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Abstract at least four times larger for the migrated case in comparison
Purpose—The main objective of this work is to investigate to the post-implanted condition.

hemodynamics phenomena occurring in EVAS (Endo Vas- Conclusions—In this paper, the migration of one or both
cular Aneurysm Sealing), to understand if and how they endobags is supposed to be related to the existing differential
could lead to type la endoleaks and following re-interven- pressures acting in the gap formed between the two, which
tion. To this aim, methods based on computational fluid could go on pushing the two branches one away from the
mechanics are implemented as a tool for checking the other, thus causing aneurysm re-activation and endoleaks.
behavior of a specific EVAS configuration, starting from Regions of flow recirculation and low-pressure drops are
the post-operative conditions. Pressure and velocity fields are revealed only in case of endobag migration and in presence of
detailed and compared, for two configurations of the Nellix, an aneurysm. These regions are supposed to lead to possible
one as attained after correct implantation and the other in plaque formation and atherosclerosis.

pathological conditions, as a consequence of migration or

dislocation of endobags. Keywords—Abdominal aortic aneurysm, Endovascular an-

Methods—The computational fluid dynamics (CFD)
approach is used to simulate the behavior of blood within
a segment of the aorta, before and after the abdominal
bifurcation. The adopted procedure allows reconstructing the

eurysm sealing, Endobags, Computational fluid dynamics.

detailed vascular geometry from high-resolution computer- INTRODUCTION AND PURPOSES

ized tomography (CT scan) and generating the mesh on

which the equations of fluid mechanics are discretized and There is a great debate on the effective reliabi]ity of
solved, in order to derive pressure and velocity field during the EVAS technique in the wide offer of endografts to
heartbeats. . .

Results—The main results are obtained in terms of local treat '?m Abdon.lmaI Aortic Aneury§m (AAA)’é espe-
velocity fields and wall pressures. Within the endobags, cially in comparison to fixed non-sealing devices.” Both
velocities are usually quite regular during the whole cardiac sealing and non-sealing systems require using endo-
cycle for the post-implanted condition, whereas they are devices, placed upstream of the aortic abdominal

more irregular for the migrated case. The largest differences
among the two cases are observed in the shape and location
of the recirculation region in the rear part of the aorta and

bifurcation, inserted through the femoral artery, and
then guided up to the aneurysm neck.'® The main

the region between the endobags, with the formation of a gap fddval‘ltages of su.ch solutions resid.e in avoifiing a local
due to the migration of one or both of the two. In this gap, invasive operative procedure, in ensuring almost
the pressure fields are highly different among the two complete separation of the aneurysm from the local

conditions, showing pressure peaks and pressure gradients blood flow circulation, and in a rather simple posi-

tioning procedure.

Nevertheless, almost all configurations of endograft
used to treat AAA, retain a significant risk of en-
doleak, which is a complication, due to antegrade or
retrograde reperfusion of the sac, requiring a different
kind of re-treatment. This occurrence has been widely
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described and classified and the onset of endoleak
within one year from the surgery has been reported to
be around 5% for EVAS, in comparison to more than
10% for other endovascular repair systems.*>'>

There are five different types of endoleaks, classified
on the basis of features causing the back-flow into the
aneurysm sac.'® Such endoleaks are coupled to high
local pressures and consequently require re-interven-
tion after implantation, to prevent vascular rupture
(around 1% of the total number of implantations after
one year and rising to more than 2% after the third
year).

Specifically, among the different classifications of
endoleaks after EVAS, Type Isl endoleak is defined as
the appearance of contrast between the endobag and
the wall of the proximal neck, but not reaching the
aneurysm sac itself. In Type Is2 and Is3, the aneurysm
sac is reached, in the last case with the appearance of
contrast or fresh thrombus between the endobags.
Lastly, in Type Is4, the presence of sac pressurisation is
observed.

In this work, the attention is focused on type Is3, i.e.
in the case of EVAS involving unexpected flowing
blood in between the endobags and the native vascular
system. As reported, these conditions lead to relapses
and even considering that many of those are due to
specific anatomic and pathological complications
(short length of the neck, large bifurcation angles, large
lumen, large aneurysm diameter), other reasons for
such post-operative consequences should be investi-
gated with care. From this point of view, there are
suggestions for the migration of endo-devices.'® This
condition could be considered a direct cause of the
aortic rupture and could be also a concurrent cause for
endoleaks.

Hence, careful monitoring of endoleak absolute and
relative positioning is required, as this process cannot
be predicted. This uncertainty has relevant conse-
quences about the final geometrical configuration of
endo-devices and sealing material at the aortic neck.
The long-term operative success could be affected by
the interaction of the specific EVAS configuration with
the blood flow and by the consequent hemodynamic
effects. The resulting changes in the duration and
degeneration of tissues and materials must be contin-
uously and carefully monitored with related high
increasing costs and multiple re-intervention to rear-
range the endo-devices.'”'®

Among the others, the Nellix® EVAS system (En-
dologix Inc, Irvine, CA, USA) consists of locally
expandable stents, coupled with two polymer bags
(endobags), positioned just below the renal arteries, to
completely separate the aneurysm from the flowing
blood. The entire aneurysmal sac is filled by the
polymer enclosed in the endobags, thus avoiding the

back-flow through the lumbar or inferior mesenteric
artery. As remarked, the final exact position and geo-
metrical configuration attained by the polymer at the
end of implantation procedures have a large degree of
unpredictability. This is also coupled with unexpected
movements and migration of endobags in time,
occurring after the intervention, and could contribute
to the requirement of successive re-intervention. In-
deed, the final configuration of the two endobags could
also strongly affect the durability and degeneration of
the entire system. An example of the migration phe-
nomenon is reported in Fig. 1, obtained with Com-
puterized Tomography (CT scan) and Contrast
Imaging, in which the after implantation and migrated
configurations of the Nellix system are presented and
compared.

As a consequence of all previous arguments, it
would be extremely interesting to investigate and detail
the fluid-dynamics of Nellix EVAS systems and to
compare them with other known conditions, patho-
logical or not.

FIGURE 1. Lateral (on the left) and cross (on the right) views
of endobag configuration after implantation (at the top) and
after revealing post-operative migration (at the bottom) as
obtained with CT scan and Contrast Imaging, as acquired at
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In this work, the computational fluid dynamics
(CFD) approach is used to investigate two configura-
tions of the Nellix EVAS endobags, one after suc-
cessful implantation of the devices and the other as
revealed in pathological conditions due to migration of
endobags. The work aims to investigate the fluid
mechanics phenomena taking place in the two config-
urations and to compare them in terms of local pres-
sure and velocity fields, to understand which specific
phenomenology, present in the second and not in the
first case, could lead to endoleaks and need for re-
intervention. Both configurations are compared with
reference conditions, like those of a healthy patient and
pathological conditions with an extended aneurysm.

METHODS AND MATERIALS

High-resolution images derived from CT scans, as
those reported in Fig. 1, allow the generation of three-
dimensional and cross-sectional detailed views of a
patient-specific aortic anatomy. Images are carefully
analyzed to identify and isolate the specific aorta sec-
tion under investigation. In this phase is important to
include in the considered domain all vessels and
branches which require the assignment of boundary
conditions.

Four different patients with representative condi-
tions were analyzed, the first one with an optimal
clinical and hemodynamic condition, two years after
the operation, the second one after a failed endovas-
cular exclusion, which needs a surgical conversion, the
third and fourth with rather standard healthy and
aneurysm conditions, used as a reference. All patients
gave informed consent for investigational use of their
images.

Starting from such CT scan images, the SimVascu-
lar software®!'® allows restoring an approximation of
the real vessel geometry and to discretize the selected
computational domain. Specifically, from acquired
images, the axis of each main vessel is identified and
discretized steps, so that the vessel cross-section is de-
fined (2D segmentation). Then, all cross-sections are
linked together in order to define the overall structure
of each vessel and the process is repeated for all vas-
cular branches. The final result is a fully three-dimen-
sional model of the test section, which represents the
computational domain, like shown in Fig. 2. The
model is tested with a trial-and-error procedure, in
order to verify accuracy, uniformity, and continuity of
the segmentation process, this step requiring great care
and being also time-consuming.

The blood is simulated using the Newtonian model
and all vessel walls are considered as rigid. The fluid
flow is solved using the incompressible Navier-Stokes
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FIGURE 2. Front views of the four specific geometry
investigated by CFD in this paper. Nellix EVAS immediately
after intervention, configuration A (top left), Nellix EVAS after
lateral migration, configuration B (top right), healthy patient,
configuration C (bottom left) and presence of aneurysm,
configuration D (bottom right).

equations without any turbulence model, being the
Reynolds number sufficiently small. Indeed, during a
heartbeat, the bulk Reynolds number varies from
Repuy =~ 200 to  Repy ~ 1600, corresponding to a
maximum friction Reynolds number equal to
Re; = u;pR/p ~ 100, where u, = +/7,,/p is the friction
velocity, 7, is the wall shear-stress, p is the blood
density, and u is the blood kinematic viscosity. Then
the estimated viscous length scale is equal to
y=u/pu; ~0.01R ~ 0.015cm, which is comparable
to the near-wall typical grid spacing A = 0.006R =
0.01cm (in viscous units A" = pu,A/u = 0.6). There-
fore, the resolution of the final computational grid is
suitable to resolve the smallest fluid dynamics scale
involved.

The computational grid is generated by using
TetGen,’ an open-source software, based on the three-
dimensional Delaunay triangulation. The grid spacing
is non-uniform, being reduced at locations where a
higher resolution is required, for example close to
boundaries (vessel walls) and bifurcations. The CFD
solver is embedded in SimVascular.



The Fluid-Dynamics of Endo Vascular Aneurysm Sealing System 303

In particular, the Navier—Stokes equations in a
three-dimensional arbitrary domain are discretized by
means of a Finite Element Method (FEM) PHASTA
(Parallel Hierarchical Adaptive Stabilized Transient
Analysis) algorithm. It allows obtaining solutions in
arbitrary domains,” also ensuring good matching
among the required computing accuracy and geomet-
rical flexibility. The code is able to run on multiple
cores, using the Message Passing Interface (MPI)
paradigm, with well-documented scalability features
on large clusters.?

Dealing with boundary conditions, the following are
implemented and are constant for all tested cases:

— on the vessel walls, the velocity components are
considered null and the wall is considered as
rigid, without deformation;

— at the inlet section, the velocity profile is as-
signed, by enforcing the Womersley profile?' for
laminar pulsatile flow, the flow rate and pulse
period corresponding to the physiological con-
dition (70 mL per beat, 70 mL/s, and 1 s,
respectively);

— at the outlet sections, the systemic contributions
are simulated by the so-called RCR condition
(resistance-capacity-resistance), through a cir-
cuit including a resistance followed by a resis-
tance-capacity pair in parallel. This has been
evaluated as the most proper to simulate the
systemic contribution, the specific model
parameters being evaluated by following the
procedure described in Ref. 19.

The main inlet and outlet surfaces are summarized
in Fig. 3. The total number of cells for each configu-
ration is around 3.5 million.

inflow
surface

FIGURE 3. The specific tested geometry and details of the
inlet (in black) and outlet (in red) surfaces used for imposing
boundary conditions. The example is for the configuration A
of the Nellix EVAS system.

It is worth highlighting that boundary conditions
(as for example the specified inlet velocity profile) have
a deep impact on the overall flow topology and
specifically on wall-shear stresses, see Armour ez al.”
for details. However, the main objective of the present
work is to detail and compare the different tested
geometries, rather than to investigate specific patient
physiological parameters.

The last step is to select the temporal increment and
the total duration of the simulation. The transient
before reaching stable periodic conditions is equal to
four heart cycles, except for case B which requires three
more cycles. Then, for the other four cycles, all fluid
mechanics quantities are registered, corresponding to a
total computing time of 24 hours on 8 cores. Data
analysis is performed using the open-source data
visualization software Paraview.'

Four different geometries are considered, with two
test cases involving Nellix EVAS. In the first (hereafter
indicated as configuration A), the two endobags are
correctly positioned, without any relevant spacing
between them, as immediately after the intervention. In
the second configuration (hereafter indicated as B), one
of the two endobags migrated laterally, thus creating a
significant gap between the two stents. The two con-
ditions are reported at the top of Fig. 2, where front
views are provided.

As can be noticed, the whole geometrical configu-
ration of case B is highly different from case A.
Specifically, on the right-hand side of the figure at the
top, the large gap between the two endobags is clearly
observed in comparison to the post-implantation
condition reported at the top left.

Among the two reference cases considered, one
involves a healthy patient (configuration C) and the
other a vessel deformed by the presence of an aneur-
ysm (configuration D), as also presented in Fig. 2 at
the bottom. The reference configurations are included
in the present analysis in order to have a basis for
comparison and discussion, to highlight effects on
blood pressure and velocity fields.

RESULTS

In Fig. 4, panels from (a) to (d) report the variation
of bulk velocity (in red, as obtained by the flow rate)
and of mean pressure (in blue), close to the inlet section
during the four heartbeats after transients. Since the
volumetric flow rate is imposed at the inlet, the bulk
velocity temporal profile is very similar in all consid-
ered conditions (variations are not larger than 15%,
due to the different details of the geometrical config-
urations). As already reported, the volumetric flow rate
is kept constant among all tested cases, in order to
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FIGURE 4. Temporal profiles of bulk velocity (computed
from the flow rate) and of the mean pressure computed at a
section near the inlet during four heartbeats. Panels from (a)
to (d): velocity (in red, right hand scale) and pressure (in blue,
left hand scale) variation during four heartbeats as derived at
the inlet section. Panel (a): configuration A; panel (b):
configuration B; panel (c): configuration C; panel (d);
configuration D; panel (e): pressure temporal profiles for all
four configurations.

point out specific features due to geometrical condi-
tions at the bifurcation. Thus, as a consequence of the
established hemodynamic conditions, the physiological
values in the tested cases are different. In any case, the
aim of the present work is not to analyze specific
physiological values, but to isolate the effect of the
bifurcation geometry on fluid dynamics.

Panel (e) of Fig. 4 compares in the same plot the
mean pressure variation for all four cases. Indeed,
pressure variations are expected to strongly depend on
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the specific geometrical and flow configuration, so that
also the downstream flow behavior could influence the
upstream conditions. Considering that pressure
boundary conditions are not imposed at the inlet (as
reported in the previous paragraph), it is expected that
some peculiar condition at aorta bifurcation would be
back-reflected upstream, near the inlet section. Hence,
in this sense, the pressure signal could carry footprints
of pathological behavior of the blood flow field. In-
deed, this is just the case of configurations B and D,
where a pathological behavior is evident, whereas in
cases A and C (which have similar pressure signals)
pressure values are almost physiological. Specifically,
in case B the temporal profile shows a large plateau of
high pressure with abrupt variations, whereas in case
D, the behavior in time seems regular, but pressure
values appear to be very small.

The direct comparison of cases A and B, points out
that the peak pressure in B is reduced by about 20%
while the minimum pressure is increased, resulting in
an average pressure much higher (being close to the
maximum for almost 40% of the heart cycle, whereas
in case A this happens for no more than 20%).

Detailed lateral views of the velocity flow fields are
reported in Fig. 5. Specifically, velocity magnitude and
streamlines are reported at three different instants
during the heart cycle, i.e. at the pressure systolic peak
(p = Psys» taking place around ¢/T ~ 0.2, where T is the
heartbeat period) on the first row, at the diastolic
pressure (p = pgia, taking place around 7/T =~ 1) on the
second row, and at the mean arterial pressure (MAP)
on the third row

Pdia + (psys - pdia)
Pmap = 3 .

At the systolic peak, for configuration A (top left
part of Fig. 5), the velocity magnitude is around 70
cm/s in the aorta and even larger in the kidney bran-
ches. The streamlines are quite regular and aligned
with the axis of each branch, without major recircu-
lation regions, except for the rear region of the aorta,
before the bifurcation, where a blue region of low
velocity is observed.

This is mostly originated by the stagnation region
close to a small cavity, positioned laterally at the
EVAS (in the figure, this is pointed out by the black
arrow), allowing the flow to recirculate. This effect is
only marginal and the flow in the endobags remains
quite regular and almost undisturbed.

As already pointed out, the geometry of configura-
tion B (top right part of the figure) substantially differs
from A as a result of the endobags relative displace-
ment. The maximum velocity is slightly smaller and
most importantly the recirculation region is strongly
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FIGURE 5. Lateral views of the velocity magnitude (in
colors) and of streamlines (black lines) in geometrical
configurations, (a) (on the left) and (b) (on the right), at three
instants during the heartbeat: systolic peak (first row),
diastolic minimum (second row) and at mean arterial
pressure (third row). Main flow from top to bottom. Note the
different colour scales.

modified, as shown by the low-velocity regions in blue
colors.

Indeed, the recirculation located in the rear part of
the aorta is significantly reduced in comparison to
configuration A, and an extended new blue region
forms in the large gap between endobags, as indicated
by the arrow. In addition, in comparison to case A, the
streamlines in the endobag are quite irregular, featur-
ing oscillations downstream of the inlet. This seems to
be a consequence of the new branch position relative to
the aorta, as due to endobag migration. When reaching
the diastolic pressure (second row in Fig. 5) and MAP
(third row), the velocity magnitude is smaller, the
typical velocity in the endobags being around (15-20)

(a) (b)

FIGURE 6. Rear views of wall pressure field (in colors) in
geometrical configurations, (a) (on the left) and (b) (on the
right), at three instants during the heartbeat: systolic peak
(first row), diastolic minimum (second row) and at mean
arterial pressure (third row). Main flow from top to bottom.

cm/s. Nevertheless, in the endobags, the flow field is
still regular in comparison to the aorta, where the fluid
is highly recirculating and three-dimensional, as poin-
ted out by considering streamlined configurations.

Large regions of backflow are also observed, espe-
cially before the bifurcations into the lateral branches
and into the endobags. In any case, the flow configu-
ration is more regular for case B than for case A.
Especially in case B, the rather large recirculation re-
gion in the rear part of the aorta partially diverts the
flow from the endobags towards the kidney branches,
as indicated by the arrow. This situation is also
observed at MAP.
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(a) (b)

Wall pressure fields, in the same conditions of
Fig. 5, are presented in Fig. 6 from a rearview, which
highlights differences induced by endobag displace-
ment.

Pressure fields are especially relevant in this context,
since pressure forces may induce endobag migration
and relocation.

For both cases, the maximum pressure is obtained
at the systolic peak (first row), in correspondence to
the aortic abdominal bifurcation.

However, there are important differences. While in
the post-implanted configuration (A) the region of
maximum pressure extends from the aortic root inside
the endobags, for the migrated configuration (B), the
pressure peak is concentrated in the gap between the
two.

Moreover, in case A, wall pressure is spatially more
uniform, with variations limited to 1%, in comparison
with B where they increase to more than 5%. The
mechanical implication is that the differential pressures
acting at the endobag inlet sections may tend to sep-
arate the two branches. This behavior persists during
the heart cycle, even if with reduced pressure values.

Since in case B high pressures are concentrated just
at the gap between the endobags, the resulting loading
effects are amplified during the whole cycle.

A further quantity to be addressed is the wall shear
stress (WSS), as shown in Fig. 7. In this case, the
attention is focused on the behavior at the systolic
peak, at the diastolic minimum, and also on time-av-
eraged values. Data obtained at MAP are no longer
considered since the conclusions reached at this pres-
sure value are the same as those obtained at the min-
imum.

As expected, in terms of magnitude, the contribu-
tion of the shear stress to the forces acting on the walls
is almost irrelevant (less than 1/1000 of the pressure
counterpart), confirming that mechanically it hardly
contributes to endobags migration and relocation. The
shear stress is however worth investigating since its
anomalous values are well known to affect the chemi-
cal and physical properties of both endothelium and
blood. Indeed, the WSS distribution indicates signifi-
cant dissimilarities between the two cases, especially in
the gap region between the endobags and at the walls.

The blue color in the pressure peak figure corre-
sponds to regions where WSS < 1.3 Pa, which is a
critical value for the possible formation of thrombus
and atherosclerosis development.” It is clearly observed
that in all conditions (but especially for time-averaged
values), for case B the blue regions have larger exten-
sions, definitely moving towards the aorta bifurcation.
Considering that also the changes in WSS intensity
correlate with atherosclerosis, the gap region between
the endobags in case B calls for attention, whereas in
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FIGURE 7. Rear views of wall shear stress (WSS) (in colors)
in geometrical configurations, (a) (on the left) and (b) (on the
right), at two instants during the heartbeat: systolic peak (first
row), and diastolic minimum (second row). The time averaged
value is reported in the third row. Main flow from top to
bottom.

case A critical values are mostly concentrated on vessel
walls.

COMPARISONS AND DISCUSSION

In order to explain the failure of an EVAS system
implantation, a possible strategy is employing ad-
vanced computational fluid dynamics (CFD) algo-
rithms and codes, in order to check and detail the fluid-
mechanics in post-operative and modified pathological
conditions.

In the context of numerical simulation, a number of
studies have been devoted to the investigation of the
hemodynamics after the endovascular aneurysm re-
pair. Casciaro et al’ quantified the hemodynamic
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changes following EVAS, by comparing them with
those revealed in EVAR, assuming steady conditions,
pure Newtonian fluid with constant viscosity, rigid
vessel walls, and outflow boundary conditions without
any effect of systemic contributions. The authors
observed higher values of velocity gradients and wall
shear stresses in EVAS when compared to EVAR.

Raptis er al.'' compared the effect of AFX
Endovascular System (Endologix, Inc., Irvine, CA,
USA) and Nellix on the blood dynamics after
implantation. The blood is modeled as pure Newto-
nian fluid and no-slip conditions are enforced at the
rigid vessel walls. They observed that blood flow
restoration is achieved with AFX, although a low-
pressure drop is measured in limbs and secondary flow
in the upper part of the endograft. The Nellix is found
hemodynamically efficient, although a significant de-
crease of vorticity transport at the inlet of the endo-
graft is observed. This study was extended by the same
authors'? in four post-EVAR stent graft systems,
characterized by a different design, material, and type
of fixation, observing reliable differences, especially in
the bifurcation region. The Nellix system seemed to
produce more favorable conditions, with respect to the
other stent-grafts, since it induces larger velocity and
wall shear stresses and lower vorticity transport in the
bifurcation region.

Tasso et al.'* studied the effect of two different
commercial endovascular devices on local blood
dynamics. The fluid is considered Newtonian and the
vessel walls rigid. The authors investigated the modi-
fication of the geometry and fluid dynamics of the two
devices and the forces acting on them, which can be
responsible for the possible device migration. The au-
thors highlight that the treated patients present higher
torsion, curvature, and area variation rate with respect
to the healthy subjects. They find a strong correlation
between the complex geometry and the post-implan-
tations thrombogenicity tendency. In particular large
recirculation, regions are strongly related to the
geometry modification due to the implantations.

Therefore, it is important to compare post-implan-
tation and migrated Nellix EVAS discussed so far, with
the reference cases C and D (healthy and aneurysm
conditions), in the context of the previously reported
investigations. This discussion is focused on the
behavior at the systolic peak and diastolic minimum.
In the following, images under analysis are presented
from a slightly different view than before, to allow
appreciation of the different specific anatomy of each
condition.

In healthy conditions, refer to the first row of Fig. §
for the velocity field, no extended recirculation is de-
tected in the rear part of the aorta, both at systolic
peak and at diastolic minimum. Streamlines are well

C
100.0 20.0
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~ 60.0 E 12.0 E
< \24
B 200 = §so =
' 200 = 40 =
0.0 0.0
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D @ @
’ 0
1000 200
' 80.0 160
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FIGURE 8. Lateral views of the velocity magnitude (in
colors) and of streamlines (black lines) in healthy conditions
(configuration C, at the top) and in case of the aneurysm
(configuration D, at the bottom). Data at systolic peak (on the
left column) and diastolic minimum (on the right). Main flow
from top to bottom.

aligned both in the bifurcation and in the other lateral
branches resulting in a quite homogenecous velocity
distribution.

Comparing with this optimal condition, both con-
figurations A and B present substantial criticalities at
aorta bifurcation (refer to Fig. 5). Specifically, local
changes of velocity are much larger in case A (around
40%) and smaller in case B (around 20%) than in case
C, thus confirming qualitatively and extending quan-
titatively the observations made by Casciaro ez al.® in
their simple numerical model. The overall configura-
tion of the flow field at pressure peak for the Nellix
condition after implantation, case A (top left in Fig. 5),
is quite similar to healthy case C (top left in Fig. 8),
showing a rather efficient hemodynamical state, as
shown by Raptis ez al.'!

On the other hand, the present study reveals that at
pressure minimum this similarity is lost, the Nellix plot
showing a much larger level of vortical content (top
central plot in Fig. 5) in comparison to the healthy
case (top right in Fig. 8), especially at the aorta
bifurcation.

This confirms a relationship between the presence of
recirculation regions and geometry modification due to
implantation, as noted by Tasso er al.'*
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In presence of an extended aneurysm, the second
row in Fig. 8, several recirculation regions are present,
and the streamlines lack the smoothness characteristic
of healthy conditions. In all tested conditions, the
velocity magnitude is more or less similar, as already
noticed in discussing Fig. 5, whereas major differences
are observed in velocity spatial and temporal distri-
butions.

Concerning pressure fields, presented in Fig. 9, at
first sight, there is a degree of similarity between con-
ditions A and D on one side and B and C on the other.

The aneurysm case D is the only one with asym-
metric conditions in the two branches downstream of
the bifurcation. However, the detailed inspection of
colors and data, as reported in Table 1, reveals more
similarity between Nellix migrated configuration (B)
and aneurism condition (D), pressure values being
different from the other two cases, which are sub-
stantially similar.

Rather large pressure values are found downstream
the bifurcation for the EVAS device when correctly
positioned (configuration A), thus indicating a rather
small pressure drop in this case. This is in agreement
with low pressure drops on AFX, in limbs, and sec-
ondary flow in the upper part of the endograft, as
reported by Raptis er al.'"'?

———
p [mmHg]

FIGURE 9. Rear views of wall pressure field (in colors) in
healthy conditions (configuration C, at the top) and in case of
aneurysm (configuration D, in the middle). Data at systolic
peak (on the left column) and diastolic minimum (on the right).
Main flow from top to bottom.
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The previous observation suggests a more careful
analysis of pressure variations, especially across the
aorta bifurcation. A strong pressure drop is observed
across the bifurcation and in all other lateral branches
for healthy conditions (around 20 mmHg at the
bifurcation, at both systolic peak and minimum pres-
sure). On the contrary, the pressure spatial distribution
is much more uniform in all other cases, especially at
the systolic peak, and the maximum pressure drop is
not larger than a few mmHg (consider in detail the
color bars in Figs. 6 and 9). This is indicating a con-
dition in which physiological pressure drops are
smoothed by local re-arrangements either in the case of
the presence of an aneurysm (case D) and of Nellix
EVAS (cases A and B). If this re-arrangement is not
taking place within the flow field itself, it is presumable
that this would contribute to the overall pressure stress
increase on vessel walls.

ADVANTAGES AND LIMITATIONS

As a matter of fact, the use of high-resolution CFD
allows describing specific EVAS geometrical configu-
ration with great care, which is not always possible in
an experimental mock-up. Another advantage is that
the typical Reynolds numbers are smaller than two
thousand (using kinematic viscosity of blood at 35 °C),
so that specific turbulence modelling is not required to
detail all scales of motion.

Concerning the limitations of the present work, in
CFD, the relevant equations are solved on a finite
spatial grid using finite time steps. This raises the issue
of spatial and temporal resolution. Although in prin-
ciple the grid can be refined, a limit is posed by the
resolution of the CT scan used to generate to flow
domain geometry. For the present application, the
spatial resolution has been explicitly checked to be of
the same order of the smallest length scales in the flow,
therefore being sufficient for the description of both the
global flow features and of the details of velocity
fluctuations.

Concerning time resolution, an inspection of Fig. 4
confirms that time resolution is adequate to describe
pressure and velocity variation during heartbeats. A
further point to highlight is the dependence of the
solution on the boundary conditions used to model
inflow and outflow. The main challenge is providing
the correct impedance of the downstream part of the
system, which is not explicitly solved and may affect
the flow behavior in the modeled region. In the liter-
ature, the RCR boundary conditions, used in this pa-
per, was proved to be a reliable method, despite small
differences induced by the specific settings of the RCR
coefficients.'” The basic assumption adopted in the
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TABLE 1. Maximum and minimum pressures (in mmHg) before and after aortic bifurcation, for the different tested conditions.

Condition Pmin (at bifurcation) Pmax (at bifurcation) Pmin (after bifurcation) Pmax (after bifurcation)
A 55 150 55 150
B 60 125 60 120
C 65 145 50 120
D 50 120 50 115

present paper is that the impedance at the outflow
sections could be modeled by the same set of RCR
parameters. For consistency with this assumption,
specific attention was paid to select from CT scan
approximately the same sections in each outflow
branch.

CONCLUSIONS

In this paper, Computational Fluid Dynamics
(CFD) is employed as a guide to identifying possible
failures of an EVAS system either after implantation
and after migration. The key point is the investigation
of velocity and pressure fields in order to detect regions
with relevant flow recirculation coupled with reduced
pressure drops. On the basis of criteria available in the
literature, local recirculation induces low values of wall
shear stresses which alter endothelial cell mechano-
transduction and near-wall transport processes, thus
inducing atherosclerosis.” On the other hand, reduced
pressure drop conditions are indicators of a possible
re-arrangement and increase of pressure values acting
on vessel walls.

Both these conditions have been measured in the
Nellix EVAS system after lateral migration of the en-
dobags, thus indicating the onset of pathological con-
ditions. This situation is quite close to the very critical
one related to the presence of an extended aneurysm.
The migration of one or both endobags is supposed to
be related to the existing differential pressures acting in
the gap formed between the two, which could go on
pushing the two branches one away from the other,
thus causing aneurysm re-activation and endoleaks.
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