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Abstract
Purpose.

To examine intra heartbeat displacements (IHD) and geometrical changes over years,
defined as follow-up displacements (FUD), of the endograft for abdominal aortic
aneurysm repair, and to correlate them with computational fluid dynamics (CFD).
Despite the widespread diffusion of endovascular aneurysm repair (EVAR) we still do
not know very much about endograft behavior after deployment.

Methods.

Two cases, treated with expanded polytetrafluoroethylene (PTFE) on nitinol stent
frame (PI) and with woven polyester fabric sutured to stainless steel Z-stent skeleton
(PII), respectively, were submitted to dynamic computed tomography angiography
(CTA) at 1, 12 and 60 months. After segmentation, IHD were computed as

displacements of the reconstructed surface with respect to the diastolic instant.


mailto:maurizio.domanin@unimi.it
mailto:giulia.piazzoli@polimi.it
https://orcid.org/0000-0003-2694-1979
mailto:santi.trimarchi@unimi.it
mailto:christian.vergara@polimi.it

Similarly, FUD were studied using imaging techniques that align temporal successive
segmentations. At last, numerical simulations for blood dynamics were performed to
compute viscous forces i.e. Wall Shear Stress (WSS) and Time Average WSS
(TAWSS).

Results. IHD analysis showed slight translations without deformation for Pl endograft
with respect to the stiffer stainless steel endograft behaviour of PII. FUD showed in Pl
motion of the metallic struts mainly focused in the distal main body and in overlapping
zone with iliac branches while in PIl we observed a huge FUD in the middle and
inferior-anterior regions of the main body. CFD analysis revealed changes of velocity
patterns associated to remodelling of the iliac zone for P1 and of the main body region
for PII, where flow impinges the lumen wall and progressively provokes deformation
of the endograft wires. TAWSS exhibits flow disturbances in the enlarged region
coherently with displacements analysis.

Conclusion. Image-based displacements analysis associated to CFD allow to perform
very subtle evaluations of endograft behaviour on different temporal scales. This kind
of study could be helpful both for physicians, forecasting evolution during the life span
of the endograft, and for manufacturers, giving them useful indication about endograft

implant and design.

Keywords abdominal aortic aneurysm, endograft, stent-graft, dynamics computed

tomography angiography, computational fluid dynamics



Introduction

Endovascular aortic repair (EVAR) consists of inserting an endograft within the
abdominal aortic aneurysm (AAA) to exclude the sac from the bloodstream and
thereby eliminate the risk of growth and rupture. Almost all the available endografts
are composed by a metal stent covered with fabric, bifurcated and modular to expand
treatment options to different lengths and shape of AAAs. Currently, EVAR has gained
so much diffusion among the surgical community to become the preferred treatment.
This choice is closely associated to its lower invasiveness with respect to the
conventional open surgical repair. Other advantages consist in less blood loss, shorter
procedure times, lower rates of major adverse events and quicker recovery.

In patients with large AAAs, treatment by EVAR reduced the 30-day operative
mortality by two-thirds with respect to open surgery [1]. Anyway, lifelong
postprocedural surveillance is necessary after EVAR to assess for complications.
Complications rates could be as high as 30% with a need for late interventions of 15-
18% with an annual rate of 3.7%l/year [2-4]. One of the most important of such
complications is graft migration, that is defined as movement greater than 5 mm of the
stent-graft from its initial deployment site [5-6].

Blood pulsatile drag forces play an important role in determining the movement of the
stent graft [7-8]. Accordingly, the endograft deeply changes the mechanical behaviour
of the aortic wall, the geometries of the vascular lumen and the hemodynamics with

respect to the native AAA.



Analysis of medical imaging over follow-ups of the same patients, has revealed in the
last 20 years a powerful tool to evaluate the graft migration [9]. In Zarins et al [10], the
authors determined the distance of the endograft from the renal arteries to the proximal
end of the stent after 5 years, whereas Benharash et al [11] measured on preoperative,
post-implantation, and 1-year CTA scans the longitudinal centerline distance from the
superior mesenteric artery. For more recent studies that quantified the stent movement
by means of follow-up images, see [12-14].

Other studies have performed a Computational Fluid Dynamics (CFD) analysis to find
possible correlations with stent graft migration. A first group of works focused on the
study of the influence of blood dynamics through geometric factors on the forces
exerted on the graft, [15-16] for the influence of the neck angle in ideal and real
geometries, respectively, [7] for the influence of aortic curvature, [17] for the influence
of the aortic flow, [18] for the case of fenestrated stents, [19] for the effect on the graft
fixation, and [8,20-21] for the influence of endoleaks. Other works studied the different
blood dynamics before and after the insertion of the graft [22-24], whereas a validation
against experimental measures was performed in [24]. Instead, Figueroa et al [7]
correlated blood dynamics with the graft migration obtained by follow-up imaging.
The aim of the present study was twofold. First, we have computed the endograft intra
heartbeat displacements (IHD) due to the heart pulsation by means of dynamics 4D
computed tomography angiography (CTA) imaging. These results were then put in

relation with blood dynamics obtained by CFD in the same geometries.



Secondly, following [7], we have computed the displacement on the endograft over
different interval of time, e.g. after one and five years, owing to CTA images at interval
follow-up (follow-up displacements, FUD). Again, such displacements have been
analysed together with the corresponding CFD in order to find possible qualitative
correlations.

These findings allowed us to understand some important underlying processes that
occurred with time on endograft behaviour, e.g. movements and efforts on the skeleton
of the endograft and development of potential complications such as fatigue of metallic
struts, migration or disconnection between different components (e.g. the main aortic
body and iliac branches). Thus, possibly, this could give useful indication about

endograft implant and design.

Material and Methods

Ethics statement.

The study has been approved by the Ethics Committee according to institutional ethics

guidelines. All the patients gave their signed consent for the publication of data.

Clinical data



Two patients (Pl and PII in what follows) were submitted to EVAR due to high risks
condition, hostile abdomen or patient preference. Aneurysms were classified as small
(< 5 mm), medium (5.0 to 6.5 mm) or large (> 6.5 mm), according to the
recommendations of the Society for Vascular Surgery/International Society for
Cardiovascular Surgery reporting subcommittee [25]. Both patients were treated by
EVAR as elective surgery. Pl had an history of poliomyelitis who affected the right
leg. He was a heavy smoker and was submitted three years before to bilateral
embolectomy during a travel in Eastern Asia for acute limb ischemia secondary to iliac-
femoral thrombosis. During the perioperative assessment a very small AAA (3 cm <)
was detected. Since then, he was yearly submitted to Doppler Ultrasound (DUS) follow
up. Last DUS revealed sudden growth of the AAA’s diameter up to 4.4 cm in absence
of inner thrombus and its shape was saccular and asymmetrical. PIl had a medical
history of previous sigmoid resection for colorectal neoplasia eight years before the
diagnosis of AAA. EVAR was preferred because of the condition of hostile abdomen.
P11 has a more common fusiform-shaped AAA with an inner laminar thrombus inside
the sac.

In both the cases, after five years of clinical and CTA follow up, we have not reported
post-operative complications. Moreover, over the years we observed the complete
shrinking of the AAA’s sac for Pl and its reduction (20%) for PIl (Tab. 1).

The endograft used for Pl is composed by a nitinol stent frame attached to expanded
polytetrafluoroethylene (PTFE) and covered with a thin, non-permeable layer of

fluorinated ethylene propylene. The main body has a single docking limb used in



combination with different iliac limbs. Usually, it is bimodular but in this case it was
used in a tri-fab way, since the patient was tall and a more distal iliac landing was
needed. Instead, the endograft used for PIl has a modular bifurcated design composed
by the main aortic body with an assortment of iliac limbs. The fabric is made of woven
polyester graft material, hand sutured to the stainless steel Z-stent graft skeleton. This
endograft is available in a standard three-part design. In both the cases, the bifurcation

Is proximally respect to the aneurysm sac [26].

Image processing

For each case, 4-dimensional CT with Siemens SOMATOM Definition AS scanner
(Siemens Medical Solutions, Erlangen, Germany) have been acquired. Non-ionic
contrast media (lomeron, Bracco, Milan, Italy) was used with a concentration of 400
mg/ml, 1.5 cc pro kg, and an injection speed of 3 cc/s. The total effective dose resulted
34 mSv for each case. Ten ECG gated series of axial images were then reconstructed
at every 10% of the R-R interval from the aortic arch to the common femoral arteries.
This approach allows the retrieval of dynamic imaging of the aorta and stent graft
during a complete systolic-diastolic cycle.

We have obtained imaging for two patients under study. For each of them we have
different acquisitions obtained at 1 months (T1), 12 months (T12) and 60 months

(T60).



In particular for PI:

PI-T1: reconstruction matrix: 512 x 512 x 926, slice thickness 1.5 mm;
PI-T12: reconstruction matrix: 512 x 512 x 715, slice thickness 1.5 mm;
P1-T60: reconstruction matrix: 512 x 512 x 717, slice thickness 1.5 mm;
and PII:

PI11-T1: reconstruction matrix: 512 x 512 x 1002, slice thickness 0.6 mm;
PI1-T12: reconstruction matrix: 512 x 512 x 1001, slice thickness 1.5 mm;

PII-T60: reconstruction matrix: 512 x 512 x 607, slice thickness 1.5 mm.

Since stent-grafts are characterized by sharp corners of the wire, small wire diameter,
leaks and gaps due to artifacts which blood vessels do not feature, methods developed
for vascular elements segmentation are not suitable for stent graft wires reconstruction.
For this reason, a manual segmentation with a level-set algorithm implemented in

VMTK (www.vmtk.org) has been performed. This was possible since the wires of the

stent-grafts are highly visible in CT scans being made of nitinol, a radiopaque material.
In order to eliminate all structures that are not strictly the stent-graft, such as vertebral
bones, a procedure that isolates the circular structs separating them from other
structures and connects them together has been in some cases used (Fig. 1a).

Once we had at disposal the geometric surfaces of the endograft of each patient for
each frame of the heartbeat and for each follow up exam, we were ready to compute

displacements.
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To compute IHD, we evaluated the displacements of each point of the reconstructed
surface with respect to the diastolic instant, i.e. the diastolic (7™) time frame among the
available ten ones. Accordingly, we computed the point-wise minimum distance
between two surfaces, considering from each point of the current surface the closest
triangle on the reference surface. The distance was positive if the distance vector and
the normal to the reference surface had negative dot product, i.e. if the current surface
was for that specific point outer with respect to the reference surface.

Regarding the computation of FUD, we first needed to register the corresponding
Images. In particular, we considered the diastolic frame for each follow up image. To
this aim, we used the Iterative Closest Point [27]. For each patient, the registrations
were performed with respect to the coordinate system of the most recent follow-up. A
rigid translation of the other follow up geometries was performed such that the renal
arteries were aligned with those in the most recent follow up (Fig. 1b). Once
registration was performed, we quantified FUD among follow-ups with a procedure
similar to that used for IHD.

In view of the CFD analysis, surface models of the diastolic boundary lumen were

reconstructed by using ITK-Snap (http://www.itksnap.org), which allowed us to better

manage the high intensity of stent-graft in CT images. Such models were then
converted into volumetric meshes composed by tetrahedral with three layers of
boundary layers. We performed a refinement study with respect to space discretization,

by testing that the results on WSS remained the same, up to a tolerance of 2%, when


http://www.itksnap.org/

reducing the mesh size of a factor 20%. Accordingly, we have considered a

characteristic mesh size equal to about 0.15 cm for all the cases (Fig. 1c).

Computational fluid-dynamics

We considered unsteady numerical simulations for blood dynamics performed by using
the Finite Elements library LifeV (http://www.lifev.org). Blood was assumed
Newtonian and incompressible, and due to the presence of the stent the assumption of
rigid walls was made. Unlike the pre-operative case, where the sudden change of
geometric shape induced by the aneurysm lead to transition to turbulence [28-29], we
consider here a laminar flow. These assumptions are well accepted for our cases since
the diameter of the vessels is greater than 0.6 cm and flow rate is quite moderate [30].
The blood density was set equal to 1.06 g/cm3, whereas the viscosity to 0.035 Poise.
As for the boundary conditions, at the inlet section, a representative physiological flow
rate with a systolic peak of 120cm?®/s [31] has been prescribed through the parabolic
velocity profile assumption. Stress-free conditions were prescribed at the two outflow
sections, that is the iliac districts, with a stabilization technique to overcome
instabilities due to backflows [32].

We used a backward Euler scheme for time discretization, a linearization of the
convective term, and P1-P1 Finite Elements stabilized by means of the SUPG-PSPG

technique [33].



CPU time of simulations was about 15 hours for 2 heartbeats, where only the second
one is considered for the analysis of the results.

As postprocessed blood dynamics quantity of interest, we considered Wall Shear Stress
(WSS) that is the viscous forces exerted by blood on the endograft wall. In particular,
we computed the mean WSS over the heartbeat, that is the Time Average WSS
(TAWSS). This quantity is known to be correlated to formation of vortices in regions
of low values [34] and it is proposed here to correlate blood dynamics with endograft

displacements in region of elevated values.

Results

Endograft intra heartbeat displacements (IHD)

In Fig. 2a we report the endograft IHD of Pl and P11 between the systolic and diastolic
instants. According to the definition given previously, red means outer displacements
with respect to the reference, blue means inward displacements, whereas green means
null normal displacements. For PI, we have found that maximum IHD was 0.81 mm
for PI-T1, 0.90 mm for PI-T12 and 0.92 mm for PI-T60. Thus, from these results we
concluded that Pl was subjected to a rigid translation of the endograft, without any
significant deformation. Regarding P11, from IHD computed for PII-T1, we observe an

almost complete absence of any displacement, which suggested that P11 endograft was



particularly motionless during the heartbeat. These findings were observed also for Pl1-

T12 and PII-T60, not reported here.

Endograft displacement over follow up (FUD)

Regarding endograft FUD taken between diastolic frames in different follow-up CTA,
we have reported three colour maps obtained from CTA imaging, that depict the FUD
between T1vs T12 (T1-T12), T12 vs T60 (T12-T60) and between T1 vs T60 (T1-T60)
(Fig. 2b). From these results, we have observed a motion of the metallic struts of the
endograft skeleton.

Major FUD in PI resulted mainly focused in proximity of the distal landing zones at
the left iliac limb in T1-T12 and just after the bifurcation at the right iliac in T12-T60.
With time, FUDs were localized also in the distal main body, in the zone of overlapping
between the main body and the contralateral iliac branch and in the distal landing zone
of the third iliac component. Regarding PIl, we have observed a huge FUD in the
middle and inferior-anterior regions of the main body and a moderate displacement at
the origin of the right iliac region. The main displacement is associated to an
enlargement of the main body graft struts along the flow direction. Major FUD started
since the first year and maintained consistently this orientation with time.

To quantify these FUD, we have reported the maximum displacements for all the cases
at the level of the aortic main body and at the iliac branches (Tab. 2). From these results,

we have observed significant FUD of the endograft in the order of some (even up to 8)



millimeters for all the cases reported. As expected, in accordance with Fig. 2b, we can

notice also that FUD increases with time.

Qualitative correlations with blood dynamics

To assess the evolution of blood dynamics over time, we report in Fig. 3 as an
illustrative example the velocity field at several cross sections for PI-T1 and PI-T60.
From these results, we observe that the velocity patterns change significantly with time.
Moreover, we observe that a region of the right iliac tract (section D) changed its
dimensions as a consequence of an enlargement (Fig. 3).

In all the three follow-up computational domains of PI, we have then computed the
systolic WSS by CFD analyses and we have matched them with IHD (Fig. 4a). From
these results, we notice for PI-T1 and PI-T12 a rigid behaviour of the left iliac branch
in correspondence of the region with highest WSS values (see regions highlighted with
arrows in Fig. 4a). On the contralateral side, i.e. the right iliac branch where hypoplasia
of the arteries and a supplemental overlap between two endograft components were
present due to the specific choice of tri-fab configuration, we have noticed focal
elevated WSS both in PI-T1 and PI-T12 with consequent rigid displacements.
Moreover, in PI-T60 we have observed a reduction of both the values and the extension
area of WSS according to the remodelling of the right iliac zone.

Regarding P11, we found that the systolic WSS values are smaller than in the previous
case (less than one half) and this could justify the fact the no significant IHD were

noticed for this patient.



In the second analysis, we have tried to find correlations between blood dynamics and
FUD. To this aim, we have analysed CFD results obtained for Pl in T1 putting them in
relation with T1-T12 FUD, and then the CFD results obtained in T12 have been put in
relation with T12-T60 FUD. The idea was to see if specific blood dynamics patterns at
a given follow-up could be an indicator to predict displacement of the graft at the next
follow-up.

We have reported TAWSS and FUD over two consecutive follow-up data (Fig. 4b).
We have observed for Pl elevated values of TAWSS at the right hypoplastic region
which seem to be correlated with the largest FUD values mainly observed in T12-T60
(see arrows in Fig. 4b). Regarding PIlI, who underwent to a significant eccentric
deformation in the aortic region over the years, we have plotted TAWSS and systolic
velocity field together with FUD in the same plot (Fig. 5). In particular, we have
considered three cases: CFD in T1 together with T1-T12 FUD; CFD in T12 together
with T1-T12 FUD; CFD in T60 together with T12-T60 FUD. From these results, we
have observed that blood, which initially flows in caudal and slightly anterior direction,
impinges the lumen wall at the aortic bending point. The reduction in velocity causes
the flow to become unstable, leading to flow separation and recirculation. The
expansion of the stent-graft wires results located exactly where such flow disturbances
takes place. Accordingly, we have observed that TAWSS exhibits lower values in the
enlarged region with respect to adjacent areas, coherently with the disturbed flow

computation.



Discussion

EVAR treatment has revolutionized the treatment of AAAs. The rationale of EVAR is
the depressurization of sac deploying the endograft, distal to renal arteries, in a
proximal neck of at least 1.5 cm, without significant calcification or thrombus, and
similarly distal in the iliac arteries with a landing zone of at least 2.0 cm.

The endograft is usually composed by two or three overlapped segments deployed in
short landing zone. Moreover, it is subjected to millions of heartbeats during the patient
life. This continuous hemodynamic solicitation induces mechanical stress in the
endograft that could be responsible of some of the late complications such as proximal
neck enlargement, graft migration, endoleaks, fabric tear, stent fractures and graft
thrombosis.

Fortunately, complications occur just only in a smaller percentage. Nevertheless, it is
important to understand the behaviour of the endograft over long period of time, and
also successful interventions could be helpful to achieve this aim.

Some aspects, such as drag forces and their role in endograft migration, are well
known. Figueroa et al, observed three dimensional changes over time on post EVAR
follow up CTA. Endografts showed displacement in all three spatial dimensions with
prevalence on transverse and axial directions with orientation of displacement force
mainly perpendicular to the greatest curvature of the endograft. Most of these endograft

had migrations which required secondary treatment. [7]



Together with the most debated issue of drag forces, many other aspects of endografts
behaviour, such as stiffness and structural changes in both the short and long term are
still less explored.

Endograft deployment deeply modifies the mechanical behaviour of the AAA, since
implantation of a rigid graft in the proximal neck might stiffen that aortic segment. [35]
In this direction, our original results about IHD highlighted that the endograft behaves
as a stiffen body during the heartbeat. Looking further into the matter, constituent
materials (nitinol vs stainless steel) and different design (exoskeleton covered with
PTFE vs hand sutured dacron fabric to the stent structure) seem to lead to slightly
different mechanical behaviours. Indeed, as expected, IHD analysis showed that in PI
the endograft has a relatively more compliant behaviour with respect to PII that looks
stiffer and less prone to adsorb aortic flow impingement (Fig. 2a). In any case, our
analysis suggests that the deformability of these endografts during the heartbeat is less
than the optimal/physiological one, as already observed in some reports [35-36].
Moreover, looking further, the IHD analysis highlighted regions, for example the area
of overlap between the main aortic body and the left iliac branch for both Pl and PII,
where anisotropic displacements of the endograft were detected. For PI, this
anisotropic behaviour is still relevant after 1 year but it seems to vanish after 5 years,
according to the well-known stiffening of EVAR over years. It is known that
anisotropic displacement of aortic aneurysms before the insertion of the graft may have

an impact in growth and rupture [31, 37-39]. Thus, anisotropic displacements also in



presence of EVAR found here may have a clinical role that should be investigated in
future studies.

On the other side, a significant permanent deformation over the years has been
observed by our FUD results for both endografts. This phenomenon has been scarcely
highlighted in cases without complications. In particular, endograft implanted in PII
revealed almost twice the deformation with respect to PI. This could be again related
to the specific design and material that characterized the endograft.

Moreover, we stress that the evolution of the endograft leads to a new hemodynamic
configuration due to the formation of a synergic coupling AAA-endograft. [7] In recent
years, CFD in bifurcated aortic endograft has been used by some authors to find
correlations with stent graft migration evaluated by means of follow-up images [7-8,
15-24] and with the geometrical characterization of the EVAR-induced reshaping. [40]
Here, we performed for the first time an attempt to find qualitative correlations between
CFD and IHD. What we observed is that peak WSS for Pl is higher in the regions of
not negligible IHD and that it remarkably decreases for PI-T60 where the displacement
is almost null (Fig. 4a). Accordingly, lower values of WSS are obtained for PIl which
experienced lower IHD.

Regarding follow-up analysis, CFD for Pl showed that TAWSS is remarkable in
regions of maximum FUD, i.e. at the overlap between the main aortic body and the
iliac branches (Fig. 4b). Interestingly, with time the gently push outward of the nitinol
together with the action of blood flow could have also led in this area to a remodelling

of the right iliac region (section D in Fig. 3) accordingly to the reduction of WSS.



For PII, the more pronounced FUD of the main aortic body induced an enlargement of
the metallic struts with significant blood vortex which increases with time (Fig. 5). In
particular, the maximum deformations of the endograft resulted localized in the
posterior region at T12. Moreover, at T60 we have noticed structural deformations
mainly localized in the anterior region of the stainless steel skeleton. The maximum
enlargement of the main aortic body section localized just over the bifurcation area is
associated to the development of recirculation phenomena as confirmed by the low
WSS values calculated at this site (Fig. 5). This specific behaviour of the stainless steel
Z-stent graft has been also reported in Lin et al who compared in vitro twist fatigue in
different devices. In particular, they observed that endografts with angled Z-shaped
stents had a lower durability compared to ringer stent grafts. The major issue was a
mechanical damage to the polyester fabric where the apices of adjacent stents form a
sharp angle. [41]

Limitations of the present study are related to the small sample that is justified
considering the exceptional nature of the imaging, not usually performed for clinical
follow up, and the deal of work needed for the analysis of imaging and CFD
computation.

Finally, we point out that for the CFD simulations, a rigid wall hypothesis was adopted,
instead of performing a fluid-structure interaction analysis. This assumption was
acceptable for our aims considering also the observed high stiffness of the

aneurysmatic aortic portion treated by stent graft deployment.



Conclusions

Currently EVAR has deeply changed the management of AAA and, when feasible, it
represents the preferred treatment for most of the vascular specialists. Despite its
widespread diffusion, we still do not know very much about endograft behavior after
its deployment inside the AAA. The endografts are subjected to a huge and chronic
mechanical stress exerted by the blood flow during the systolic-diastolic cycle.
Hemodynamics generates modifications of the geometries and stress of the component
materials of the endograft responsible for complications development that can occur
earlier or later. Even in successful cases, the analysis of the endograft behaviour on
different temporal scales by means of advanced imaging coupled with CFD, could be
helpful for surgeons to analyze modification of the endograft during its life span
forecasting the risk of complication development such as fatigue of the materials or
disconnections between components. The modifications of the endograft structure after
60 months justifies the need for long-term, and possibly life-long surveillance after
EVAR.

Moreover, the study of IHB and FUD can be useful also for endograft manufacturers
to furtherly improve endograft conception, project and design. Currently, despite the
great progress made in stent graft production, obtained thanks to the reduction of
profiles and the improvement of fixation to the aortic wall, we are still far from to have
ideal endografts with more physiological behavior and without long term durability

concerns.
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Fig. 1. a) Pll: Example of stent reconstruction. Left: presence of artefacts and vertebral bones. Right:
reconstruction after isolation procedure; b) Pl (up) and PII (down): For each subpart on the left the
segmentations T1 (white), T12 (blue) and T60 (red) with different coordinate systems. On the right
the result of the registration; c) computational meshes for PI (left) and PII (right) in T1.
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Fig. 2. a) Intra heartbeat displacements (IHD) of the graft between the third (systole) and the seventh
(diastole) frames along the heartbeat in antero-posterior view for Pl and posterior-anterior view for
PI1. Red means outer displacements with respect to the reference, blue means inward displacements
whereas green means no displacements; b) Displacement over different interval of time (FUD). Red
means outer displacements with respect to the reference, blue means inward displacements. PI:
postero-anterior views; PII: left views.
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Fig. 3. Examples of the velocity field at several cross sections for PI-T1 and PI-T60. Velocity patterns
change significantly with time. In particular, we observe remodelling in the right iliac segment
(section D).



Fig. 4. a) Systolic WSS (left) and IHD (right) for PI-T1, PI-T12, P1-T48, and PII-T1. Arrows highlight
the regions of rigid translation in correspondence of elevated WSS localized at the region of iliac
branches overlapping in postero-anterior view for both the cases; b) Left: T1-T12 analysis for PI.
Right: T12-T60 analysis for PI. For each case, TAWSS is reported on the left and FUD on the right.
Arrows highlight regions of large FD in correspondence of elevated TAWSS in postero-anterior view.
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Fig. 5. PIl. TAWSS (left) and systolic flow field (right) plots together with FUD. Blood, which
initially flows in caudal and slightly anterior direction, impinges the lumen wall at the aortic
bending point. The reduction in velocity causes the flow to become unstable, leading to flow
separation and recirculation. The expansion of the stent-graft wires results located exactly where
such flow disturbances takes place. Coherently with the disturbed flow computation, TAWSS
exhibits lower values in the enlarged region with respect to adjacent areas



Tab. 1. Clinical data

Pl Pl
Age (ys) 63 72
Gender Male Male
Weight (Kg) 87 87
Height (cm) 1.93 1.70
Body mass index (Kg/m2) 23.36 30.10
Blood Pressure (mmHg) 160/80 160/90
Heart rate (bpm) 74 56
AAA diameter (cm) 4.5 4.7
Intrasac Thrombus No Yes
Endograft Excluder GORE Zenith COOK
Endograft Codes
Main body 23-12-18 32-82
Right 12-10-00 20-37
Left 14-14-00 22-54

Tab. 2. Maximum endograft FUD displacement over different interval of time in three regions i.e at

the level of the aortic main body and at the iliac regions.

Aortic main body (mm) Right iliac branch (mm) Left iliac branch (mm)
Pl T1-T12 2.4 2.9 3.6
Pl T12-T60 2.6 3.6 3.5
Pl T1-T60 5.7 6.4 6.9
PII T1-T12 6.5 4.0 4.4
PIl T12-T60 56 3.1 34
PIl T1-T60 8.1 6.2 6.7
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