, left
panel). Widening the analysis to stent grafts body and legs, signif-
icant differences in helicity intensity were observed between
Endurant and Excluder groups in the legs of the endografts. Over-
all, the low values observed for h4 (Fig. 8, right panel) suggest the
presence of balanced counter-rotating helical structures in the
body and in the legs of the endografts.

The interaction between intravascular hemodynamics and dis-
placement forces was then investigated. The explanatory example
in Fig. 9 presents, in the two Endurant models characterized by the
extreme values of peak DF magnitude, instantaneous helical flow
features in terms of isosurfaces of LNH (Local Normalized Helicity,
�1 � LNH � 1), i.e., the normalized internal product of v and x
vectors (Morbiducci et al., 2007). Adopting high threshold values
of LNH for the visualization of blood flow structures, it was possi-
ble to observe that the stent graft model characterized by the low-
est peak DFmagnitude value presented a more marked helical flow
content.

The statistical analysis confirmed that, considering the whole
stent graft model, a moderate negative association emerged
between TADF magnitude and h2 for every integration interval
(Table 1). A more detailed analysis was carried out in the stent
graft body and legs separately. In detail (Table 1): (1) in the body,
h2 was found to be positively associated to TADF magnitude in
diastole (p < 0.04) and to the cycle-average TADF// magnitude
(p < 0.02); (2) in the legs, cycle- and systole-average TADF and
TADF\ magnitude values were found to be inversely associated
to cycle-average (p < 0.02 and, p < 0.04, respectively) and to
systole-average (p < 0.0007 and p < 0.02, respectively) h4 values,
while an inverse association emerged between h2 and diastole-
average TADF and TADF\ magnitude values (p < 0.02 and
p < 0.05, respectively).
Considering the energetic descriptors, the statistical analysis
reported in Table 2 highlighted a positive association of h2 with
Dp and R over the whole cardiac cycle and over systole. Over dias-
tole, helical flow intensity was inversely associated to the power
losses (Table 2).

4. Discussion

Previous findings identify ill directional DFs exerted on stent
grafts as biomechanical triggers of adverse events in patients
undergoing EVAR, with the induced stent graft migration to deter-
mine hostile postoperative scenarios that could lead to the ulti-
mate failure of the device (Kandail et al., 2014). The possibility
that the hemodynamic forces acting on the stent graft correlate
with the risk of device failure, has stimulated the research towards
the quantification of the hemodynamic environment inside post-
EVAR models through image-based CFD simulations (Figueroa
et al., 2009; Kandail et al., 2014; Molony et al., 2010; Stefanov
et al., 2013). In this perspective, the present study is motivated
by the need for a more robust assessment of the hemodynamic-
triggered risk of post-EVAR adverse events. Based on recent com-
putational findings highlighting that the clinically observed
propensity to thrombus formation in EVAR-devices could be
explained in terms of distinguishable in-stent helical flow features
(Raptis et al., 2016; Raptis et al., 2017), here we widen the analysis
to explore the existence of possible links among stent graft dis-
placement forces, helical flow, pressure drops, and hydraulic power
losses in a dataset of 20 patients treated with two different com-
mercial endovascular grafts.

The analysis highlighted that in general TADF and peak DFmag-
nitudes were always higher in the Endurant group, but significant
differences were observed only in the legs (Fig. 4). Separating the
displacement forces in two projections, i.e. along the axis of the
implanted stent graft and orthogonal to it, a statistical difference
between the two groups was observed only for TADF\ and peak
DF\ magnitude in the legs (Table S3).



Fig. 8. Group-averaged helicity intensity h2 (a) and helicity topology indicator h4 (b) values, averaged over cardiac cycle, systole and diastole. Data are reported for the three
regions of interest (total, body and legs) of the device. Statistically significant differences are indicated with * (p < 0.05) and ** (p < 0.01).
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Interestingly, features common to both groups emerged (Fig. 6):
(1) TADF\ magnitude was at least twice the value of TADF// in the
legs area; (2) for peak displacement forces, DF\ magnitude was
similar to DF// in the body, but at least the double of the value in
the legs. These findings warrant further investigation with
follow-up studies on patients undergoing EVAR, aiming at clarify-
ing if endograft migration is mainly ascribable to the action of a
displacement force components acting along the axis of the
implanted device or normal to it. From such follow up studies,
applying the same strategy as the one proposed here, clear indica-
tions could emerge for the design optimization of EVAR stent
grafts.

Overall, significantly lower pressure drops were observed in the
Endurant group, while similar levels of power losses were observed
in the two groups (Fig. 7). Helicity intensity was observed to be
higher in the Excluder group for all cases, and differences between
the two groups are significant, except for the body (Fig. 8). The
comparison between the two groups highlights that, overall, pres-
sure drops, and helicity intensity are higher in the Excluder group,
where displacement forces are lower.

To search for emerging features, the associations among
intra-stent hemodynamic features, displacement forces, resis-
tance to flow and hydraulic power losses were tested in the
population obtained by pooling together Endurant and Excluder
groups. From the analysis considering the whole stent graft, an
inverse association between TADF and h2 emerged (i.e., the
higher the helicity intensity inside the stent graft, the lower
the displacement forces acting on the graft walls) (Table 1). This
result becomes particularly relevant combined with findings
from a previous study on the same dataset (Tasso et al.,



Fig. 9. Visualization of intravascular LNH isosurfaces (a) and DF vectors (b) at peak systole for the two selected patients presenting the highest (EN1) and the lowest (EN8)
DFpeak magnitude values (both patients were treated with Endurant). Right-handed helical structures are associated with positive LNH values (red colour) and left-handed
helical structures are associated with negative LNH values (blue colour). DFpeak vectors arrows are scaled according to values of DFpeak magnitude. The different orientation of
reference frame is to better appreciate both helical flow structures and DFpeak vectors magnitude and direction. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Correlation (in terms of correlation coefficient) between helical flow descriptors and time averaged displacement forces magnitude. *indicates p < 0.05 and **indicates p < 0.01.

h2 h4 h2 h4 h2 h4

Cycle Averaged Systole Averaged Diastole Averaged

Total
|TADF| �0.4677* �0.2015 �0.4827* �0.3128 �0.5006* 0.3353

Body
|TADF| 0.4090 �0.1579 0.1835 0.8313 0.4767* �0.1444
|TADF//| 0.5233* �0.0150 0.4045 0.0707 0.4045 0.0707
|TADF\| �0.2737 �0.1654 �0.2481 �0.2256 �0.2481 �0.2256

Legs
|TADF| �0.2701 �0.3824* �0.2664 �0.5212** �0.3568* 0.1424
|TADF//| 0.0779 �0.0929 0.0675 �0.2336 �0.0835 �0.1235
|TADF\| �0.2062 �0.3285* �0.2049 �0.3749* �0.3133* 0.2349

Table 2
Correlation (in terms of correlation coefficient) between helical flow descriptors and energetic descriptors (power losses, hydraulic resistance and pressure drop). * indicates
p < 0.05, ǂindicates p < 0.001.

h2 h4 h2 h4 h2 h4

Cycle Averaged Systole Averaged Diastole Averaged

Ė 0.0707 �0.2436 0.3774 0.0030 �0.5188* 0.1399
R 0.9083ǂ 0.1220 0.9015ǂ 0.3019 0.5777ǂ �0.1471
Dp 0.9197ǂ 0.1452 0.9219ǂ 0.2865 �0.664 �0.0278
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2018), reporting of a beneficial role of helical flow intensity in
suppressing low velocity/stagnation regions (Gallo et al., 2012;
Morbiducci et al., 2010), that are well-recognized blood flow
features promoting thrombus formation. The analysis high-
lighted also: (1) an inverse association of h4 to TADF and TADF\
magnitude in the legs, suggesting that in that part of the endo-
graft the more unbalanced are the counter-rotating helical flow
structures (corresponding to high h4 value), the smaller the dis-
placement forces; (2) the association between helical flow and
displacement forces in the body is positive, in opposition to
what observed considering the whole device, suggesting that
there is room for improving the hemodynamics in this part of
the device, optimizing its design for the establishment of bene-
ficial helical flow structures.
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In terms of energetics, overall helical flow intensity is positively
associated to pressure drop and resistance to flow, as expected
(Table 2). However, such increase in pressure drop is here clinically
irrelevant. On the other hand, the beneficial, inverse association
between helical flow intensity and power losses in diastole can
be explained considering the already mentioned ability of helical
flow structures in reducing flow reversal (Gallo et al., 2018; Gallo
et al., 2012; Morbiducci et al., 2010; Morbiducci et al., 2016;
Morbiducci et al., 2010; Tasso et al., 2018).

There are some limitations that could weaken the findings of
this study and that should be discussed here. One main limitation,
as acknowledged elsewhere (Raptis et al., 2017; Tasso et al., 2018),
is that it was not possible to apply personalized boundary condi-
tions, since patient-specific hemodynamic data were not available.
However, when considering displacement forces, the reported
scarce sensitivity to moderate variations at inflow boundaries
(Figueroa et al., 2010) mitigates the uncertainty introduced in
our findings by applying literature-derived boundary conditions.
Moreover, it has been already observed that the complex upstream
aortic flow patterns, here not included in the model, do not mark-
edly impact the in-stent hemodynamics and displacement forces,
in particular in the distal legs (Stefanov et al., 2013). More atten-
tion should be reserved in interpreting the results here obtained
in the body of the device, which is more sensitive to the complexity
of the hemodynamics in the proximal aorta (Stefanov et al., 2013).
Moreover, as the model reconstruction was limited to the stent
graft internal surface assumed as rigid, it is not possible to ascer-
tain the role of neck angulation (Kandail et al., 2014) or of the mis-
match between the mechanical properties between the aortic wall
and the stent-graft (Morris et al., 2016) in the establishment of
helical flow patterns. In addition, it should be underlined that in
this study the DFs were computed at rest condition; in case of
hypertension or exercise conditions the magnitude of DFs would
be considerably higher (Kandail et al., 2016). Finally, it should be
highlighted that a higher sample size would enforce the obtained
results.

To conclude, the findings of this study suggest that: (1) distin-
guishable helical flow features inside the implanted endovascular
device, being inversely associated to the risk of stent graft migra-
tion as well as to the risk of thrombus apposition (Tasso et al.,
2018), could be the ideal candidate in a device design optimization
perspective, and deserves further investigation; (2) the observed
beneficial role of increased helical content of the in-stent hemody-
namics could be partially limited by the fact that a higher helicity
intensity implies increased flow resistance. However, per point 2, it
should be noticed that pressure drops affecting the performance of
the implanted endografts object of this study are clinically
irrelevant.

In conclusion, this study suggests a helical flow-driven design
strategy applied to EVAR devices to minimize the clinical risk,
because an enhanced in-stent graft helical flow content could not
only reduce the risk of thrombosis (Tasso et al., 2018), but also
the displacement forces acting on the device, an hallmark of
increased risk of migration events.
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